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ABSTRACT. Forest clearing strongly influences the energy, water and greenhouse gas
exchange at the land surface - atmosphere interface. To estimate effects of clear cutting on
sensible (H), latent heat (LE) and CO, fluxes the continuous eddy covariance measurements
were provided at the recently clear-cut area situated in the western part of Russia from
spring 2016 to the end of 2018. The possible effects of surrounding forest on the air flow
disturbances and on the spatial pattern of horizontal advection terms within the selected
clear-cut area were investigated using a process-based 3D momentum, energy and CO,
exchange model. The modeling results showed a very low contribution of horizontal
advection term into total turbulent momentum fluxes at flux tower location in case of the
southern wind direction. The results of field flux measurements indicated a strong inter-
and intra-annual variability of energy and CO, fluxes. The energy budget is characterized
by higher daily and monthly LE fluxes throughout the entire period of measurements
excepting the first two months after timber harvest. The mean Bowen ratio (8=H/LE) was
0.52'in 2016, 0.30 - in 2017 and 0.35 - in 2018. Analysis of CO, fluxes during the first year
following harvest showed that the monthly CO, release at the clear-cut area consistently
exceeded the CO2 uptake rates. The mean net ecosystem exchange (NEE) in the period
was 3.3+1.3 gCm2d™". During the second and the third years of the flux measurements
the clear-cut was also a prevailed sink of CO, for the atmosphere excepting short periods
in June and in the first part of July when daily CO, uptake was higher than CO, release
rates. The mean NEE rates averaged for the entire warm period of corresponding years
were 1.242.3 gCm?2d"' in 2017 and 2.8+2.5 gC:m?>d" in 2018, respectively. The mean
ratio between gross primary production (GPP) and ecosystem respiration (TER) was 0.58
in 2016, 0.84 -in 2017 and 0.74 - in 2018.

KEY WORDS: clear-cut, eddy covariance, southern taiga, net ecosystem exchange, energy
fluxes, 3D hydrodynamic model

CITATION: Vadim V. Mamkin, Yulia V. Mukhartova, Maria S. Diachenko, Julia A. Kurbatova
(2019) Three-Year Variability Of Energy And Carbon Dioxide Fluxes At Clear-Cut Forest Site
In The European Southern Taiga. Geography, Environment, Sustainability,

Vol.12,No 2, p. 197-212

DOI-10.24057/2071-9388-2019-13

GES 02[2019

97

1




GES 02[2019

98

1

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

02 (12) 2019

INTRODUCTION

Clear-cutting is one of the most wide-
spread logging practice, which can sub-
stantially transform energy, water vapor
and CO, exchange between forest ecosys-
tems and the atmosphere and affect the
climate system at multiple scales. Effects of
different logging practices as well as nat-
ural forest disturbances on vegetation-at-
mosphere interaction is a key topic of var-
ious experimental and modeling studies
provided over the recent decades (Amiro
et al. 2010; Masek and Collatz 2006; Olchev
et al. 2009; Radler et al. 2010; Coursolle et al.
2012; Ma et al. 2013; Molchanov et al. 2017).
Clear-cutting influences surface albedo,
net radiation, surface roughness and con-
sequently the energy flux partitioning into
sensible (H), latent (LE) and soil heat fluxes
(McCaughey 1985; Amiro 2001; Rannik et
al. 2002; Kowalski et al. 2003). Amiro et al.
(2006) and Williams et al. (2013) reported on
significant decrease of evapotranspiration
rate at clear-cut sites that can be observed
during several years after logging. At the
same time some studies showed that the
Bowen ratio (B=H/LE) at the clear-cut sites
can be quickly recovered (within one grow-
ing season) to pre-disturbance values (Mat-
thewsetal.2017). Most of the recent studies
focused on effects of clear-cutting on eco-
system-atmosphere interaction were dedi-
cated to analysis of CO, balance changes in
forest ecosystems induced by the clear-cut
harvesting (Amiro et al. 2010; Aguilos et al.
2014; Grant et al. 2010; Paul-Limoges et al.
2015; Rodrigues et al. 2010; etc.). Numerous
studies reported that clear-cutting lead to
forest ecosystem change from CO, sink to
CO, source in annual or growing season
balances. Aggregated analysis of FLUXNET
data sets for territory of the USA and Cana-
da provided by Amiro et al. (2010) showed
that forest ecosystems after clear-cutting
require usually about 20 years to restore
their ability to be a CO, sink in the annual
balance. The time that is necessary for eco-
system after logging to reach a compen-
sation point between carbon uptake and
release rates is varied depending on local
climate and geographical conditions. Also,
most of available studies use a hypothe-
sis that clear-cutting lead to the substan-

tial decrease of gross primary production
(GPP). The ecosystem respiration (TER) rate
in general doesnt change substantially
after the forest disturbance mainly due to
rapid compensation of the decreased au-
totrophic respiration contribution into TER
by increased heterotrophic one (Amiro et
al. 2010; Paul-Limoges et al. 2015; Williams
etal. 2014).

