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Nitrous oxide (N,O) fluxes were measured on ten natural minerotrophic peatlandsin
an area planned for a hydroelectric reservoir (Vuotos) in northern Finland. The mean
N,O fluxes from the sites with mean water tables from —25 to 3.4 cm (negative below
the peat surface) ranged from —30 to 230 pug m=2 d™* during summer 1994. At the driest
site, the herb-grass spruce mire with the mean water table at —38 cm, the mean sum-
mertime N,O emission was 940 pg n2 d= in 1994, attributable to the increased N,O
release at low peat temperatures in autumn. A similar increase in the N,O emissions
was not found in 1995, as the measurements were finished before the peat started to
freeze. The mean N,O fluxes at the sites correlated negatively with the mean water
table levels. The peatlands in the northern boreal zone are unlikely important sources
of atmospheric N,O in their natural state. The planned reservoir would barely have
large long-term N,O emissions from the pelagic zone, but the importance of tempo-
rally flooded areas in the postflood N,O release is uncertain similar to the short-term
emissions following the flooding.
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Introduction

Nitrousoxide (N,O) isaradiatively active green-
house gas in the atmosphere (Khalil 1999, IPCC
2001a) and it aso contributes to the destruction
of stratospheric ozone (Cicerone 1987). Globally,
soils represent amajor source of N,O emissions

to the atmosphere (Khalil 1999). Nitrous oxide
isproduced in soilsmainly by two microbial proc-
esses, nitrification and denitrification (Davidson
& Schimel 1995). Denitrification can aso con-
sume N,O in soils (Schiller & Hastie 1994,
Reginaet a. 1996).

In general, natural northern wetlands have
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Fig. 1. Location of the study sitesin Vuotos, and the area planned for anew hydroelectric reservoir in the northern boreal

zone of Finland.

Kuva 1. Tutkimuspaikkojen sijainti Vuotoksella ja uuden vesivoiman tuottoon suunnitellun tekojérven alue Suomen poh-

jois-boreaalisella vythykkeel 1&.

been considered asaminor source of atmospheric
N,O, but results of their N,O fluxes are few and
variable (Martikainen et al. 1993, 1995, Schiller
& Hastie 1994, Nykénen et al. 1995, Regina et
a. 1996). In Finland, the N,O emissions from
peatlands have previodly beeninvestigated in the
southern and middle boreal zones (e.g., Regina
et al. 1996), whereasthe N,O fluxesin peatlands
of the northern boreal zonerich in minerotrophic
fens (Ruuhijarvi 1983) are not known. We meas-
ured the fluxes of N,O at ten natural peatlandsin
Vuotos, an area planned for anew hydroelectric
reservoir in northern Finland. These peatlands

have generally shown high CH, emissions
(Huttunen et al. 2003), with the seasonal aver-
agessimilar to those reported from minerotrophic
fensinthe southern and central Finland (Nykanen
etal. 1998). Theaim of the study was (1) to evalu-
atetheimportance of natural pestlandsin the north-
ern boreal zone as sources of atmospheric N,O,
and (2) to determine the N,O fluxes on peatlands
in the area of the planned Vuotos Reservoir. The
data on the greenhouse gas fluxes in the ecosys-
tems prior to flooding are essential to the assess-
ment of the net greenhouse gas emissions result-
ing from the possible building of the reservair.



