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Carbon dioxide, heat and water vapor exchange
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The mass and energy exchange between the terrestrial ecosystem and the atmosphere depends on the structure
and functioning of vegetation and soil cover. The aim of the work was to compare the ecosystem CO,, heal and water
vapor exchange in the old-growth spruce forest and meso-oligotrophic peatland, typical ecosystems of the middle taiga
landscapes on the European Russia. The study was made by using the eddy-covariance method. In the warm period of
the year, the spruce forest ecosystem was characterized by higher values of the net radiation (R ) and turbulent heat ex-

n

change (/) than the peatland. In the peatland, the latent heat flux (LE) in July represented more than the half of the net
radiation. Net ecosystem exchange CO, (VEE) from 1% April to 31* August was -327 gC/m? in the spruce forest and -40
g¢(C/m?in the peatland, and the total evapotranspiration (ET) was 324 mm and 300 mm, respectively. A close correlation
was established between NEE and ET in daily dynamics (R* = 0.7-0.9). The average daily values of net exchange CO,
in spruce forests are closely correlated with the net radiation (R* = 0.63) and turbulent heat exchange (R*= 0.57). For
the meso-oligotrophic peatland, heat transfer factors turned out to be less significant (R*>= 0.38-0.45). The obtained
data can be used to predict carbon exchange processes and water vapor fluxes in terrestrial ecosystems due to expected
climate changes in the region.
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OOGMeH BeITecTs 1 9HePrum MeJKTY Ha3eMHOI 9KoCHcTeMOiT 1 arMocdepoii 3BaBUCHT OT CTPYKTYPHO-(DYHKITMOHATHHOT
OpraHu3aIUu PAaCTUTETLHOTO U TOYBEHHOTO HOKPOBOB. Llenb paGorsl cocrosiia B cpaBHeHnn skocucreMuoro oomerna CO,,
TeIIa 1 BJIATH B CTAPOBO3PACTHOM eIbHIKE I Ha Me30-011roTpoHOM 60J10Te, THIMUHBIX DKOCHCTEM IS CPeiHeTadAHbIX
nauma@ros esporeiickoit yactn Poccnn. [ljist m3mepeHnst OTOKOB BEINECTBA N SHEPTUH B IPU3EMHOM cJioe aTMocephl
UCIT0JIB30BAH METOJ| MUKPOBUXPEBBIX myJbcarinii. COrIaCHO 1OJyYeHHbIM JIAHHBIM, B TEILIBII 1ePUOJ| TOa eJIbHUK
XaparTepuaoBasics 6oee BBICOKNM PainaiinoOHHbIM OaJIaHCOM 1 TYPOYJIeHTHBIM Teri000MeHoM ¢ armocdepoit, uem 6010To.
B arocnereme 6ostora Gosiee MoJIOBUHBI PAIMATIMOHHOTO DajlaHca B MIOJIE COCTABUIN 3aTPAThl HA HBATIOTPAHCIINPATINIO.
B rénibtii nepuoj; rojia eibHUK 1 6010T0 BHIIOJTHSAAN (YHKIMIO cTOKA arMocdepHoro anokcuja yriaepoaa. CyMmapHblii
nerro-oomen CO, (VEE) B anpene—asrycre coorsercrsoBar -327 1C/m? B enpinke n -140 rC/m? na 6osore, a cymmapmoe
ucnapenue saarn (ET) — 324 u 300 vv. [lis uceaeioBaimbix THIIOB DKOCHCTeM yeranoniena Tecas csasn NEE n ET
B cyrounoit gunamuke (R? = 0,7-0,9). Cpeguecyrounnie snadenus verro-oomena CO, B eIbHIKE TeCHO KOPPEINPOBAHHbI

¢ pagumanuonnbiM dasarcom (R? = 0,63) u rypoysentunim rermooomenom (R? = 0,57). [lis meszo-omurorpodroro 6osora
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daxropsl erioobmMena okasasuch MeHee snaunMbiMu (R?=0,38-0,45). [TosryuenHbie aHHBIE MOTYT OBITH HCITOIB30BAHbI
MPH MTPOTHO3WPOBAHNH MPOTIECCOB YIIEPOIHOTO 0OMEHA I TOTOKOB BJIATH B TA8/KHBIX DKOCHCTEMAX B CBAZH ¢ OJKITACMBIM

n3MenenmeM KJINMATHYECKNX yCHOBI’IfI B pernomne.

