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Abstract. This field manipulation study tested the effect of weekly pulses of solutions of
NH4NO3 and (NH;)»SO4 salts on the evolution of CHand NbO from peatland soils.
Methane and nitrous oxide emission from a nutrient-poor fen in northern Minnesota USA
was measured over a full growing season from plots receiving weekly additions £ Qi
or (NHz)2S0Oy. At this relatively pristine site, natural additions of N and S in precipitation
occur at 8 and 5 kg hal y—1, respectively. Nine weekly additions of the dissolved salts were
made to increase this to a total deposition of 31 kg N*hg~1 on the NH;NO3-amended
plots and 30 and 29 kg & y~1 of N and S, respectively, in the (NPhSOs-amended plots.
Methane flux was measured weekly from treatment and control plots and all data comparisons
are made on plots measured on the same day.

After the onset of the treatments, and over the course of the growing seaspantssion
from the (NHi)»,SOy-amended plots averaged 163 mg £kh~—2 d—1, significantly lower
than the same-day control plot mean of 259 mg4®hT2 d~1 (repeated measures ANOVA).
Total CH; flux from (NH4)2S0Oy treatment plots was one third lower than from control plots,
at 11.7 and 17.1 g CHm=2, respectively. Methane emission from the N#D3-amended
plots (mean of 256 mg CHm~2 d~1) was not significantly different from that of controls
measured on the same day (mean of 225 mg 8H2 d—1). Total CHy flux from NH4NO3
treatment plots and same-day controls was 16.9 and 15.14gltﬁ, respectively. In general,
stable, relatively warm and wet periods followed by environmental ‘triggers’ such as rainfall
or changes in water table or atmospheric pressure, which produced go@bk’ in the other
plots, produced no observable peak in Lémission from the (Nkl)»SO4-amended plots.
Nitrous oxide emission from all of the plots was below the detection limit over the course of
the experiment.

Introduction

Atmospheric CH accounts for about 15% of average global radiative forcing
due to greenhouse gases, and its concentration is increasing at a rate of about
0.5% y 1. This rate of increase is about half that observed 20 years ago,
for reasons as yet unknown. Current estimates suggest that 30—40% of the
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global emission of Cllis from microbial decomposition in anaerobic soils,
including both natural wetlands and flooded rice paddies (Houghton et al.
1996).

Methanogenic bacteria can withstand extremes in most environmental
variables, but tend to be suppressed or inactive in the presence of oxid-
ised inorganic compounds such as, MO; and SG . O, and NQ; can
directly inhibit methanogenesis, and both compounds allow the existence of
bacteria (aerobic bacteria, denitrifying bacteria) which remove labile carbon
from the system more efficiently than methanogensﬁS@)eS not directly
inhibit methanogenic bacteria, but sulfate-reducing bacteria are more efficient
competitors for labile carbon and hydrogen (Lovely & Klug 1983).

Effect of S§~ on methane emission

The effect of S§~ on CH, emission can be observed in estuaries and sulfate-
rich wetland sediments, where, despite anaerobic conditions and high levels
of organic carbon, fluxes of Cfare generally very low (Bartlett et al. 1987;
Rejmankova & Post 1996). In addition, numerous experiments have shown
that the addition of relatively large (> 100, and often >1000 kg-Sa ')
single doses of various sulfate salts can substantially suppreggi@idsion
from rice paddies (e.g. Lindau et al. 1993, 1994). This has important implica-
tions for calculating Chibudgets from flooded rice fields in Asia, where such
fertilizers are often applied.

The possibility that ChHl emission from wetlands might be suppressed
by atmospheric Sb deposition at substantially lower dose of Sahan
that of estuaries or in fertilizer experiments has been tested in the labor-
atory by equilibrating homogenised samples of soil or peat with relatively
(in comparison to fertilizer doses) low concentrations oﬁS@qution (e.q.
Wang et al. 1992; Watson & Nedwell 1998). These studies show reduced
rates of methanogenesis with $0concentrations as low as 250500/
Na, SOy, within the range found in peat porewater in acid-rain impacted areas
in Europe (Watson & Nedwell 1998). The reduction in methanogenesis is
accompanied by negligible changes in sqgjldad is likely due to stimulation
of sulfate-reducing bacteria (Wang et al. 1992).

Effect of NG on methane and nitrous oxide emission

Laboratory experiments have shown a significant suppression of methano-
genesis by NQ at concentrations of 100M NaNO; and above (Wang et

al. 1992; Watson & Nedwell 1998). This suppression is accompanied by
a rapid increase in soil j5(Wang et al. 1992). However, unlike 30 no
significant suppression of methanogenesis is observed using concentrations
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of NO; that may normally be observed in peatland soil water, which, because
of N-limitation in many peatlands, are often very low (M or less; Urban
et al. 1987; Watson & Nedwell 1998).

The results of field studies of NOadditions on CH emission are
complicated by the varying effects of N@n ecosystems. Since nitrogen is
often a limiting nutrient in natural wetlands, the addition of nitrogen {ND
NH;) may stimulate primary productivity, which, by increasing root carbon
exudates, may increase the activity of methanogenic bacteria (Dacey et al.
1994; Whiting & Chanton 1993). In Finland, experimental addition of 30
and 100 kg hal y—! of KNO3 in a peat bog over three years enhanced, CH
flux, especially from the higher treatment (Martikainen et al. 1996). This is
consistent with the hypothesis that the enhancement of primary productivity
in areas receiving low levels of N deposition may ultimately stimulate, CH
production and override or mask any inhibitory effects.