Material and methods
Study sites

Measurements were conducted on ten natural
peatlands situated in the main aapa-mire region
(Ruuhijérvi 1982) in Vuotos, located within the
municipalities of Pelkosenniemi, Savukoski and
Sdllainthe northern boreal zonein Finland (Fig.
1). Characteristics of the study sitesare givenin
Table 1. The nomenclature of the sites follows
Eurola et a. (1995). Vuotos is an area planned
for anew hydroel ectric reservoir by the Kemijoki
Ltd. (Rovaniemi, Finland), a Finnish power com-
pany (http://mww.kemijoki.fi). Currently, the case
of thebuilding of the Vuotos Reservoir isin court
(Supreme Administrative Court, Helsinki, Fin-
land). The minimum and maximum surface area
of the reservoir would be 55 and 237 km?, re-
spectively, and the water level regulation 8 m.
Peatlands presently cover 60% of the maximum
surface area (52% of open fens, 36% of pinefens
and 12% of spruce mires), 34% is covered by
upland forests and 6% by watercourses. Approxi-
mately 10% of the total peatland areain Vuotos
hasbeen drained prior to our studies (situationin
1992, KaisaKerdtér, Kemijoki Ltd., pers. comm.).

Table 1. Characteristics of the study sites.
Taulukko 1. Tutkimuspaikkojen ominaisuuksia.
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Karesniemi (1975) has presented adetailed study
of peat and peatlands in Vuotos.

The long-term average (1961-1990) annual
temperaturein Vuotosisaround —1.0°C (Finnish
Meteorological Institute 1991, measurements at
the Sodankyla Observatory, 67° 27" N, 26° 39
E, about 60 km northwest from Vuotos). The
length of the growing season isaround 127 days
and the length of snow-cover 208 days. Thelong-
term annual precipitation is 499 mm.

M easurements

Fluxes of N,O were determined at the study sites
by static chamber technique (Nykanen et al. 1995,
1998). Before the measurements were started,
wooden boardwalkswere constructed at the sites
to prevent peat disturbance during sampling. Si-
multaneously, aluminum collars (dimensions 60
x 60 x 30 cm, 3-6 replicates) were inserted into
the peat a each site. During the once—twice a
month repeated flux measurements from June to
October at al the sitesin 1994 and from June to
September at site 8 in 1995, aluminum chambers
(dimensions 60 x 60 x 15 cm), equipped with
battery-operated fans, were attached to water-
filled grooves of the collarsfor 20-30-min meas-

Site, abbreviation® Trophic  Peat WTe® Airtemp.c  Peattemp.©
group® thickness(cm)  (cm) (°C) (°C)
1 Mesotrophic flark fen, MeRiN I 100 -0.3 9.6 10.0
2 Swamp fen, LUN I 40 0.6 11.0 9.6
3 Oligotrophic tall-sedge pine fen, OISR | 90 -14.0 12.0 9.6
4 Oligotrophic flark fen, OIRIN | 150 -04 9.6 8.9
5 Mesotrophic mud-bottom flark fen, MeRuRIN |1 280 -0.3 10.0 10.0
6 Oligotrophic Sphagnum flark fen, OISphRiN | 295 -04 12.0 9.2
7 Eutrophic birch fen, KoL Il 260 2.2 8.9 7.7
8 Herb-grass spruce mire?, RhK v 10 -38.0 8.2 6.6
9 Eutrophic pinefen, LR Il 40 -25.0 8.3 7.8
10 Oligotrophic tall-sedge fen, OISN | 120 34 8.9 7.9

aNomenclature: Eurolaet a. (1995).

Trophic groups: | Minerogenous oligotrophic and oligo-mesotrophic fens, 1| Minerogenous mesotrophic fens, I11 Eutrophic fens, and

IV Spruce mires.

‘Mean water table levels (negative below peat surface), and air and peat (at the depth of 20 cm) temperatures for the snow-free period

from June to October in 1994.

9Mean water table level, air temperature and peat temperature were —13 cm, 13 °C and 8 °C from June to September in 1995, respec-

tively.
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Fig. 2. Seasonal dynamics of N,O fluxes at nine studied
peatlands. The mean values are daily averages.