Most of previous experimental studies
were performed at disturbed forest ecosys-
tems in North America and Europe but ef-
fects of clear-cutting on ecosystem-atmo-
sphere exchange in Russian boreal forests
are still very poorly investigated and rep-
resented in a couple of experimental and
modeling studies only (e.g. Machimura et
al. 2008; Mamkin et al. 2016, 2019; Molch-
anov et al. 2017). Boreal forests cover large
areas in Russia and they are very sensitive
to different natural and anthropogenic
disturbances (Zamolodchikov et al. 2017).
It makes very necessary to investigate the
consequences of the forest disturbances
for biogeophysical and biogeochemical
climate regulation functions of the forest
ecosystems, first of all in the context of pre-
diction the carbon balance of Russian for-
ests and their influence on climate system.
To derive the long-term variability of CO,
fluxes in forest ecosystems an eddy cova-
riance measuring technique is mainly used
(Aubinet et al. 2012; Burba et al. 2013). The
eddy covariance flux measurements are
usually provided in undisturbed forest eco-
systems over uniform vegetation canopy.
The forest damaging can obviously lead to
strong air flow disturbances that make very
difficult the application of eddy covariance
techniques for the flux measurements in
such areas. Vegetation heterogeneity can
lead to disruption of the basic assumptions
used in the method and hence, to large un-
certainties in measured fluxes. To improve
the accuracy of the energy, water vapor
and greenhouse gas (GHG) flux estimates
the effects of non-homogeneous canopy
should be taken into account in the flux
analysis (Belcher et al. 2011). During the last
time the influence of the clear-cuts on the
air flows has been investigated using math-
ematical models in several studies (e.g.
Frank and Ruck 2008; Sogachev et al. 2005;
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Mamkin et al. 2016; Levashova et al. 2017).
Within the framework of our study the tem-
poral variability of the energy, water vapor
and CO, fluxes during the three growing
seasons following harvest using continu-
ous eddy covariance flux measurements
was analyzed and the possible influence
of forest edges on the air flows within the
clear-cut using 3D hydrodynamic turbulent
exchange model was assessed.

METHODS
Site description

The flux measurements were performed at
the recently clear-cut forest ecosystem in the
sustainable management zone of the Central
Forest Biosphere Reserve (CFBR) in Tver re-
gion in the western part of Russia (56.44° N,
33.05° £, 250 m a.s.l) (Fig. 1). CFBR is located
in the south-western part of Valdai Hills and
its territory belongs to the humid continen-
tal climate zone (Dfb type according to the
Koppen-Geiger classification scheme) (Peel
et al. 2007; Kuricheva et al. 2017). The Climate
Moisture Index (CMI) (Willmott and Feddema
1992), calculated as the ratio between an-
nual precipitation and potential evapotrans-
piration, ranged between 0.3-0.4 that corre-
sponded to moderately wet surface moisture
conditions (Novenko et al. 2018). The forest

vegetation is consisted of typical species of
southern taiga e.g. Norway spruce (Picea ab-
ies), European white birch (Betula pubescens)
and Eurasian aspen (Populus tremula) (Knohl
et al. 2002).

The area of experimental clear-cut site is
about 4.5 ha and it is situated at a flat plain
with well-drained sod-pale podzolics soils.
Organic carbon content in the upper soil
horizons varied between 2.73 and 5.79%.
It is surrounded by mixed forest stand with
Norway spruce (Picea abies), European white
birch (Betula pendula) and Eurasian aspen
(Populus tremula). The site was clear-felled
in March-April 2016. After logging the large
amount of harvest residuals, stumps and litter
were remained on the ground (Mamkin et al.
2016, 2019). During the first months after log-
ging the site was free of any vegetation. Ac-
tive vegetation regeneration started after the
ground defrosting in the second half of April.
In June-August the vegetation was mainly
represented by herbaceous vegetation with
dominated starwort (Stellaria graminea), sow-
tit (Fragaria vesca) and wood-sour (Oxalis ace-
tosella), as well as by a small number of juve-
nile aspen (Populus tremula). In the first half of
August the leaf area index (LA/) of vegetation
increased to 2.5 m?m? and the grassy and
woody vegetation reached 70-90 cm height
while the height of the surrounding forest

Fig. 1. Geographical location, aerial photo and panoramic view of the clear-cut area
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varied from 18 to 22 m (Mamkin et al. 2019).

During the winter 2016-2017 all juvenile trees
were completely destructed by wild animals.
Therefore, at the beginning of the growing
season 2017 LAl was again close to 0 m?m-
2. The vegetation cover in summer 2017 was
very diverse and represented by different
types of both grassy and woody plants. The
woody vegetation was mainly represented
by juvenile aspen (Populus tremula), Europe-
an alder (Alnus glutinosa), rowan-tree (Sor-
bus aucuparia), Norway maple (Acer plata-
noides) and red raspberry (Rubus idaeus). A
herbaceous vegetation is composed mainly
of grasswort (Cerastium arvense), sow-tit
(Fragaria vesca), water avens (Geum rivale),
common rush (Juncus effusus) and honey-
sweet (Filipendula ulmaria). The growth rate
of juvenile trees in 2017 was very slow where-
as their growth rate in 2018 was significant-
ly higher and comparable with high growth
rate observed in summer 2016. In the second
half of June 2018 LAl at the clear-cut reached
the maximum value - 3.7 m?m™~.

Meteorological and eddy-covariance flux
measurements

The 3 m tower for flux measurements at the
clear-cut site was installed immediately after
the timber harvest in April 2016. The tow-
er location was chosen taking into account
the dominating southern wind direction in
spring and summer (Mamkin et al. 2016). The
eddy covariance equipment includes open-
path CO/H,0 gas analyzer LI-7500A (LI-COR
Inc., USA) and 3-D ultrasonic anemometer
WindMaster Pro (Gill Instruments, UK). The in-
struments were mounted on the tower at the
height of 2.4 m above the ground.