In those cases where the addition of N@oes suppress GHmission, we
would expect denitrification to be stimulated angl&hd NO to be emitted.
Field studies generally show that® emission is controlled by the availa-
bility of NO3, labile carbon, and water (MacDonald et al. 1997; Ashby et al.
1998; Smith et al. 1998). In nutrient-poor sites such as peat bogs and poor
fens, denitrification rates are low (Verry & Urban 1992; Korselman et al.
1989), but significant denitrification has been reported in wetlands that are N
enriched, such as N-fixing alder swamps (Struwe & Kjoller 1989) or wetlands
receiving N inputs from surrounding ecosystems (Morris 1991; Ambus &
Christensen 1993).

Net effects and hypotheses

In summary, fertilization studies have shown that Cétmission can be
significantly suppressed by $Q and by NQ if the latter does not greatly
stimulate primary productivity, otherwise GHmission may be increased.
Laboratory experiments show an inhibition of methanogenesis y 0
porewater concentrations seen in S-polluted areas in Europe and pyatNO
concentrations about an order of magnitude higher than those usually seen in
North America and Europe, outside of highly N-impacted areas. Together
these studies suggest the following hypotheses: (1) thér 3$Om acid
deposition may suppress Gldmission, and (2) that the effects of fjli@om

acid deposition on both CHemission and BO emission will depend upon
the nitrogen status of the site.

These hypotheses have not been adequately addressed in the field. This
study investigates the effect on glmission of (NH),SO, and NH;NO3
applied periodically in solution to a nutrient-poor peatland over a full growing
season, and summing to the total deposition of these ions from acid deposition
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currently falling on areas of Europe and Asia. The study focuses on methane,
but nitrous oxide emission was also measured and is discussed briefly. We use
the ammonium salts (NpLSO, and NH;NO3 because these salts typically
make up half of the ionic charge of acid precipitation (National Atmospheric
Deposition Program, 1994; Schaug et al., 1987) and are thus those most likely
to be the main component of acid rain.

Methods

Study site

The study site is Bog Lake Peatland, an open nutrient-poor fen in northern
Minnesota, USA (47 32N, 93 28W). The peatland receives some
minor subsurface flow from the surrounding land and has no outlet; as a
conseguence the water table is consistently at or near the surface. Peat pore
water pH ranges from 5.2 to 4.0, being highest during snow melt, and drop-
ping to about 4.0 in late summer (presumably when organic acidity caused by
decomposition is highest). Porewater?S(boncentration of peatlands in this
area s in the range 10-2(M and porewater NQis less than 1M (Urban

et al. 1987).

The vegetation of Bog Lake Peatland is typical of wet, nutrient-poor fens
in the region.Sphagnum papillosumccurs on 60% of the peatland, forming
the major species on carpets and many of the hummocks, Sphagnum
angusifoliumoccurs near the peatland margin in concert \ittamaedaphne
calyculata(Leatherleaf) Kalmia polifolia (Bog Laurel),Iris versicolor (Blue
Flag Iris), andGlyceria spp (Manna grass). The study occurred in the center
of the peatland, where, in addition %0 papillosumcommon emergent plants
areRhynchospora alb@§Beak-Rush)Scheuchzeria palustrigArrow grass),
andAndromeda glaucophylléBog rosemary).

The peatland receives approximately 8 kg N~hg ' in deposition,
roughly evenly distributed as NN and NH,-N, and 5 kg S@-S hat y—?!
(NADP 1994). A complete biogeochemical budget of a nearby bog (Verry
& Urban 1992) established that annual N uptake by vegetation is about 6
times that of N input fluxes in deposition and is supplied by rapid cycling of
a relatively small pool of N in the upper peat. The study concluded that the
biogeochemistry of the upper peat ecosystem is closely dependent on the rate
of N deposition. S inputs to the bog account for about 50% of annual plant S
uptake; the remainder is recycled from the peat.

The climate in this area is characterized by extremes of relatively warm
summers and very cold winters, with permanent snow and ice conditions
usually lasting from mid-November through mid-April. Snowmelt in April
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delivers the previous six months’ atmospheric deposition of nitrogen and
SOf[ in a single dose over a few weeks; the rest is fairly evenly divided
over the summer and autumn. Thus, Bog Lake peatland receives its total
annual input of ions in deposition during the snow-free season from mid-May
through October.

Bog Lake peatland was the subject of an intensive series qof f@ix
measurements from mid-1990 to late 1992 (Smith 1993). During those years
the estimated annual GHIux from the peatland was between 20 and 40 g
CH, hat y=1, with the magnitude of daily ClHemission related to the peat
temperature and the depth to the water table, in agreement with related studies
in nearby sites (Dise et al. 1993). In addition to these factors, annugl CH
emission was significantly correlated to the number of growing degree days
in the year.

Experimental methods

Twelve aluminum collars (62.5 cm squase 45 cm deep) were installed

in hollows in the peatland in the summer prior to the growing season of
sampling. The collars allow a water-tight seal for securing the flux cham-
bers, and demarcate the area from which the trace gas emission is measured.
Each collar enclosed a fairly representative sample of the major vegetation
of the center of the peatland. A surveyor’s level was used to place the collars
at elevations within the peatland to minimise micro-topography differences,
thus ensuring a relatively uniform depth to water table among the collars.
There was a 5 cm range in elevations among all sites. Wooden boardwalks
and stable, wooden platforms were installed at each sampling location to
minimize peatland disturbance. Study collars were 45 cm deep to minimize
lateral movement of the applied fertilizer. An earlier study (Smith 1993)
established that there was no measurable effect of the collars on peat temper-
ature and that Clflux from the relatively deep collars was not significantly
different from 8 cm deep collars used in previous studies.