Harouessie crosa: CJIbHUK, 6().71()T(), obmen Aunorcuga yriaepomia, TeH.TI()()6M(—)H, IBalloTpaHcmnpanmsd.

Boreal forest and peatland ecosystems play
a key rolein the global carbon and water cycle.
Boreal forests occupy an area of 1135 « 10° ha
and accumulate annually 0.5 « 10" g of carbon.
This is about 20% of all carbon stored in forests
worldwide [1]. Peatland ecosystems area cover
a much smaller area compared to forests, but
they contain almost one-third of the global
soil carbon [2]. Global temperature increase
of the past decade has led to an enlargement in
carbon stock in forests of the European Rus-
sia [1] and productivity of northern peatlands
in recent decades due to climate change [3].
However, a further rise of temperature and the
degradation of permafrost will turn large areas
of forest and peatland in Subarctic to a carbon
source by the end of this century [4, 5].

Forest and peatland ecosystems differ
in the mass and energy exchange with the
atmosphere. The amount of absorbed energy
and its distribution to the turbulent heat and
water vapor fluxes in the atmospheric bound-
ary layer is largely dependent on the vegeta-
tion and wetting of the underlying surface |6,
7]. In turn, the carbon exchange of forest and
peatland ecosystems is closely related to heat
exchange [8—10].

In the European Northeast of Russia, dark
coniferous forests predominate in the vegeta-
tion, the area of mires is about 8% [11]. Ac-
cording to climate predictions in this region,
temperature and precipitation will be increas-
ing up to the middle of this century [12], which
may affect the energy and mass exchange of
terrestrial ecosystems. However, to predict
possible changes in the ecological functions of
forest and peatland landscapes due to climate
change, data from long-term stationary obser-
vations are needed. For the boreal ecosystems of
Russia, such data are rare [13—15]. The purpose
of this work was to compare the ecosystem CO,,
heat and water vapor exchange in boreal old
spruce forest and meso-oligotrophic peatland
during the snow free period. We assumed that
structure of vegetation (botanic composition,
height and biomass of plants) and degree of soil
moisture will influence on energy participation
and carbon dioxide and water vapor exchange
in spruce and peatland ecosystems.

Methods and study sites

The investigation of CO, and H,O exchange
between the peatland or spruce forest and atmo-
sphere was carried oul using the eddy covariance
method (EC), which determines the exchange
rate of the gas across the interface between the
almosphere and the plant canopy by measuring
the covariance between fluctuations in vertical
wind velocity and the mixing ratio of the gas
being studied [16].

There are two EC systems established for
measuring energy and mass exchange in the
European North-East of Russia: one in spruce
forest at the Lali forest station of the Institute
of Biology of Komi Science Center (62°16" N,
90°41” E) and the second at the mesooligotrophic
peatland Medla-Pev-Nyur (61°56” N, 50°13" E),
situated in the northern direction from Syk-
tyvkar. The distance between them is about
40 km. A bilberry-grass spruce, a bilberry sphag-
num spruce and a mixed coniferous stand de-
velop within the forest area. Their more detailed
characteristics are presented in [17, 18]. Spruce
stand is dominated by Picea obovata lLedeb.,
there are also Pinus sylvestris 1., Abies sibirica
Ledeb., Betula pubescens Ehrh., Populus tremu-
la 1.. The height of spruce trees is 22 m, their age
varies from 80 to 215 years. The measurement
area of mesooligotrophic peatland is dominated
by the following plant communities: oligotro-
phic pine-shrub-cotton grass-sphagnum type,
mesotrophic shrub-grass-sphagnum type and
mesotrophic grass-moss type. More information
on the characteristics of peatland vegetation was
presented in [14, 19].