The air temperature, relative humidity and
precipitation rates were measured by the
weather transmitter WXT 520 (Vaisala Inc,
Finland) that was installed at the height of
2 m above the ground. Global and reflected
short-wave solar radiation as well as long-
wave incoming and outgoing radiation was
measured using 4-component radiometer
NRO1 (Hukseflux Thermal Sensors, The Neth-
erlands) at the height of 1.9 m. To obtain the
temperature and volumetric water content
(SWC) of the upper soil layer four reflectom-

eters C5655 (Campbell Sci. Inc., USA) were in-
stalled around the tower in the soil at the 10
cm depth. Soil heat flux was measured using
three heat flux sensors HFPO1SC (Hukseflux
Thermal Sensors, The Netherlands) installed
in the soil at the 5 cm depth.

The eddy covariance data was sampled at
the frequency of 10 Hz using Analyzer inter-
face unit LI-7550 (LI-COR Inc,, USA). Meteoro-
logical parameters were collected with data
logger CR3000 (Campbell Sci. Inc, USA) at
the frequency of 0.1 Hz and averaged over
30 - min time intervals. The Eastern European
time (UTC+2) was used for data storage. The
data acquisition by most of the sensors start-
ed in 2016 on 7 April and continued until 18
October. The soil temperature and volumetric
water content measurements started on 19
May 2016, and the soil heat flux measure-
ments started on 3 August 2016. In 2017 all
measurements continued since 6 May to 15
November. In 2018 the measurements start-
ed on 4 February and continued until the end
of the year.

Data post-processing

All steps of data post-processing were per-
formed according to guidelines for data anal-
ysis (Aubinet et al. 2012; Burba et al. 2013).
Flux calculation from the raw data was carried
out for 30-min time intervals using EddyPro
data processing software (LI-COR Inc,, USA),
with implementing of all necessary correc-
tions and statistical tests. The footprint char-
acteristics were estimated using the model
suggested by Kljun et al. (2004). Quality check
included 0-2 flag policy (Mauder and Foken
2006). The fluxes were determined with cor-
responding storage terms that was estimated
according to Migliavacca et al. (2009). After
data post-processing all fluxes with flag 2, as
well as the fluxes with flag 0 and 1, contain-
ing the spikes and measured under e.g. rain-
fall and dew events, weak turbulence and low
wind, were removed from the final data sets.
The u*-filtering procedure was implemented
for estimation of net ecosystem exchange
(NEE) of CO.. The mean threshold values of
u* were 0.086 m-s™ for 2016, 0.197 m-s' - for
2017 and 0.064 m-s™ - for 2018, respectively.
The u*filtering, gap filling of the flux data and
partitioning of NEE into TER and GPP was per-
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formed using REddy proc online tool (Wut-
zler et al. 2018).

A three-dimensional hydrodynamic model
for momentum, water vapor and carbon
dioxide exchange between a non-uniform
land surface and the atmosphere

A three-dimensional (3D) hydrodynamic
model uses a 1.5-order closure scheme and
it is based on a system of averaged Navi-
er-Stokes and continuity equations for the
mean wind speed components, as well as on
the reaction-advection-diffusion equation for
H,0 and CO, transfer within the atmospheric
surface layer (Garratt 1992; Wyngaard 2010;
Mukhartova et al. 2015). The 3D wind speed
components,

V= V(x,y,z,t),l7 = {u,v,w}

and concentration of any green house gases
(GHG), eg. CO,, c=c(x,y,z,t) , are consid-
ered as functions of horizontal coordinates
x, ¥, and vertical coordinate z, where x is the
coordinate along the prevailed wind direc-
tion, and zis equal to the height above the
ground surface. The model uses Reynolds's
decomposition and expresses the wind
speed and concentrations of any considered
GHG as sums of their mean values and devi-
ations:

V=V+V’
and c=c+c

where V = u,v,w} and ¢ are mean values of
corresponding parameters, ¥’ ={w v, w
and ¢ - their deviations. In case of neutral
atmospheric stratification the averaged Na-
vier-Stokes and continuity equations can be
written as:

a—V+(V V)V_——V5P ( J
at dx

0

+ 9 w’V’] +F 4+ F divl =
dz
where p, is the density of dry air, 6P is the
mean pressure deviation from the hydrostatic
distribution, F<" and F'¢ are the Coriolis
and drag force acting within the vegetation
cover. The Coriolis force components can be
written as:

F ==2Qi0 -V

u'l7'+iv’l7’+
dy

where Q) is angular velocity of the Earth
rotation (7.29-10%rad s™) and 7 is the unit
vector along the axis of rotation. Taking
into account the significance of the term

n,=siny (¥ is the geographic lati-
tude), the components of F can be
written as:

F = f+ 7, F ==+, F{" =0, f =2Qsiny

The drag force can be expressed as follows:
F'==c, - L4D|7| -V

where ¢ is the dimensionless drag coeffi-
cient (we assume in our study that C, =04),
LAD is the leaf area density (m?m ) that
describes the total area of vegetation el-
ements (leaves, branches, tree trunks) per
unit volume.

The 1.5-closure scheme assumes that the
turbulent fluxes can be expressed using the
turbulent kinetic energy £ and turbulent ex-
change coefficient K as follows:

2 o — 2 ov
= -2K— VvV ==E-2K—
3 ox’ 3 dy’
ww' = 2 2K8_w
3 oz’
du v ou JIw
//:_K 2 ’ ':_K _—
“r (8y+8x]’uw (az+8x]’
v ow
7. g _K - -
Y [az ay}

2

- Hwr oo} k=, 2

where C, isadimensionless model param-
eter,and € is the dissipation rate for turbu-
lent kinetic energy.