The collars were randomly assigned to (N0, addition, NHNO3
addition, and control treatments, with four replicates per treatment. Addition
of (NH4)»,SO, and NH;NO3 started on 28 June 1994 and continued weekly
until 1 September 1994. The ammonium salts were dissolved in distilled
water and applied with a sprinkling bottle over each treated collar in nine
weekly applications. The additional water added to each plot was 500 ml per
week, or approximately 5% above the average ambient precipitation. Control
plots received the same amount of deionized water. The,}8®, solu-
tion contained 13.3 mmol t* of NH; and 6.7 mmol L* of SO;?, which
corresponds to additions of 2.4 kg HaNH;-N and 2.7 kg ha! SO;2-S
each week. The NJNO;3 solution contained 7.2 mmolt of NOj; and the
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same concentration of NH which corresponds to additions of 1.3 kg-ha
of NH;-N and 1.3 kg ha' of NO3-N each week. Over the course of the
experiment, the additions totalled 23 kg N-an the NH,NO;3 plots, and
22 kg N haly~tand 24 kg S ha' y~* on the (NH,),SO, plots.

Gas samples were collected each week over 2 days: on one dayddH
addition plots and controls were sampled, and on a separate day,d4-
addition plots and controls were sampled. Each collar was measured once,
so on each day there were 4 control and 4 experimental plots measured. The
same control plots were used for both the JNKD; and the (NH),SO, exper-
iments. Only fluxes measured on the same day were compared to minimize
the (often considerable) day-to-day variation in gas fluxes. The order of meas-
urement of individual plots was also varied to avoid ‘time of day’ bias (e.g.
certain individual plots always measured earlier in the day than others, etc.).

Gas emission was measured with a static chamber (Crill et al. 1988). An
aluminum box (flux chamber) was sealed in a water-filled groove onto the
collars for each flux measurement. Five sample syringes were drawn at 4
minute intervals to establish the time concentration curves for estimating gas
flux. Methane flux estimated from this static chamber method was found in
previous studies to be not significantly different from that measured with
tower-based methods (tuneable diode laser using eddy correlation analysis;
Clement et al. 1995) if microtopography was taken into account. We also
determined in previous tests of the chamber method that fluxes estimated
from a 20-minute sample were not significantly different from those esti-
mated over time periods ranging from 2 hours (in peak summer conditions
from productive bogs) to at least 47 hours (winter emission) (Dise 1991).

Methane concentration and nitrous oxide concentration in the same
samples were analysed on a gas chromatograph (Shimadzu GC-8A) fitted
with a flame ionisation detector and an electron capture detector. Flux
measurements with obvious chamber leaks (a flat or decreasing concen-
tration/time curve after an initial positive response), or other nonlinear
concentration changes indicating disturbance (e.g. a single highs@Hple
in mid-measurement) were eliminated from the data set.

Water table elevation was measured continuously with a Belfort FW-1
gauge monitoring an enclosed well adjacent (within 30 meters of the furthest
collar) to the measurement area. Water table position at each collar was esti-
mated by calculating the altitude difference between the water surface at the
bog well and the peat surface within each collar. Peat temperature at 10 cm
and 20 cm below the surface was measured adjacent to each collar during
each measurement. Air temperature in the shade was measured 30 cm above
the soil surface. Peat temperatures were regularly checked by comparing them
to a recording temperature stack (8 depths: =5 cm to —2 m) permanently situ-
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ated in the peatland, and air temperature measurements were set in context
by comparing to measurements from a continuous recorder from a standard
Weather Service Station 1.5 km east of the site.

In addition to the flux measurement collars, an additional 12 collars were
installed in the peatland the previous autumn (October 1993) for the esti-
mates of surface biomass of emergent vegetation. A flexible plastic mesh was
placed on the surface and tucked into the inner sides of the collar, and the
plots received the same treatments NIz, (NH4),SOy, deionized water)
at the same concentrations and frequency as those used for the flux meas-
urements. The mesh defined the surface for this peat bog where high water
table or semisolid surface peat often made the interface between ‘surface’ and
‘sub-surface’ difficult to distinguish, allowing new emergent vegetation to
grow through it over the growing season. There is no evidence that the mesh
interfered with the ecosystem- or plant production and no reason to suspect
it affected gas fluxes. The moss and emergent vegetation were clipped to the
surface of the mesh in October 1994 and the samples were oven dried and
weighed.

The flux data from individual collars were analysed using a multivariate
repeated measures analysis of variance (SYSTAT; Wilkinson 1997), evalu-
ating the effect of the collars, treatment (either M3 or (NH4).SOy),
week of measurement, and interactions. Significance was evaluated at the
0.05 level, and the LSD test was used for comparisons of means. Since
different ionic concentrations were used for the JNiD; and (NH;),SO,
treatments, the experiments are treated separately.