The data of EC measurements from 1% of April
to 31 of August 2013 are presented in this article.
The system was installed in 3 m height in the
peatland and included an ultrasonic anemometer
(GSAT 3D, Campbell Scientific Inc., USA) and an
open-path CO,and H,O gas analyser (Li-7500A,
Li-Cor Inc., USA). An ultrasonic anemometer
(Wind Master, Gill Instruments Ltd, USA) and
an open-path CO,and H,0 gas analyser (EC-150,
Campbell Scientific Inc., USA) was installed in
30 m height in the spruce forest.

The pulsations recorded by the instruments
do not characterize the only point in which the
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measuring instruments are located, but a certain
area around this point, which is called a footprint
and can be calculated using models. The size of
this areais determined by the speed and direction
of the wind, as well as the height of the instru-
ments and the average height of the vegetation.
Thus, the EC estimates the gases and heat fluxes,
spatially averaged o the scale of the ecosystem.
The analysis of the footprint showed that in the
spruce forest 76% of the data points and 90% of
the total volume of air flow, which was used by
the system to calculate the flow of CO, (¥,,,) and
H,O (ET), was formed at the distance of less than
200 m from the eddy tower, in 90% of all cases
the maximum air flow came from a distance of
less than 100 m. The wind directions during the
summer were mainly S-W or S.

The raw data were logged at 20 Hz and cal-
culated in the LoggerNet software (Campbell
Scientific Inc., USA) and the EddyPro software
(Li-Cor Inc., USA) in accordance with the gen-
erally accepted method of statistical processing
of data [20]. At the next step data points of EC
fluxes over 30 min intervals, which were obtained
during unstable operation of gas analyser, low
turbulence and unstable environment were re-
moved.

At the next step the quality of the selected
data was evaluated according to the ratio of
Monin-Obukhov surface-layer scaling parameter

(z/L) and footprint (d ) O friction velocity
(u*) at the moment of measurement. The criti-
cal value of u* was 0.2 m/s for the spruce forest
and 0.1 m/s for the peatland. Often, these were
night-time measurements when the turbulence
of the atmospheric boundary layer is low. At the
final stage the data was checked visually, and
poor data that had not previously been detected
were removed from the dataset. In total, 5286
data points of 30-minute measurements for the
forest and 7344 data points for the peatland were
used in statistical analysis.

The calculated flux of carbon dioxide F,,
is equivalent to the net exchange of CO, (NEE)
which represents the sum of two different pro-
cesses: gross-photosynthesis (Pgmss) and ecosys-
tem respiration (R ) [21]:

NEE=P,  +R, . (1)

In this study, the NEE will have a positive
signif R exceeds P, and negative if P ross €X°
ceeds R UNEE with = signindicates an uptake
of CO, by the ecosystem from the atmosphere and
with the “+” sign indicates upward fluxes e.g.

emission from the ecosystems o the atmosphere.

Additional parameters (relative humidity
and temperature of air and soil, radiation) were
recorded at automatic weather stations on both
sites.

The net radiation at the atmospheric bound-
ary surface can be expressed by the equation
[22]:

R =H+LE+G, (2)

where R —netradiation, H — turbulent sen-
sible heat ﬂux LE — turbulent latent heat flux,
G — ground heat flux. During the investigation
period this quality target was achieved in 84%.

Itis assumed that ? and G with the sign “+”
correspond to the direction of heat fluxes from
the atmosphere to the earth’s surface, and H and
LE with the sign “+” — from the surface to the
atmosphere .

Total evapotranspiration (ET) is calculated
in accordance with the equation:

ET=LE/, (3)

where 4 is the heat of vaporization at 20 °C
equal 2.45 MJ/kg.

The total flow of CO, and water vapor over a
time was calculated as an integral with a 30-min-
ute measurement step. The gaps were filled using
average values calculated for a given time of a
15 days period.

Results and discussion

Weather conditions during the measure-
ments. In 2013, the cold weather persisted
until mid-March. The average daily tempera-
tures above zero were recorded after 13" April.
In the forest snow was gone by the beginning
of May, and on the peatland by 20" April. The
weather in April and May was warm, in June
the average daily air temperature exceeded
the long-term average (1965-2012 years) by
3.4 °C (Table 1).

Warm weather was observed in July and
August, but a short-term drop in air tempera-
ture to 13 °C was measured at the end of July.
The duration of the growing season (when the
average daily air temperature exceeded 5 °C) was
146 days. The precipitation during the investi-
gation period was about 160 mm, or 30% of the
annual amount in 2013.