The values of £ and ¢ are found from the
system of differential equations (Sogachev
and Panferov 2006; Mukhartova et al. 2017;
Olchev et al. 2017):

9E L FV)E= div{£VEJ+PE —e,
ot o,

9 = K (4
57 Vp= dzv[o_—V(p}—E(Cw- P,=C,,-€)+A,.
14

where ¢ (p=¢-E7) is the supplemented func-
tion characterizing the scale of turbulence.
The dimensionless constants 0,=0 =2 in-
troduce the Prandtl number for turbulent
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kinetic energy and turbulent Schmidt num-
ber for the function ¢, respectively. The
function P_ describes the shear generation
of turbulent kinetic energy and can be ex-
pressed as:

== - 0u i | (55dv —-dv ——dv
P, = | v ——+u'V ——+u'W — |+ Vi —+VV =+ VW —
X 74 X

The coefficients C ,=0.52 and C ,=0.8 are
model constants. the term Ag describes
the increase of energy dissipation caused
by air flow interaction with vegetation ele-
ments. In the first approximation it can be
expressed as follows:

Ap=12.Jc, - (C,,

RESULTS AND DISCUSSION

¢, LAD-|7]- ¢

Meteorological conditions

The three year measuring period from
spring 2016 to the end of 2018 is char-
acterized by various weather conditions
(Fig. 2). Mean air temperature for the
measurement period of 2016 was 12.9°C,
11.6°C-for2017 and 13.4°C-for 2018.The
precipitation amount for corresponding
periods of measurements was 404.2 mm,
4552 mm and 3834 mm, respectively.
Total amount of incoming solar radiation
in the measurement period in 2016 was
2247 MJ-m?. Due to prevailed cloudy
weather conditions in summer 2017 the
total amount of incoming solar radiation
in the period from May to October 2017
was some smaller than in 2016 - 2087
MJ-m=2. The summer of 2018 is charac-
terized by sunny weather conditions and

20

incoming solar radiation reached maxi-
mum values for period from May to Octo-
ber- 2413 MJ-m2.The temporal variability
of albedo at the clear-cut area was close-
ly depended on vegetation dynamics. In
2016 albedo grew from 11% in May to 26
% in August. In 2017 the vegetation cov-
er was denser and higher that resulted
in lower day-to-day variation of albedo.
The maximal albedo values in 2017 were
observed in June (about 30%) and the
minimums in October (about 14%). Mean
daily albedo variation for corresponding
period in 2018 changed from 28% in May
to 18% in October.

The soil temperature at the depth of 10
cm changed from 6.4 to 204 °C in 2016
(since 19 May), from 4.6 to 164 °C -

2017, and from 6.7 to 17.9 °C - in 2018.
Due to active vegetation regeneration in
2017 and 2018 the daily soil temperature
range in the periods was some lower than
in 2016. The SWC variability was char-
acterized by relatively small variations
between 0.36 and 043 m*m= in 2016,
between 0.37 to 0.49 m*m=in 2017 and
between 0.29 and 0.42 m*m=in 2018.

Modelling of the wind field and turbu-
lent patterns within the clear-cut area

To describe the spatial pattern of wind
speeds and atmospheric fluxes, as well
as to estimate the possible influence of
forest edges on the air flows at the flux
tower location the 3D hydrodynamic
turbulent exchange model was applied.
The main attention in our modeling ex-
periments was paid to descriptions of the
3D wind and flux distributions within and
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Fig. 2. Monthly mean air temperature at 2 m height and monthly precipitation
amount for the period from May to October 2016, 2017 and 2018 respectively
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around the clear-cut area under different
wind directions and thermal stratifica-
tions of the atmosphere.

Analysis of the spatial variability of hori-
zontal and vertical wind speed compo-
nents showed significant heterogeneity
of the air flows within and around the
clear cut area. It is also enhanced by
complex shape of the clear-cut bound-
ary (Fig. 1). Results of numerical experi-
ments showed that the largest effect of
the clear-cut on the air flows is mainly ap-
peared along the windward forest edge
whereas at the leeward forest edge this
effect is less pronounced (Fig. 3). The lee-
ward part of the clear-cut is characterized
by prevailed downward air flows (with
negative w) whereas the upward air flows
(w is positive) are appeared at its wind-
ward part (Fig. 3). It is very important to
point out that the vertical wind veloc-
ity around the tower location as well as
its horizontal gradient at 3-4 m height
above the ground surface was relatively
small (close to 0 m-s™) (Fig. 3¢) that can
be used as one of criteria indicating suf-
ficient reestablishing of the air flow at
tower location after its disturbance at the
leeward forest edge.

To estimate effects of the air flow distur-
bances at forest edges to wind and tur-
bulent conditions within the clear-cut
area we also analyzed the spatial patterns
of the horizontal and vertical momentum
fluxes. Negligible horizontal turbulent
flux is a requirement for representative
eddy covariance measurements. Fig. 4
shows an example of vertical distribution
of momentum fluxes along profile cross-
ing the clear-cut are from south to north
and passing through the tower location.
Maximum horizontal turbulent fluxes are
detected at leeward part of the clear-cut
area and at windward forest edge. More-
over the high anomalies of horizontal
turbulent fluxes are also observed above
the clear-cut area in the atmospheric
layers higher than 20-30 meters above
the ground. Area of minimum (close to
zero) horizontal turbulent fluxes is situ-
ated in the northern (windward) part of
the clear-cut and its boundaries overlap

the flux tower location (Fig. 4a). Analysis
of vertical turbulent fluxes along select-
ed profile at the height of flux tower is
also showed their very low variability at
the tower location. All these factors con-
firm obviously the representativeness of
provided eddy covariance flux measure-
ments under southern wind directions. In
case of the northern winds the influence
of the forest edge on wind and turbu-
lence patterns at flux tower location is
much higher that can obviously lead to
significant uncertainties in flux estima-
tions using the eddy covariance tech-
nigue.