Results

Trace gas emission prior to treatment

Trace gas emission was measured from all plots for two weeks before treat-
ments began. Over this period there were no major differences inflak
amongst plots (Table 1). Nitrous oxide emission measured at the same time
from the same sites was below the detection limit in every case (N = 19),
i.e., the concentration of XD building up in the chambers did not signifi-
cantly change from atmospheric® concentrations over the course of each
20-minute flux measurement.

Methane and nitrous oxide emission from (M$Q, addition plots

Weekly doses of (NSO, began on 29 June to four plots. Methane emis-
sion was measured beginning one week later, on 7 July, and weekly treatment
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Table 1. Comparison of Clj emission from control, NbFNOs-addition

plots (23 kg N hal divided evenly over 9 weekly treatments) and
(NH4)2S0y-addition plots (22 kg N hal and 24 kg S hal as (NHy)2SO4
divided evenly over 9 weekly treatments) at Bog Lake Peatland. Fluxes
are expressed as mean values with one standard error of the mean in
parentheses.

Treatment CH FLUX (£ s.e.) N
(mg CHy m2d™1)

13 June-28 June 1994 (pre-treatment)

Control 214 (38) 6
NH4NO3 designate 221 (40) 6
(NH4)2S0O4 designate 236 (56) 7

29 June-19 September 1994 (post- treatment)

Control-NH4;NO3 225 (27) 33
NH4NO3 added 256 (25) 31
Control-(NHg)2SOy 259 (25) 40
(NH4)»S0Oy added 163 (15) 35

and measurement continued through 19 September. Over that period, on
average, the plots treated with (WSO, emitted 163 mg CHm=2 d 1,

and control plots measured on the same days emitted 259 mgnCH

d-1, a difference of 37% (Table 1, Figure 1(a)). Over the course of the
growing season from 7 July through 19 September, estimated total CH
flux (through integration) from control plots was 17.1 g £i=2? and from
(NH,4),SO, plots it was 11.7 g Chim=2. Thus, estimated total CHlux from

the (NH,;),SOs-treated plots was 32% lower than that of the controls (this
estimated total flux difference is not the same as the average flux difference
because the time intervals between measurements were not always exactly
the same).

Statistical analysis using repeated measures ANOVA showed the differ-
ence in CH emission over the growing season between treated and untreated
plots was highly significant (F = 9.63, p = 0.021). There were also significant
differences in Clj flux measured over different weeks from the control plots
(p = 0.017). Overall, ‘high’ CH emission (>290 mg CHm~2 d~* average)
was measured on July 7, 20, 25, August 16 and 24 (Figure 1(a)), and ‘low’
fluxes (ca 100-240 mg CGHn 2 d~1) occurred on July 14, 26, August 2, 9,
Sept. 1 and 19 (two different groups identified using LSD test). Methane flux
from the (NH,),SQ, plots, in contrast, was not significantly different over the
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Figure 1. Emission of CH from control versus treatment plots, Bog Lake peatland
Minnesota, USA. Adjacent columns represent measurements made on the same day; error bars
show +/— one standard error of the mean. Treatment began on 28 June 1994. {pSOH
treatment: 2.4 kg hal NH;-N and 2.7 kg ha' SO, %-S each week. (b) NFNO3 treatment:

1.3 kg hal of NHZ-N and 1.3 kg hat of NOZ -N each week.
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weeks of the experiment. Methane fluxes from individual collars receiving the
same treatment were not significantly different.

The significant weekly variation of CHemission from the control plots
was not related to changes in surface peat temperature, which varied from
about 15-20C over the course of the measurement period. Some rela-
tionships were observed between LCfuxes and meteorological factors,
however. Water table fluctuated around the surface over the entire month of
July due to heavy rainfall in late June and periodic rainfall through the month.
In general high fluxes of CHin July were observed after rainfall events. A
rain-free period in the first half of August caused the water table to decline
to ca 5—7 cm below the surface, and Ciiixes declined as well. The high
fluxes of CH, from the control plots on August 16 were measured just after
a low-pressure front passed. A sustained period of intermittent rainfall from
August 22—30 raised water table again to the surface and was associated with
a secondary pulse of GHneasured from control plots on August 24.

Nitrous oxide emission measured at the same time from the, YISy
plots and control sites was below the detection limit in every case (N = 75).

Methane and nitrous oxide emission from s addition plots

Weekly doses of NENO3 began on 28 June to four plots. Methane emission
was measured beginning the next day, and weekly treatment and measure-
ment continued through 31 August. Over that period, on average, the plots
treated with NHNO; emitted 256 mg Ckim—2 d~1, and control plots meas-
ured on the same days emitted an average of 225 mgnCH d~* (Table 1,
Figure 1(b)), a difference of 14%. Over the course of the growing season
from 29 June through 31 August, estimated total,@Hix from control plots

was 15.1 g C m—2 and from NHNO; plots it was 16.9 g CHm™2, a
difference of 12%. Data analysis using repeated measures ANOVA showed
this difference in CH emission over the growing season between treated
and untreated plots was not significant (F = 0.396, p = 0.547). There was
no significant difference in fluxes from individual collars receiving the same
treatment.