Heat fluxes at the atmospheric boundary
surface. The structure of the vegetation effects
the absorbing solar radiation and heat energy,
and its transformation into turbulent fluxes.
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Table 1

Average monthly air temperature and precipitation in 2013

Month Temperature, °C Precipitation, mm/month
average deviation™ in total deviation™
April 2.2 1.0 15.3 -16.6
May 8.9 0.8 38.6 -2.1
June 17.4 3.4 34.9 -3.4
July 19.5 2.4 31.3 -41.2
August 16.2 2.5 40.2 -19.1

Note: ™ — according to Rosgidromet for Syktyvkar station (http://rpd); ™ — deviation from the long-term average for the

period 1961-1990.

Higher roughness of vegetation in forests de-
crease the wind speed and increase the turbulent
heat exchange between the atmosphere and
spruce stand [22]. As a result, the average daily
air temperature over the forest in May-August
was higher than over the peatland, the difference
reached 5 °C on some days (Fig. 1).

At the same time, the temperature of the soil
in spruce forest was lower than in the peatland,
as a result of the shielding effect of tree crowns,
which hamper the solar radiation to penetrate of
under the canopy.

The albedo was lower in the forest (0.07—
0.12), because the crown of spruce trees is char-
acterized by a lower reflectivity than the other
plants (Fig. 2). This is associated with a higher
netradiation (R ) of spruce forest (Fig. 3) and, con-

n

sequently, higher energy exchange, compared to
a peatland ecosystem.

The change from negative to positive net
radiation in the forest and on the peatland was
registered at the end of March, when the snow
cover still remained. During the growing season
the maximum of the net radiation was in late
June — early July, and R was twice higher in
the forest compared to the peatland. There was
a short-term decline in the net radiation in both
ecosystems in late July, which could be due to a
short-term decrease of temperature.

During the growing season spruce forest
was characterized by higher values of turbulence
heat exchange (/) than the peatland (Fig. 3).
Daily values of Hin the forest ecosystem reached
225 W/m?, while at the peatland they did not

21.3 30.4 9.6 19.7 28.8

Date

Rn, W/m?
o W
o O
o O
L

Fig. 1. Seasonal variation of average daily tempera-
ture at the atmospheric boundary surface (a) and
the soil temperature at a depth of 20 ¢cm (b):

1 — peatland, 2 — spruce forest

Fig. 2. Seasonal course of the average daily albedo
(a) and the net radiation (b) at the boundary sur-
face of atmosphere: 1 — peatland, 2 — spruce forest
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Fig. 3. Seasonal variation of the average daily
turbulent heat flux (a), latent heat flux (b)
and ground heat flux (¢) in peatland (1)
and spruce forest (2)

exceed 40 W/m? Turbulent heat exchange in
July was about 60% of the net radiation in the
spruce forest, and 20% in the peatland. Thus, the
latent heat flux exchange (LFE) at the peatland
rised to 70%. There was a short-term decline in
LE and H due to a decrease in R . In the summer
the heat exchange in the soil (G) of the forest and
peatland was less than 10% of R . At the peatland
site there we could observe some exceptions (in
April) where it reached 25%.

Thus, the studied ecosystems show differ-
ences in the net radiation and its components.
As the summer evaporation was not limited by
the availability of soil moisture at the peatland
ecosystem, LE exceeded H significantly, in con-
trast to the spruce forest (Fig. 4). At the peatland
average daily values of the ratio H/LE (Bowen
ratio) was 0.2—0.4 in July. In the spruce forest,
Bowen ratio had its maximum in spring, dur-
ing the summer it gradually decreased, reach-
ing 0.4-0.5 in July. According to the available