Temporal variability of energy fluxes

Analysis of the eddy covariance flux data
showed that the monthly LE fluxes exceed-
ed H fluxes during the entire three-year pe-
riod of flux measurements (Fig. 5). The total
LE fluxes integrated over the period from 06
May to 18 October are also higher than to-
tal sums of H fluxes (Table 1). The temporal
variability of H fluxes is mainly influenced
by changes of global radiation. The daily H
fluxes are usually reached maximum values
in May and in the first half of June (8 MJ-m
2d7in 2016, 5.9 MJm=2d" in 2017, and 6.6
MJ-m=2dTin 2018) and minimums (-1 MJ-m-
2d7in 2016,-0.2 MJm=2d'in 2017 and -1.6
MJ-m2d in 2018) in October, respectively.
Seasonal variability of the LE fluxes is main-
ly influenced by the changes of global ra-
diation and vegetation dynamics at the
clear-cut area. In 2016 LE varied between
1.7 and 8.9 MJm?2d™". Maximal values were
observed in the second half of July when
LAl reached its maximum values (4.5 m?m-
). The maximal values of LE were observed
in the second half of June 2017 (10.8 MJ-m-
2d7) and in the first half of June 2018 (11.8
MJ-m2.d"), respectively.

The differences in seasonal courses of the H
and LE fluxes can be well characterized by
variations of the Bowen ratio (B=H/LE). In
all years of flux measurements 5 decreased
from May to September and increased
slightly in October. The mean monthly 3
in 2016 reached 1.4, whereas it doesn't ex-
ceed 0.9in 2017 and 0.7 in 2018. Maximum
values of B in 2016 were observed mainly
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Fig. 3.
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due to the lack of vegetation cover (after
timber harvesting) in May and June. Since
July 3 decreased to 0.3 and was quite in-
variable until the beginning of September.
Similar trends with maximum of 3 in May
were observed also in springs of 2017 and
2018. The summer variability of 8 in 2017
and 2018 was mainly governed by weather
conditions and it was also relatively small. 3
varied in the periods between 0.1 and 0.5.
The mean B for the measuring period in
2016 was 0.5,in 2017-0.3 and in 2018-04
(Table 1).

Itis important to point out that the lowest
values of LE were measured during the first
year after the timber harvest. The previ-
ously conducted comparisons of the ener-
gy fluxes in undisturbed forest and at the
clear-cut area (Mamkin et al. 2019) showed
that the clear-cutting led to decrease of LE
by 30% in the first growing season follow-
ing harvest. Moreover, the H also decreased
due to the harvesting by 22%. The decreas-
ing trend in turbulent energy fluxes due to
clear-cutting can be explained by increased
albedo and consequently reduced surface
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Fig. 5. Temporal variability of daily sensible (H) and latent (LE) heat fluxes, and the
Bowen ratio (B) for the period (06.05-18.10) in 2016 (a), 2017 (b) and 2018 (c)

available energy (available energy is a dif-
ference between net radiation and sum of
soil heat flux and canopy energy storage
term). It should be also taken into account
that the low LAl values influence the tran-
spiration and evapotranspiration rates.
Moreover, the comparison showed that in
spite of lower H and LE fluxes measured at
the clear-cut site the mean seasonal (3 for
the clear-cut and undisturbed forest was
almost the same (Mamkin et al. 2019).

In year 2017 and 2018 LE grew by ~20%
following active regeneration of grassy and
woody vegetation at the clear-cut area,
and B decreased from 0.52 to 0.30-0.35.
The main differences between LE fluxes
were observed between the first and the
second years after the harvest although
the weather conditions in the second and
the third years were more contrasting. Fast
recovery of 3 value to pre-disturbance val-
ues have been discussed in several studies
(e.g. Amiro et al. 2006; Matthews et al. 2017;

Williams et al. 2013). Particularly, Williams
et al. (2013) also reported about decreased
summer and autumn H and increased LE
for period from the first to the third years
following harvest at the clear-cut of Nor-
way spruce (Picea abies) forest in Massa-
chussets (USA).

Temporal variability of CO, fluxes

Assessment of the temporal variability of
NEE over the entire period of flux mea-
surements at the clear-cut area showed
that the CO, fluxes are characterized by a
large variability mainly governed by weath-
er conditions (first of all, incoming solar
radiation, air temperature) and amount of
regenerated photosynthesizing vegeta-
tion (Fig. 6). In 2016 the daily sums of NEE
were persistently positive (clear-cut acted
as a CO, source for the atmosphere) and
varied between 0.8 and 7.2 gCm?d™'. The
cumulative sum of NEE for the entire period
of measurements was 553 gC:m™ (3.3+1.3
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gCm2d™). The growing season of 2017 is
characterized by higher o, uptake (GPP).
During the period from May to June the
daily GPP rates were higher than TER rates
(NEE is negative) and the clear-cut ecosys-
tem for a short two-month period acted
as a CO, sink for the atmosphere. At the
same time the total growing season NEE
rate was still positive - 193 gCm= (1.242.3
gCm2d?). In 2018 the total seasonal NEE
grew to 456 gCm? (2.8+2.5 gCm>d™") and
negative values of daily NEE (GPP high-
er than TER) were estimated only in May
and in the first half of June. It should be
pointed out that the minimum daily NEE
in 2018 was only -2.8 gC:m?d™ in contrast
to 2017 when the minimum NEE was -4.3
gC-m2d. Such effects can be explained by
higher TER rates in 2018 due to higher air
temperatures. Maximal daily NEE reached
88 gCm2d1in2017and 11.4gCm=2d"in
2018, respectively. The maximum NEE rates
are usually observed in July.