Although there was no significant effect of the M3 treatment, there
were significant differences in the mean £Hux emitted over different
weeks from both control plots and treatment plgis<0.005, 0.017 respec-
tively; p <0.001 for both considered together). A large pulse of, Geturred
on 8 August, where the mean flux from controls and treatments considered
together was 498 mg CHn~2 d~* (Figure 1(b)); CH emission on this day
was significantly higher than on all of the other days measured (LSD test). As
with the 16 August pulse from control plots (Figure 1(a); discussed above),
this was associated with a declining water table and a low pressure front.
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Overall, pooling the data together from the two treatments and applying
the LSD comparison of means test identified three different groups: the
‘highest’ 8 August pulse, days of ‘high’ GHemission (>270 mg ClHm—2
d~! average) on July 6 and August 1 and 23, and ‘lowest’ fluxes (130-140 mg
CH, m~2d~! average) on August 15 and 31. Methane emission on other days
overlapped the two latter groups.

As with the (NH,),SO, treatment and control plots, there were no signifi-
cant correlations between GHux and peat temperature, which varied over
the range of about 15-2C. Nitrous oxide emission measured at the same
time from the NHNO; plots and control sites was below the detection limit
in every case (N = 64).

Annual methane flux estimates

Since approximately 70% of the annual £émission from Bog Lake peat-
land is released during the period in which we conducted our study (Smith
1993), we estimate that annual ¢eimission from the peatland during 1994
was approximately 23 g CHn 2 (using an average total flux value of 16.1 g
CH, m~2 for all control plots during the growing season, and assuming this is
70% of annual flux). This is within the range of annual Jfkixes measured

in a previous multi-year study in the same peatland (21, 26 and 4Q,grCH
Smith 1993). Estimated annual Gldmission from the (Ng,SO, treated
plots was 17 g Cm—2.

Biomass estimates

The data from three of the (NjLSOs-treated biomass collars and one of the
control collars could not be used due to animal and wind disturbance of the
vegetation and mesh during the study period. Mean dry weight biomass from
the four NH;NOs-treated collars was 69.4 g (range 58.1-86.9) and from the
three control collars it was 61.8 g (range 55.3-68.5). The dry weight biomass
from the undisturbed (NiJ,SO; collar was 58.6 g.

Discussion

Effect of (NH),SQ, on methane emission

This study showed that of 12 study plots in Bog Lake peatland, the four
receiving doses of 2.7 kg 30 ha ! week ! of (NH4),SO;, over the course
of the summer showed a 1/3rd reduction in total ,GHnission. Statistical
analysis using repeated measures ANOVA showed the difference in CH
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emission over the growing season between treated and untreated plots was
highly significant. Since previous work had shown that about 70% of total
annual CH emission occurs during the time we conducted our experiment
(Smith 1993), we can conclude that this growing-season suppression in flux
made a significant difference in the annual Léinission from the treated
sites. Indeed, whereas estimated annual, @hhission from control plots

(23 g CH, m~2) was within the range of values measured for three previous
years (Smith 1993), the annual estimate of;@hhission from the (Ni),SO,

treated plots (17 g CHmM2) was lower than any of these years.

We are also confident, from experiments in peat cores using equiva-
lent ionic strength solutions of NaCl and &0, (in which only NgaSQ;
suppressed CHemission, V. Gauci, unpublished data), that the observed
reduction in emission was not due to a change in ionic strength alone (‘salt
effect’; Nesbit & Breitenbeck 1992). A salt effect can also be ruled out
because in the field the solution would have been greatly diluted by the
time it reached the depth of GHproduction, as measured in similar field
experiments (Gauci et al. in prep).

These field measurements corroborate previous laboratory work on the
effects of acid precipitation-levels of $Oon CH, production (Watson &
Nedwell 1998; Wang et al. 1992). If the observed reduction in Etdission
from Bog Lake peatland is due to competition from sulfate-reducing bacteria,
the rapid rate of response (Figure 1(a)) indicates that sulfate-reducing bacteria
already existed in this peatland under conditions of very Io@%ncentra—
tions. A possible explanation for this phenomenon is that the sulfate-reducing
bacteria survive in the absence of §be transferring hydrogen to meth-
anogens instead of to $O(‘inter species hydrogen transfer’, Conrad et al.
1987).

An intriguing hypothesis is that sulfate-reducing bacteria in peatlands
such as Bog Lake may operate at a low level in a mutualism with meth-
anogens unless (the energetically more favorableﬁfSﬁcomes available,
whereupon they switch to its use, and the mutualism changes to a competitive
inhibition. Although the amount of Sfp added is low, the frequent pulse
addition of S@ together with replenishment of the dissolved iSQ)ooI
by SG;~ oxidation in rhizospheres, aerobic microsites, or upper peat layers
(Wieder et al. 1990) could potentially allow the maintenance of moderately
high rates of S& reduction.

With respect to the accompanying cation, we chose %0, for our
‘SOZ~ treatment’ since NH is the major accompanying cation in acid
precipitation. However we recognise additional effects of ammonium ion, in
particular: (1) NH has been shown to inhibit GHbxidation in aerobic zones
(Jones & Morita 1983; Steudler et al. 1989), and (2) primary productivity
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may be stimulated by NH (as discussed in the Introduction and below).
Both would be expected to enhance net,Jldx to the atmosphere. Thus

it is possible that Chlemission may have been suppressed even further than
the 30-40% we observed in this study had we used another cation wjth SO
instead of NH . However, since we did not observe significantly higher,CH
fluxes from the NHNOs- treated plots we may infer that, at least over the
time period of this study, the effect of the lfHon on CH; flux from the
ecosystem was probably not great.