results of EC measurements from other forest
ecosystems, Bowen ratio can vary from 0.42 to
1.21 in summer, depending on the weather con-
ditions [23]. For the northern peatlands of the
European Russia in the summer, the ratio H/LE
was 0.33-0.63 |28], and in Siberia — 0.3 [7].
Net ecosystem exchange CO, Net eco-
system exchange CO, (VEE) is a result of two
processes — photosynthesis and respiration. We
measured differences in diurnal and seasonal
course of NEE in the spruce forest and peatland
ecosystems. In spring 2013 the conversion of the
spruce forest from the source to the CO, sink was
observed at the beginning of April, and at the
peatland in May (Fig. 5). Autumn conversion
of ecosystems from uptake to CO, emission was
registered in late August. The rate the CO, fluxes
increased in the first part of the season. The
maximum VEE was measured in July in the spruce
forest and at the peatland 0.6 mgCO,/(m* * s)
and 0.1 mgCO,/(m?* * s), respectively. How-
ever, these ecosystems did not differ in duration
of carbon dioxide uptake during the daytime.
Cumulative average daily NEEin April-August
varied in the spruce forest in the range —0.2 to
—16.6 gCO, /(m? * d) (or—0.06 to—5.0 gC/(m* * d)
(Table 2). Other studies reported different NEE
values for the snow free season e.g. the average
daily NVEE value in the European southern taiga
spruce forest was —1.82 gC/(m? » d) [15], in
spruce forests of Siberia—8 gC/(m? + d) [25], and
in North America — -5 to —6 gC/(m? * d) [26].
NEFE at the peatland varied from 0.78 to
—1.94 gCO,/(m?* « d) at the beginning of the mea-
surements and increased to —9.29 gCO, /(m? * d) at
July — the time of most favorable temperature and
light conditions for photosynthesis (Table 2). The
mean diurnal CO, exchange decreased gradually
in August. Thus, during the observation period
the peatland ecosystem functioned as a sink of

Fig. 4. The seasonal course of Bowen ratio
at the boundary surface of atmosphere:
1 — peatland, 2 — spruce forest
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Table 2
Cumulative value of NEE (gCO, /(m* *d )) and evapotranspiration (mmH,0/d) able
in peatland and spruce forest ecosystems in April—August 2013
Month Peatland Spruce forest
NEE ET NEE ET

April 0.782 0.250 -0.198 0.376

May 1.239 2.156 -10.077 1.049

June -1.941 3.093 -10.302 1.798

July -9.294 0.237 -16.684 3.056
August —2.289 1.684 —2.884 2.239

atmospheric carbon. Our continuous eddy cova-
riance flux obhservations were also compared to
data from studies of peatlands in Canada [27]
and Russia [28].

Thus, the studied spruce forest and the
meso-oligotrophic peatland differed in the rate
of daily NEE, which affected the balance of
NEE during the warm period of the year. The
cumulative sum of VEEin April-August 2013
was —1.089 gCO, /m*in the spruce forest or
-327 gC/m?, which is comparable with the data
obtained in the research of boreal spruce forest in
Siberia (=270 gC/m? [25]) and in North America
(=174 gC/m?; [26]), and green moss spruce for-
est in the southern taiga in Kuropean Russia
(=300 gC/(m? « year); [15]).In general, the aver-
age value of NI/ in forest at the age of 200 years
and older can reach —240 g C/(m? « year) [29] .

NEE of the peatland from 13'April to 31*
August 2013 was —468 g of CO, /m* (or —140 gC/m?),

NEE, mrCO

ET, mm/day
S =N W o

21.3

Fig. 5. The seasonal dynamic of the average daily
net exchange CO, (a) and evapotranspiration (b)
at the boundary surface of atmosphere.

1 — peatland, 2 — spruce forest

which is comparable to the results obtained for
Greenland boreal bogs (=310 — =372 gCO,/
m?[30]). The data was higher than observed
at the mesotrophic swamp in the north of Fin-
land (-186 — 217 gCO,/m?*[26]) and oligotro-
phic bogs of western Siberia (-132.44 —
—133.32 gCO,/m* [28]). NEE at peatlands of dif-
ferent regions can vary from 22 gC/(m? « year)
to 144 gC/(m? « year) [31].

Evapotranspiration. The total evaporation
or evapotranspiration (K7T) of a terrestrial eco-
system is the result of two processes — physical
evaporation of water from surfaces and transpi-
ration of plants. In dark coniferous forests in the
European North, transpiration reaches 80% of
the total evaporation [27]. According to EC mea-
surements evapotranspiration in ecosystems is
mainly controlled by the stomatal conductance,
which is strongly dependent on the moisture
contentof the atmosphere [32]. Evapotranspira-
tion is characterized by interannual variability,
e.g. in the coniferous forests of North America
it varied between 230 mm and 305 mm [10]
and was mostly independent on the amount of
precipitation.