Kuva 2. N,O-virtojen kausivaihtelu yhdeksalla tutkitulla
suolla. Keskiarvot ovat péivékeskiarvoja.

uring periods. During the measuring periods, four
headspace gas sampleswerewithdrawn from each
chamber at 5-10 minintervalsinto polypropylene
syringes (BD Plastipak) equipped with three-way
stopcocks (Connecta). The sample N,O concen-
trations were analyzed in the laboratory with a
HP 5890 Series Il gas chromatograph equipped
with an electron capture detector (ECD) (for the
detailed description of the analysis see Nykénen
etal. 1995). The N,O fluxeswere cal culated from
linear changesin the chamber N,O concentrations
during measuring periods. We also estimated
peatland type-weighted N,O emission for theto-
tal peatland areain Vuotos, using three peatland
categories with the known percent coverages:
openfens(sites 1, 2, 4, 5, 6, 7 and 10), pine fens
(sites 3 and 9) and spruce mires (site 8).

During the N,O flux measurements, water
table position was measured with a piezometer
(Mannerkoski 1986) from perforated pipes in-
serted into the peat close to most of the collars.
Air temperatures inside and outside the cham-
bers were measured with a Fluke 52 K/J ther-
mometer. Peat temperatures at the peat surface
and at the depths of 3, 5, 10, 15, 20, 25, 30, 40
and 50 cm bel ow the surface were al so measured.

Table 2. N,O fluxes from the studied natural northern boreal peatlandsin Finland.
Taulukko 2. N,O-virrat tutkituilta Suomen pohjois-boreaalisilta soilta.

Site N,O flux (ug m=d*)

Mean? SEz=? Median® Minimum® Maximum® Ne
June-October 1994
1 110 15 100 —640 470 44
2 5.7 50 —46 -290 480 30
3 140 77 79 -210 570 30
4 72 65 39 -410 1400 30
5 230 67 170 -520 2700 32
6 103 78 -38 -680 3300 70
7 -2.9 34 11 -580 680 45
8 940 121 470 —-67 5000 24
9 130 30 110 —640 1000 30
10 -30 20 -11 -620 300 24
June-September 1995
8 290 45 260 30 680 24

aThe means and their standard errors are calculated by averaging monthly averages from 3-6 replicate collars at each site.
"M edian, minimum and maximum values were obtained from individual chamber measurements.

°N is the number of individual chamber measurements.
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Fig. 3. Seasonal dynamics of N,O flux, water table level and peat temperature (at the depth of 20 cm) at the herb-grass
spruce mire (site 8-RhK). The mean values are daily averages and the error barsin the N,O fluxes are standard errors of

the mean.

Kuva 3. N,O-virran, vedenpinnan korkeuden ja turpeen lampétilan (20 cm:n syvyydell&) kausivaihtelu ruoho- ja heiné-
korvessa (paikka 8, RhK). Keskiarvot ovat paivakeskiarvoja ja virherajat N,O-virroissa keskiarvon keskivirheité.

Satistical analyses

Pearson correlation coefficients (for normally
distributed variables) and Spearman’s rank cor-
relation coefficients (for non-normally distributed
variables) were used to study the relations be-
tween N,O fluxes, peat moisture and tempera-
ture conditions. Kruskal-Wallis analysis of vari-
ance was used to test the statistical significance
of the differences in the N,O fluxes between the
sites, and the multiple comparisons of meanswas
performed as presented by Siegel & Castellan
(1988, pp. 213-214). The significance of the be-
tween-year difference in the N,O fluxes was
tested with the Mann-Whitney U-test. SPSS sta-
tistical package (release 9.0.1) was used for the
statistics.