Methane and nitrous oxide emission from WD; addition plots

We did not observe any significant change in Leimission from the
NH,;NOs-treated plots, and can only speculate on the effects of Mk

NO3 in the study by considering (nonsignificant) trends in the primary
productivity and flux data. Although not significant, the trends in our data
are toward both higher biomass (12%) and higher total @ltk (12%) in

the NH;NOgs-treated plots over the controls. In the nutrient-poor Bog Lake
peatland, as in other peatlands in this region, the addition of (é@d NH})

is likely to stimulate primary productivity (Verry & Urban 1992) rather than
exert a direct inhibitory effect on methanogenesis. Indeed, higher primary
productivity is likely to increase CHemission (Whiting & Chanton 1993;
Dacey et al. 1994). Supporting this, a significant enhancement gfflaK

was detected after three years N fertilization at a similar site to ours in Finland
(Martikainen et al. 1996).

The hypothesis that the added N in our study primarily enhanced plant
productivity is reinforced by the fact that® emission is not observed from
the NH;NOs-treated plots. However JO fluxes are highly erratic and we
cannot rule out that we missed importargNfluxes with the frequency of
measurements used in this study. In addition, we did not measure rates of
denitrification or nitrification, therefore we cannot rule out that some NO
was fully denitrified and escaped as.Nt is also possible that the meas-
urement period was outside the period of peglONemission, since other
studies have shownJ® emission to be highest in autumn or winter, when
the concentration of porewater NQGs higher than the rest of the year (Zak
& Grigal 1991).

In general, however, based on the observations betwegN®kitreated
plots and controls of (1) no significant difference in £fHixes, (2) no signifi-
cant NO emission, and (3) trends of both higher above-ground biomass
and higher CH fluxes from the NHNOs-treated plots, we hypothesise
that NHyNOs supplied in low-concentration, frequent pulses to nutrient-
poor peatlands, as in this study, will not directly stimulate or suppress the
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community of anaerobic bacteria in the peatland to any great extent, but will
mainly enhance primary productivity.

Hydrologic and temperature controls on methane emission

One clear difference between the emission of,Gtm the control and
NH4NO3 plots on the one hand and the (WbS0O, plots on the other is the
occurrence of high pulses of GHmean emission >300 mg GHn—2 d1,
Figure 1) from control and NNOs plots during specific days over the meas-
urement period. Although occasionally high fluxes of Qtbuld be observed
from individual (NH,;),SOy-treatment plots (twice exceeding 300 mg £H
m~2 d~1), we observed neither the magnitude nor frequency of Pidses
from these plots as in the others. Individual £Huxes exceeded 300 mg
CH; m—2 d~! ten times from NHNO; plots and 21 times from control plots
(measured twice as frequently).

These high flux periods appeared to be not related in a simple way to peat
temperature or water table. Instead, they often occurred during periods when
we can infer that rates of CHproduction at depth were high (stable warm
periods), and an environmental ‘trigger’ (low pressure front, rainfall, change
in water table) either lowered overlying pressure (Mattson & Likens 1990) or
caused displacement of stored £Hhe significant weekly variation in CH
emission from all plots except those treated with Q3O reflects these
pulses.

Smith (1993) also observed sporadic pulses of, @k to 1000 mg CH
m~2 d~1) from Bog Lake peatland over the summers of 1990 and 1991. These
were usually followed by very low fluxes (50-100 mg £i~2 d~1) several
days to a week later, suggesting a temporary depletion of storedbZ Hhe
event. However in 1992, when fluxes were overall about 50% lower than
the two previous years, no GHbulses were observed, suggesting that CH
does not build up to high levels in porewater in summer under sub-optimal
conditions.

The observation that CHfluxes in this study were not significantly
correlated to surface peat temperature is simply due to the fact that the meas-
urement period was only in the summer months when peat temperature was
relatively high and stable. Had we measured over a full year we would have
undoubtedly seen a relationship between flux and temperature, as was seen in
the multi-year study by Smith (1993).

Extrapolating to acid rain

Scaling the amount of added ions in our experiment to an annual acid deposi-
tion load of NG and SCﬁf depends upon assumptions about the annual
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distribution of precipitation-derived ions to the peatland. FoﬁS(he two

limits are 29 kg S@T-S ha!y~! —assuming the peatland receives the same
amount of ions we added in the experiment over the growing season (deposi-
tion + snowmelt), and receives no other inputs of S over the (snow-covered)
rest of the year, and 145 kg $3 ha ! y~! — assuming the peatland receives
this dose of ions each week throughout the year. These values span the
approximate range of historical §Odeposition across wide areas of Europe,
and the lower level is within the range of total $Qdeposition falling over
recent years over large areas of central Europe (EMEP 2000), some parts of
the eastern United States (NADP 1994), and increasingly, Asia (Bhatti et al.
1992). Under the same assumptions, for;NBese limits are 16 kg NON

hat y=! and 72 kg N@-N ha! y=1, respectively. The lower value is at

the high end of NQ deposition falling over acid deposition-impacted areas

of Europe and North America (EMEP 2000; NADP 1994) and higher than
estimates for Asia in the near future (Bhatti et al. 1992). Thus the levels of
SQO; used in this study are realistic for current acid rain scenarios in the West
and near-future acid rain scenarios in the East, whereas the levels pf NO
used are somewhat higher than current (and probably near-future) deposition
fluxes.