As it was already mentioned the NEE rate
is strongly depended on the difference be-
tween GPP and TER. In 2016 GPP and TER
rates had similar shapes of seasonal courses.
The maximum rates of GPP and TER reached
in July - 10.8 gCm>d™ and 153 gCm>2d”,
respectively. In 2017 and 2018 maximum
values of GPP were observed in June (12.1
gCm=2d" in 2017 and 147 gCm?d’ in
2018) whereas TER reached maximum rates
in July similarly to 2016 (13.7 gCm=d™ in
2017 and 20.5 gCm>2d™ in 2018). Cumula-

tive sums of GPP for growing seasons were
778 gC:m? in 2016, 1021 gCm2 in 2017
and 1322 gCm in 2018, while cumulative
sums of TER were 1331 gCm?in 2016, 1214
gCm? in 2017 and 1778 gCm~ in 2018,
respectively. Therefore, the NEE increase in
2018 was observed under the grown GPP
and can be explained by high values of TER
in 2018. The mean ratios of GPP/TER during
the period of flux measurements from May
to October were 0.58 in 2016, 0.84 in 2017
and 0.74in 2018.

The cumulative NEE for the period from
May to October was positive in each year of
the flux measurements, which is consistent
with the results of the previous studies, ob-
tained in other boreal and sub-boreal post
clear-cut forest ecosystems of the young
successional stages (Amiro et al. 2010; Aug-
ilos etal. 2014; Grant et al. 2010). It is mainly
governed by GPP/TER ratio that is varied in
our study between 0.1-0.9. The GPP/TER ra-
tio is usually grown with vegetation recov-
ery but this process can be interrupted by
the short-term periods of GPP/TER decreas-
ing caused by changes of key meteorolog-
ical parameters (e.g. the high air tempera-
ture in 2018 resulted in strong increase of
TER rate and decrease of NEE). The same ef-
fects were observed by Paul-Limoges et al.
(2015) between the second and the third
years following harvest at the Douglas-fir
clear-cut in the Vancouver island in Canada
and by Pypker and Fredeen (2002) between
5% and 6™ years at the spruce-fir clear-cut

Table 1. Cumulative sums of energy fluxes, evapotranspiration (ET), and CO, fluxes at
the clear-cut for the period from 06 May to 18 Oct in 2016, 2017 and 2018

Variable 2016 2017 2018
H [MJ-m~] 389.6 2878 3229
LE [MJ-m™] 7554 9276 924.2
ET [mm] 302.2 371.0 369.7
B 0.52 0.30 0.35
NEE [gCm™] 5534 1933 456.0
GPP [gCm~] 7775 1020.5 13223
TER [gCm™] 13309 12137 17783
GPP/TER 0.58 0.84 0.74
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in British Columbia (Canada). Paul-Limoges
et al. (2015) explained increasing the TER
rate by large biomass at the clear-cut site.
Pypkerand Fredeen (2002) is also discussed
such effect and tried to connect it with the
changes in soil temperature and soil mois-
ture conditions.

The temporal variability of CO, fluxes mea-
sured at various post-clear felled ecosys-
tems are influenced by local weather and
climate conditions, as well as by dominat-
ing vegetation species. The most available
estimations of NEF rate for boreal and tem-
perate clear-cut forest ecosystems during
the first 8 years after the harvest varies
between 0.2 to 6.2 gCm?d” (Mamkin et
al. 2019). In various biomes the estimates
of limiting factors controlling NEE and its
components can be very different. For ex-
ample (Gao et al. 2015) reported that the
clear-cut of poplar (Populus dettoides) in
subtropical China became a CO, sink at the
end of the first growing season following
harvest. It is obvious that to explain ade-
quately the temporal and spatial variation
of NEE rate, effect of all possible factors that
control GPP and TER rates at the clear-cut
(including analysis of environmental con-
dition, vegetation and soil properties, bio-
mass of debris, etc.) should be investigated
within aggregated experimental and mod-
eling studies.