The spruce forest and the mesooligotrophic
peatland differed in the availability of soil mois-
ture. The volumetric water content of the upper
soil in the spruce forest (0—20 cm) was 0.4 m?*/m?
in April-May and gradually decreased at the
end of July to 0.1 m?/m?. The water level at the
peatland was 2 ¢cm below the surface in May,
dropped to—21 ¢cm in July, its minimum of 27 cm
was measured in late August.

In our study in May and June, the time of
high ground water level, the average monthly
value of evapotranspiration (£7) at the peatland
was in 1.5—2 times higher compared to spruce
forest (Fig. 5, Table 2). Water vapor fluxes mark-
edly decreased in July, when the level of ground
water did not exceed 20 cm, and in August, it was
close to the values obtained for spruce. Maximum
daily values of evapotranspiration (3 mm/d) in
the peatland were observed in June, and in spruce
forest in July. It was shown that the absolute
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values of ET for different mire types can vary
within the range of 2—15 mm/day. This varia-
tion is determined by local climate and wetland
characteristics rather than by location [6].

The evapotranspiration of the investigation
period differed slightly between the peatland
and spruce forest and was 300 mm and 324 mm,
respectively. Other studies showed the interan-
nual variation of evapotranspiration, e. g. at the
peatland of Canada it was 348—458 mm and in
spruce forest — 238—325 mm [10], at pine for-
ests in Finland 218—-361 mm [26]. Chebakova
et al. [7] reported 235 mm for an oligotrophic
peatland in Siberia and Kurbatova et al. [24]
320 mm for the ombrotrophic peatland in Eu-
ropean Russia. In the annual cycle, the total
evaporation in boreal ecosystems is nol a con-
stant value and in some years it can significantly
exceed the precipitation [33]. In a dry summer,
evaporation is higher than in wet years.

The strong correlation between NEE and
ET was observed in the spruce forest and peat-
land ecosystems (R?= 0.7-0.9). This confirms
existing hypotheses about stomatal regulation
of photosynthesis and water vapor exchange
between the atmosphere and the ecosystem [9,
10]. This explains also that the water use ef-
ficiency in terrestrial ecosystems is relatively
constant in different years [10]. The average
daily values of net CO, exchange in spruce for-
esls are closely correlated with the net radiation
(R*=0.63) and turbulent heat exchange (R* =
0.57). For the meso-oligotrophic peatland, heat
transfer factors turned out to be less significant
(R? = 0.38-0.45). The leaf area index and pH
of the water are more appropriate predictors of
carbon exchange of northern peatlands [31].
Obviously, the strength of correlation between
NEE and climatic factors during the snow free
period is determined by the weather conditions,
so it can vary from year to year.

Conclusion

Our EC measurements showed that ecosys-
tem CO,, heat and water vapor exchange differ
in the boreal spruce forest and in the mesooli-
gotrophic peatland. In the peatland ecosystem,
which is characterized by excessive moisture
and no water resource limitation, 70% of the
net radiation was spent on evapotranspira-
tion. Evapotranspiration in the spruce forest
was much lower, and turbulent heal exchange
reached 60% of the net radiation. The studied
spruce forest and mesooligotrophic peatland
functioned as carbon sink during the vegetation

period. Net ecosystem exchange of CO, from
15t April to 313 August was =327 gC/m? in the
spruce forest and —40 gC/m? in the peatland,
and the total evapotranspiration was 324 mm
and 300 mm, respectively. A close correlation
was established between NEE and ET in daily
dynamics (R* = 0.7-0.9). The average daily
values of net exchange CO,in spruce forests
are closely correlated with the net radiation
(R? = 0.63) and turbulent heat exchange
(R2=0.57). For the meso-oligotrophic peatland,
heat transfer factors turned out to be less signifi-
cant (R*=0.38-0.45). The obtained data can be
used to predict carbon exchange processes and
water vapor fluxes in terrestrial ecosystems due
to expected climate changes in the region.
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