Extrapolating our results to ‘real world’ acid rain scenarios must also be
based on the recognition that, as with any field manipulation study, we could
not exactly mimic actual acid rain conditions occurring in impacted areas.
In particular, (1) the concentration of ions in the experimental solution was
1-2 orders of magnitude higher than in acid rain, (2) the temporal input of
ions was limited to the growing season and applied in evenly-spaced pulses
of weekly intervals, and (3) we made no effort to simulate snowmelt input of
ions or dry deposition.

The problem of higher concentrations arises because of the need to
influence the hydrology of the plots as little as possible, and so use the
minimum amount of ‘extra’ rainfall in the manipulation plots. However we
do not consider this higher concentration to be a serious problem. Since the
maximum rate of methanogenesis occurs 10-30 cm below the surface of the
peatland (Dise 1993), the added ions would have been diluted by at least an
order of magnitude by peat porewater from previous rainfall events. This has
been demonstrated in an S-manipulation field study in Scotland (Gauci et al.,
in prep).

The other limitations arise out of the fact that we condensed a full-year
input of ions into a single growing season, and therefore did not reproduce
the effect of the large flush of ions from the melting snowpack. It is not clear
how much of these additional ions, if added as snowfall in winter, would
leave the system in runoff and how much would remain in the system over
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the year and cycle in the upper layers of the peat through successive stages of
oxidation and reduction (Wieder et al. 1990). These important effects should
be the subject of future field manipulation studies.

The results of this study can shed some light on the potential large-scale
response of Cldemission to changes in the global pattern ofS@nd NO;
deposition. For instance, they raise the hypothesis that the high local S-input
since the industrial revolution, and high regional S-input since the start of
tall stack policies in the mid 1900s, may have suppressegledtission from
peatlands receiving elevated S deposition. Conversely, the reductiorﬁi‘n SO
deposition that has occurred since the mid-1980s over wide areas of Europe
and North America may have resulted in a recent enhancement pflCH
from affected wetlands. The results also imply that, at least over the short
term, ‘acid-rain’ levels of N@ deposition are not likely to play an important
role in suppressing CfHmission or enhancingJ® fluxes from nutrient-poor
peatlands similar to Bog Lake peatland.

Although our data suggest that $Ofrom acid deposition can signifi-
cantly reduce the emission of Gtom wetlands, it is only one of a number
of factors affecting Cklemission. In particular, hydrology, temperature, soil
type and vegetation can exert a strong influence on the flux of f@h a
wetland (Dise et al. 1993). Deposition of $Oshou|d be considered a moder-
ating factor on these other influences. Future research to identify significant
effects, if any, of deposition chemistry on gas fluxes should be targeted at
peatlands in Siberia and Asia (e.g. northern China, Malaysia) which are likely
to receive greatly increased SOdeposition in the next 20 years (Bhatti et
al. 1992).

Summary

The field data from this manipulation study support the hypothesis thﬁt SO
from acid deposition can significantly reduce the emission of &£ peat-
lands, in support of laboratory experimental results. The results also suggest
that deposition of N@ will not significantly increase growing-season®
emission or suppress GHemission, at least over the short term and in
nutrient-poor peatlands.

Acknowledgements
We thank Professor Paul Whitehead, University of Reading, UK for scientific

comment and financial support of this study, and the work of three anonymous
reviewers who greatly improved this manuscript. Cindy Crawford, Doug



159

Meade, Antonio Freeman, Smaria Ashford, Art Elling and Deacon Killander
provided field and laboratory assistance. This work was supported by grants
from the U.S. Forest Service (North Central Forest Experiment Station)
and the U.K. National Environmental Research Centre (NERC-Centre for
Ecology and Hydrology, Wallingford).

References

Ambus P & Christensen S (1993) Denitrification variability and control in a riparian fen
irrigated with agricultural drainage water. Soil Biol. Biochem. 7: 915-923

Ashby JA, Bowden WB & Murdoch, PS (1998) Controls on denitrification in riparian soils
in headwater catchments of a hardwood forest in the Catskill mountains, USA. Soil Biol.
Biochem. 7: 853-864

Bartlett KB, Bartlett DS, Harriss RC & Sebacher DI (1987) Methane emissions along a salt
marsh salinity gradient. Biogeochemistry 4: 183—202

Bhatti N, Streets DG & Foell WK (1992) Acid rain in Asia. Environ. Manag. 16: 541-562

Clement, RJ, Verma, SB & Verry, ES (1995) Relating chamber measurements to eddy
correlation measurements of methane flux. J. of Geophys. Res. 100(D10): 21047-21056

Conrad R, Lupton FS & Zeikus JG (1987) Hydrogen metabolism and sulfate-dependant inhib-
ition of methanogenesis in a eutrophic lake sediment (Lake Mendota) FEMS Microbial.
Ecology 45: 107-115

Crill PM, Bartlett KB, Harriss RC, Gorham E, Verry ES, Sebacher DI & Madzar L (1988)
Methane flux from Minnesota peatlands, Global Biogeochem. Cycles 2: 371-384

Dacey JWH, Drake BG & Klug MJ (1994) Stimulation of methane emissions by carbon
dioxide enrichment of marsh vegetation. Nature 370: 47-49

Dise, NB (1991) Methane emission from peatlands in northern Minnesota. Ph.D. dissertation,
University of Minnesota

Dise NB (1993) Methane emission from Minnesota peatlands: spatial and seasonal variability.
Global Biogeochemical cycles 7: 123-142

Dise NB, Gorham E & Verry ES (1993) Environmental factors controlling methane emissions
from peatlands in northern Minnesota. Journal of Geophysical Research 98: 10583-10594