CONCLUSIONS

The results of our experimental and mod-
eling studies showed a strong influence
of clear-cutting on the energy and water
vapor fluxes between forest ecosystem
and the atmosphere. It is manifested in dis-
turbance of the spatial air flow patterns, in
change of microclimatological conditions
and the energy and CO, fluxes. Decreased
net radiation and higher albedo in sum-
mer period are resulted in lower LE and H

fluxes. Sufficient soil moisture and regener-
ated vegetation promote higher LE fluxes
comparing with H ones. Obtained NEE dy-
namics are consistent with the hypothesis
that clear-cutting turns forest ecosystems
from CO, sink to CO, source for the atmo-
sphere for several years after logging. NEE
was reached maximal values in the first
year after the harvest and minimal - in the
second one. GPP increased from the first to
the third year while the TER decreased in
the second and increased in the third year,
respectively. Variability of GPP/TER ratio is
well corresponded to results obtained in
other post-clear felled boreal forest eco-
systems of the young successional stages.
Representativeness of our eddy covariance
flux measurements were controlled by re-
sults of numerical experiments using a 3D
hydrodynamic model. It was shown that
the area at tower location under prevailed
southern wind direction is characterized
by low horizontal and vertical momentum
fluxes as well as by small horizontal gradi-
ent of the vertical wind speed component.
Disturbing effect of the forest edges on our
flux measurements can be therefore ne-
glected. The results obtained in the present
study can be applicable for predicting the
influence of deforestation on the regional
weather conditions in boreal ecozone and
for estimating its consequences for the cli-
mate system.

ACKNOWLEDGEMENTS

The study was funded by the RFBR and
Russian Geographical Society according to
the research project N2 17-05-41127. It was
also partially supported by the Presidium
of the Russian Academy of Sciences (pro-
grams N 51 «Climate change: causes, risks,
consequences, problems of adaptation
and regulation» and N¢ 41 “Biodiversity of
natural systems and biological resources of
Russia”

GES 022019

209




GES 02[2019

210

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY 02 (12) 2019

REFERENCES

Aguilos M, Takagi K, Liang N., Ueyama M., Fukuzawa K., Nomura M., Kishida O., Fukazawa T,
Takahashi H., Kotsuka C, Sakai R, Ito K, Watanabe Y, Fujinuma Y, Takahashi Y, Muragama T,
Saigusa N,, Sakai R. (2014). Dynamics of ecosystem carbon balance recovering from a clear-
cutting in a cool-temperate forest. Agric. For. Meteorol,, 197, pp. 26-39.

Amiro B. D, Barr A. G, Black T. A, Iwashita H., Kljun N., McCaughey J. H.,, Morgenstern K,
Murayama S., Nesic Z., Orchansky A. L, Saigusa N. (2006). Carbon, energy and water fluxes
at mature and disturbed forest sites, Saskatchewan, Canada. Agric. For. Meteorol,, 136, pp.
237-251.

Amiro B. D, Barr A. G, Barr J. G, Black T. A, Bracho R,, Brown M., Chen J,, Clark K. L, Davis K. J,,
Desai A.R, Dore S, Engel V., Fuentes J. D,, Goldstein A. H., Goulden M. L, KolbT. E.,, Lavigne M.
B., Law B. E., Margolis H. A, Martin T, McCaughey J. H., Misson L., Montes—Helu M., Noormets
A., Randerson J. T, Starr G, Xiao J. (2010). Ecosystem carbon dioxide fluxes after disturbance
in forests of North America. J. Geophys. Res. 115, GOOK02.

Aubinet M., Vesala T. and Papale D. (2012). Eddy Covariance: A Practical Guide to
Measurement and Data Analysis, Dordrecht, The Netherlands, Springer

Burba G. (2013). Eddy covariance method for scientific, industrial, agricultural and regulatory
applications: A field book on measuring ecosystem gas exchange and areal emission rates.
LI-COR Biosciences

Coursolle C,, Margolis H. A, Giasson M. A, Bernier P.Y., Amiro B. D, Arain M. A, Barr A.G,, Black
TA., Goulden M.L, McCaughey JH., Chen J. M, Dunn AL, Grant RF, Lafleur PM. (2012).
Influence of stand age on the magnitude and seasonality of carbon fluxes in Canadian
forests. Agric. For. Meteorol. 165, pp. 136-148.

Garratt JR. (1992). The atmospheric boundary layer. Cambridge: Cambridge University
press.

Grant R. F, Barr A. G, Black T. A, Margolis H. A, McCaughey J. H., Trofymow J. A. (2010).
Net ecosystem productivity of temperate and boreal forests after clearcutting - a Fluxnet—
Canada measurement and modelling synthesis. Tellus Ser. B, 62(5), pp. 475-496.

Kljun, N., Calanca P, Rotach M. W,, Schmid H. P. (2004). A simple parameterisation for flux
footprint predictions Boundary Layer Meteorol. 112, pp. 503-523

Knohl A, Kolle O, Minayeva T. Y, Milyukova I. M,, Vygodskaya N. N., Foken T, Schulze E.
D. (2002). Carbon dioxide exchange of a Russian boreal forest after disturbance by wind
throw. Global Change Biol, 8(3), pp. 231-246.

Kowalski S., Sartore M., Burlett R, Berbigier P, Loustau D. (2003). The annual carbon budget
of a French pine forest (Pinus pinaster) following harvest. Global Change Biol., 9(7), pp.
1051-1065.

Kurbatova J, Li C, Varlagin A, Xiao X, Vygodskaya N. (2008). Modeling carbon dynamics in
two adjacent spruce forests with different soil conditions in Russia. Biogeosciences 5, pp.
969-980.



Vadim V. Mamkin, Yulia V. Mukhartova et al. THREE-YEAR VARIABILITY OF ENERGY ...

Kuricheva O, Mamkin V, Sandlersky R, Puzachenko J, Varlagin A, Kurbatova J. (2017).