Results

Seasonal variationsin the N,O fluxes and
relations between fluxes and peat moisture
and temperatur e conditions

Daily N,O fluxes showed large seasonal varia-
tion (Fig. 2, Fig. 3, Table 2). The N,O flux varied
inindividual chamber measurementsfrom uptake
of atmospheric N,O to high emission, from —680

to 5000 pg m=2 d (Table 2). Generally, the N,O
fluxeswere not related to seasonal changesinthe
water table level or peat temperature; the N,O
flux correlated with temperature only at the site
2 at adepth of 30 cm (Pearson correlation coeffi-
cient r = -0.36, n = 30, p < 0.05). At the herb-
grass spruce mire (site 8), substantial increasein
the N, O release was observed in October 1994,
when peat temperatures felt close to 0 °C (Fig.
3). A similar increase was not observed in 1995,
when the last measurement was madein Septem-
ber with peat temperatures still around 5 °C (Fig.
3). At the site 8, the water table level was higher
in 1995 than in 1994, due to higher precipitation
(Finnish Meteorological Institute 1995, 1996)
(Fig. 4). Air temperatures were nearly similar
between the study years (Finnish Meteorol ogical
Institute 1995, 1996) (Fig. 4).

Mean N,O fluxes

The seasona mean N,O fluxes also varied from
uptake to emission, ranging from —30 to 940 g
m2d* (Table 2). Sites 2, 7 and 10 had low mean
N,O fluxes, ranging from =30 to 5.7 pg m2 d*
(Table 2) with the mean water tables above the
peat surface (Table 1). In 1994, the driest site,
the herb-grass spruce mire (site 8), showed the
highest mean N,O emission, 940 pg m2 d*. Other
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sites where the water table was below the peat
surface (Table 1) had the average fluxes of 72—
230 pug N,O mr2d* (Table 2). The peatland type-
weighted average N,O emission from the
peatlandsin Vuotoswas 178 ug N,O m2d, i.e.
23 mg N,O m2yr=.

The Kruskal-Wallis analysis of variance in-
dicated statistically significant differencesinthe
mean N,O fluxes at the collars between the study
sites (A2 = 21.0, n = 38, p < 0.05). The multiple
comparisons of means showed that only thefluxes
at the driest site 8 were significantly (p < 0.05)
higher than those at the wettest sites 7 and 10.
The difference in the mean N,O fluxes between
the study years (June-September in 1994 and
1995) at site 8 was not statistically significant
(Mann-Whitney U-test, U = 1.00, p > 0.05). The
seasonal mean N,O fluxes at the study sites cor-
related with the mean water table levels
(Spearman’s rank correlation coefficient p =
—0.81, n=10, p< 0.05) (Fig. 5). The correlation
was still found after removal of the driest site 8
with the highest N,O emission from the data
(Spearman’s rank correlation coefficient p =
-0.73,n=9, p<0.05).

Discussion

The seasona mean N,O fluxesof the studied natu-
ral northern boreal peatlandswere generally low.
In 1994, the fluxes varied from —30 to 230 g
N,O m2d™ (-3.8 to 29 mg m=2 annualy, 127 d

Fig. 4. Precipitation and air tempera-
turein the study years 1994 and 1995,
measured at the Sodankyla Observa-
tory near VVuotos (Finnish Meteorol ogi-

o
Air temperature, °C

r-10 cal Institute 1995, 1996).

L 15 Kuva 4. Sademaara ja ilman |ampoti-
la tutkimuksen aikana 1994 ja 1995,

L .20 mitattuna Sodankylan Observatorios-

salahella Vuotosta (Finnish Meteoro-
logical Institute 1995, 1996).