European Monitoring and Evaluation Programme (EMEP) (2000) Lagrangian Acid Deposi-
tion Model. http://www.emep.int/ladm.html

Houghton JT, Meira Filho LG, Callander BA., Harris N, Kattenberg A & Maskell K (1996)
Climate Change 1995: The Science of Climate Change. IPCC Technical Summary (pp 13—
48). Cambridge University Press

Jones RD & Morita RY (1983) Methane oxidation by Nitrosococcus-oceanus and
Nitrosomonas-europaea. Applied Environmental Microbiology 45: 401-410

Korselman W, DeCaluwe W & Kieskamp WM (1989) Denitrification and dinitrogen fixation
in two quaking fens in the Vechtplassen area, The Netherlands. Biogeochemistry 8: 153—
165

Lindau CW, Alford DP, Bollich PK & Linscombe SD (1994) Inhibition of methane evolution
by calcium sulfate addition to flooded rice. Plant and Soil 158: 299-301

Lindau CW, Patrick WH Jr. & Delaune RD (1993) Factors affecting methane production in
flooded rice soils. In: Agricultural Ecosystem Effects on Trace Gases and Global Climate
Change, American Soc. of Agronomy Spec. Pub. No. 55



160

Lovely, DR & Klug, MJ (1983) Sulfate reducers can outcompete methanogens at freshwater
sulfate concentrations. Applied and Environmental Microbiology 45: 1983

MacDonald JA, Skiba U, Sheppard LJ, Ball B, Roberts JD, Smith KA & Fowler D (1997) The
effect of nitrogen deposition and seasonal variability on methane oxidation and nitrous
oxide emission rates in an upland spruce plantation and moorland. Atmos. Env. 31: 3693—
3706

Martikainen PJ, Nykanen H & Vasander H (1996) Methane emissions from an ombrotrophic
mire in southern Finland receiving experimental nitrogen load. In: Laiho R, Laine J &
Vasander H (Eds) Northern Peatlands in Global Climatic Change (pp 101-104). Helsinki:
Academy of Finland Publication 1/96, ISBN 951-37-1865-4

Mattson M & Likens G (1990) Air pressure and methane fluxes. Nature 347: 718-719

Morris JT (1991) Effects of nitrogen loading on wetland ecosystems with particular reference
to atmospheric deposition. Annual Review of Ecology and Systematics 22: 257-279

National Atmospheric Deposition Program (NADP) (1994) NADP/NTN Annual Data
Summary: Precipitation Chemistry in the United States (1993) (Natural Resources
Ecology Laboratory, Colorado State University, Ft. Collins, CO, USA)

Nesbit SP & Breitenbeck GA (1992) A laboratory study of factors influencing Gbtake by
soils. Agriculture, Ecosystems and Environment 41: 39-54

Rejmankova E & Post RA (1996) Methane in sulfate-rich and sulfate-poor wetland sediments.
Biogeochemistry 34: 57-70

Schaug J, Hanssen JE, Nodop K, Ottar B & Pacyna JM (1987) Summary report from the
chemical co-ordinating centre for the third phase of EMEP. Norwegian Institute for Air
Research EMEP-CCC-Report 3/87, 160 pp

Smith K (1993) Methane flux of a Minnesota peatland: Spatial and temporal variation, and
flux prediction from peat temperature and water table elevation. M.S. Thesis, University
of Minnesota, Minneapolis, MN USA

Smith KA, Thomson PE, Clayton H, McTaggart IP & Conen F (1998) Effects of temperature,
water content and nitrogen fertilisation on emissions of nitrous oxide by soils. Atmos. Env.
32: 3301-3309

Steudler PA, Bowden RD, Melillo JM & Aber JD (1989) Influence of nitrogen fertilisation on
methane uptake in temperate forest soils. Nature 341: 314-316

Struwe S & Kjoller A (1989) Field determination of denitrification in water-logged forest
soils. FEMS Microbiology Ecology 62: 71-78

Urban NR, Eisenreich SJ & Gorham E (1987) Proton cycling in bogs. In: Hutchinson
TC & Meema KM (Eds) Effects of Atmospheric Pollutants on Forests, Wetlands and
Agricultural Ecosystems (pp 577-598). Springer-Verlag, Berlin

Verry ES & Urban N (1992) Nutrient cycling at Marcell bog, Minnesota. Suo 43: 147-153

Wang ZP, Delaune RD, Lindau CW & Patrick WH Jr (1992) Methane production from
anaerobic soil amended with rice straw and nitrogen fertilizers. Fertilizer Res. 33: 115-121

Watson A & Nedwell DB (1998) Methane production and emission from peat: the influence
of anions (sulphate, nitrate) from acid rain. Atmos. Env. 32: 3239-3245

Whiting GJ & Chanton, JP (1993) Primary production control of methane emission from
wetlands. Nature 364: 794-795

Wieder RK, Yavitt JB & Lang GE (1990) Methane production and sulfate reduction in two
Appalachian peatlands. Biogeochem. 10: 81-104

Wilkinson L, Hill M, Weln JP & Birkenbeuel GK (1992) SYSTAT for Windows, Version 5
Evanston, IL, SYSTAT, Inc, 750 pp

Zak DR & Grigal DG (1991) Nitrogen mineralization, nitrification and denitrification in
upland and wetland ecosystems. Oecologia 88: 189-196