active period assumed) at the siteswith the mean
water tables between —25 and 3.4 cm. These cor-
respond to the average N,O fluxes of —30 to 200
pg mr? d* measured from natural southern and
middle boreal peatlandsin Finland with the wa-
ter tablesfrom—28to—4 cm (Reginaet a. 1996).
In the Hudson Bay lowland peatlands, Canada,
annual N,O fluxeshaveranged from-5.7t0 18.5
mg m2 (Schiller & Hastie 1994), which also are
consistent with the fluxes measured in Vuotos
(this study) and other natural peatlandsin Fin-
land (e.g., Reginaet d. 1996). Thus, natural boreal
peatlands with high water tables are barely im-
portant sources of atmospheric N,O as stated by
Martikainen et al. (1993). At the herb-grass spruce
mire (site 8), the mean N,O release was 940 pg
m2 d?in 1994 (120 mg m=2 annually, 127 d ac-
tive period assumed), similar or higher than the
N,O fluxes on drained boreal peatlands (means
from —5.3 to 900 pg N,O m2 d, Regina et a.
1996) or mineral agricultural soils (means 260—
2500 pg nr? d?, Regina et . 2001) in Finland
during the summer. In farmed organic soils and
afforested organic agricultural soils much higher
mean summertime N,O emissions, 2500-4700 g
2 d?, have beenreported (Maljanen et al. 2001,
Reginaet al. 2001). It must be stressed that N,O
exchange was not measured at our study sites
during winter, which could underestimate the
annual N,O emissions. However, according to
Alm et a. (1999) natura boreal peatlands have
negligible N,O fluxes during winter, whereas on
drained boreal peatlands wintertime N,O release
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Fig. 5. The mean N,O fluxes plotted
against the mean water table levels at
the studied northern boreal peatland
sites. The means are calculated by av- 200 -
eraging monthly averagesin 1994 from
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Kuva 5. Tutkittujen pohjois-boreaalis-
ten soiden N,O-virtojen keskiarvot ve-
denpinnan korkeuden keskiarvojen

funktiona. Keskiarvot on laskettu kuu- -200
kausikeskiarvoista (vuoden 1994 tu-
lokset, 3-6 kaulusta kullakin suolla).

can contribute up to 28% to the annual emissions.
This agrees with our results from October 1994,
when only the driest site 8, the herb-grass spruce
mire, showed substantially increased N,O release
at low peat temperatures. Large but highly epi-
sodic N,O emissions have been found from vari-
ous soilsduring freezing and thawing periods (for
areview see Martikainen 2002). The N,O emis-
sions during cold season have contributed 28—
70%to theannual N,O releasefrom various soils,
but processes which increase the N,O emissions
at low temperatures are still poorly understood
(Martikainen 2002).

The statistical relation between mean N,O
fluxes and water table levels has been presented
for peatlandsincluding both natural and drained
counterparts in the southern and middle boreal
zones in Finland (Regina et a. 1996). The sig-
nificant correl ation between the mean N,O fluxes
and water tableswas also observed in the natural
northern boreal sitesin this study. This confirms
the close association between N,O release and
oxygen conditions in peat. The higher oxygen
availability in the uppermost peat profile gener-
aly allows higher nitrogen mineralization and
higher nitrification, and thus, may enhance the
N,O production via coupled nitrification and
denitrification (Davidson & Schimel 1995). In
highly anoxic conditions, denitrification can con-

0 8-RhK
O 5-MeRuRiN
&LRO $OISRO 1-MeRiN %B—OISthiN
4-OIRIN
2-LuNO @ 7-KoL
O10-0ISN
T T T T
-40 -30 -20 -10 0 10

Water table, cm

sume N,O, which probably was the reason for
the observed negative N,O fluxes, i.e. the uptake
of atmospheric N,O at the wettest study sites.
Nitrous oxide uptake has al so been found in other
natural boreal peatlands (Schiller & Hastie 1994,
Reginaet a. 1996). The close association between
the N,O fluxes and water table levels on natural
peatlands found in this study agree with the ob-
served increasesin the N,O emissionsfrom north-
ern peatlandsafter artificial drainage (Martikainen
et a. 1993, 1995, Regina et a. 1996). Drainage
has increased N,O emissions mainly from
minerotrophic peatlands (fens), whereas changes
in the N,O fluxes in ombrotrophic peatlands
(bogs) have been small (Martikainen et a. 1993,
1995, Reginaet al. 1996). The experimental |ow-
ering of the water table has a so increased N,O
release from peat in the laboratory (Freeman et
al. 1993, Reginaet al. 1998). In northern regions,
anincreasein soil N,O release has been expected,
dueto thawing of permafrost associated with cli-
matewarming (Khalil & Rasmussen 1989). Win-
ter precipitation is predicted to increase whereas
summer precipitation would not drastically
change in northern Europe (IPCC 2001b), thus
any major increase in the N,O emissions from
natural northern boreal peatlandsin Finland could
not be expected in the future.
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The peatland type-weighted preflood N,O
emission from the entire peatland areain VVuotos
waslow, becausethe open fensand pinefenswith
the low N,O release covered the magjority of the
total peatland area. Natural pondsand 25-28 years
ago constructed hydroel ectric reservoirs (Lokka
and Porttipahta) in the northern boreal zone in
Finland have shown low N,O fluxes during the
open water season, with averages ranging from
—89 to 270 ug m=2 d (Huttunen et al. 2002a,b).
Thus, it is unlikely that the possible VVuotos res-
ervoir, including the flooded pesatlands, would
have high N,O emissions after flooding. How-
ever, the short-term N,O emissions from newly
created reservoirs are unknown. The emissions
of methane (CH,) and carbon dioxide (CO,) are
found to be large over some years after flooding
(Kelly et al. 1997, Scott et a. 1999) and even
after decades of impounding these emissions
could exceed those in natural oligotrophic-
mesotrophic lakes (Huttunen et al. 2002b). Sea-
sonally flooded bottomsin freshwater reservoirs
are estimated to be important sources of N,O to
the atmosphere (Fearnside 1997), corresponding
to occasionally irrigated or drying and wetting
soils with enhanced N,O release (Davidsson &
Leonardson 1997, Wulf et al. 1999). Due to the
great water level regulation of 8 m, the minimum
surface area of the planned Vuotos reservoir
would be 55 km?, which issmall compared to the
maximum area of 237 k2. It is difficult to pre-
dict the risk for increased N,O emissions from
thetemporarily flooded area, because the annual
water level regulation in the reservoir would take
place during winter ice-cover and the maximum
water level would be maintained during the open
water season.
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THVISTELMA:

Typpioksiduulivirrat suunnitellun Vuotoksen tekojérven alueen soilta

Dityppioksidi (N,O) on haitallinen kaasu ilma
kehéssa, silla kasvihuonekaasuna se aiheuttaail-
maston liidlista léampenemistd, ja osallistuu li-
séksi myos stratosfaérin otsonikerroksen tuho-
amiseen. Tassatyossatutkittiin N,O-virtojakym-
menell& luonnontilaisella suolla suunnitellun
Vuotoksen tekojérven alueella Suomen pohjois-
boreaalisellavyothykked & TutkituillasoillaN,O-
virrat olivat yleensé pienidjakeskimaéréi set N,O-
virrat korreloivat negatiivisesti tutkimuspaikko-
jen keskimaarai sen vedenpinnan tason kanssa, €li
N,O-péastd pieneni suon markyyden lisdantyes-
sa. Kuivimmallatutkimuspaikalla, ruoho- jahei-
nakorvessa, N,O-paasttt olivat suurimmat, kes-

kimaaraisesti 940 ja 290 ug m2d™ lumettomana
aikana 1994 ja1995. Suotyypeilla painotettu kes-
kimaarainen N,O-paést6 Vuotoksen alueen soil-
taoli 178 ug m2d=. Tamén perusteellapohjois-
boreaaliset suot eivét oleluonnontilaisinatérkeité
dityppioksidin paastoléhteitailmakehdan. Pitk&-
aikaiset N,O-péaéstot mahdollisen VVuotoksen te-
kojérven ulappa-alueelta jdavét todennakoi sesti
myo6s vahéisiksi, mutta ajoittain upoksissa ole-
van saannostel yvyohykkeen merkitys kokonais-
paastéihin on tuntematon. Veden pinnan noston
jalkeisialyhytaikaisiaN,O-virtojaei ole boreaa-
lisissa tekojarvissa tutkittu.
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