Radiative entropy production along the paludification gradient in the Southern o
Taiga. Entropy, 19(1), p. 43. g

~
Levashova N. T, Muhartova J. V, Olchev AV. (2017) Two approaches to describing the e
turbulent exchange within the atmospheric surface layer. Mathematical Models and v
Computer Simulations, 9(6), pp. 697-707 G}
Ma Y, Geng Y, Huang Y, Shi Y, Niklaus PA, Jin-Sheng B.S. (2013). Effect of clear-cutting -
silviculture on soil respiration in a subtropical forest of China. Journal of Plant Ecology 6(5), b

pp. 335-348.

Masek J.G.,and Collatz G.J. (2006). Estimating forest carbon fluxes in a disturbed southeastern
landscape: Integration of remote sensing, forest inventory, and biogeochemical modeling.
Journal of Geophysical Research: Biogeosciences 111, GO1006.

Machimura T, Kobayashi Y, Hirano T, Lopez L., Fukuda M., Fedorov A. N. (2005). Change
of carbon dioxide budget during three years after deforestation in eastern Siberian larch
forest. J. Agric. Meteorol,, 60(5), pp. 653-656.

Mamkin V., Kurbatova J,, Avilov V., Mukhartova Y, Krupenko A, Ivanov D, Levashova N,
Olchev A. (2016). Changes in net ecosystem exchange of CO2, latent and sensible heat
fluxes in a recently clear-cut spruce forest in western Russia: results from an experimental
and modeling analysis. Environ. Res. Lett,, 11(12), p. 125012.

Mamkin V., Kurbatova J, Avilov V., Ivanov D., Kuricheva O,, Varlagin A, Yaseneva I, Olchev
A. (2019) Energy and CO2 exchange in an undisturbed spruce forest and clear-cut in the
southern taiga. Agricultural and Forest Meteorology 265, pp. 252-268.

Matthews B., Mayer M., Katzensteiner K, Godbold D. L, Schume, H. (2017). Turbulent energy
and carbon dioxide exchange along an early—-successional windthrow chronosequence in
the European Alps. Agric. For. Meteorol. 232 (15), pp. 576-594

Mauder M., Foken T. (2006). Impact of post-field data processing on eddy covariance flux
estimates and energy balance closure. Meteorologische Zeitschrift, 15, pp. 597-609.

Migliavacca M., Meroni M., Manca G., Matteucci G., Montagnani L, Grassi G., Zenone T,
Teobaldelli M., Goded I, Colombo R, Seufert G. (2009). Seasonal and interannual patterns of
carbon and water fluxes of a poplar plantation under peculiar eco-climatic conditions. Agr.
For. Meteorol. 149, pp. 1460-1476

Molchanov A.G,, Kurbatova Yu. A, Olchev AV, (2017). Effect of Clear-Cutting on Soil CO2
Emission. Biology Bulletin, 44 (2), pp. 218-223.

Mukhartova Yu. V, Levashova N.T, Olchev A.V, Shapkina N. E. (2015) Application of a 2D
model for describing the turbulent transfer of CO2 in a spatially heterogeneous vegetation
cover. Moscow University Physics Bulletin, 70(1), pp. 14-21

Mukhartova Yu.V, Krupenko AS., Mangura PA, Levashova N.T. (2017). A two-dimensional
hydrodynamic model of turbulent transfer of CO2 and H20 over a heterogeneous land
surface. IOP Conf. Ser.: Earth Environ. Sci. 107, p. 012103,



GES 02[2019

212

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY 02 (12) 2019

Novenko E., Tsyganov AN, Olchev AV. (2018) Palaeoecological data as a tool to predict
possible future vegetation changes in the boreal forest zone of European Russia: a case
study from the Central Forest Biosphere Reserve. IOP Conf. Series: Earth and Environmental
Science, 107, p. 012104

Olchev A, Radler K, Sogachev A, Panferov O, Gravenhorst G. (2009). Application of a
three-dimensional model for assessing effects of small clear-cuttings on radiation and soil
temperature. Ecol. Modell,, 220(21), pp. 3046-3056.

Olchev AV, MukhartovaYu.V, Levashova N.T, Volkova E.M., Ryzhova M.S.,, Mangura PA.(2017).
The Influence of the Spatial Heterogeneity of Vegetation Cover and Surface Topography
on Vertical CO2 Fluxes within the Atmospheric Surface Layer. Izvestiya, Atmospheric and
Oceanic Physics, 53(5), pp. 539-549.

Paul-Limoges E., Black T. A, Christen A, Nesic Z, Jassal R. S, (2015). Effect of clearcut
harvesting on the carbon balance of a Douglas-fir forest. Agric. For. Meteorol. 203, pp. 30-42.

Peel M.C, Finlayson B.L, McMahon T.A. (2007). Updated world map of the Koppen-Geiger
climate classification. Hydrol. Earth. Syst. Sci., 11, pp. 1633-1644.

PypkerT. G, Fredeen A. L, (2002). Ecosystem CO2 flux over two growing seasons for a sub-
Boreal clearcut 5 and 6 years after harvest. Agric. For. Meteorol, 114(1-2), pp. 15-30.

RadlerK, Oltchev A, Panferov O., Klinck U, Gravenhorst G. (2010). Radiation and temperature
responses to a small clear-cut in a spruce forest. The Open Geography Journal 3, pp. 103-
114.

Rodrigues A, Pita G, Mateus J., Kurz-Besson C,, Casquilho M., Cerasoli S., Pereira J. 2011).
Eight years of continuous carbon fluxes measurements in a Portuguese eucalypt stand
under two main events: Drought and felling. Agricultural and Forest Meteorology, 151(4),
pp. 493-507.

Sogachev A, Panferov O. (2006). Modification of two-equation models to account for plant
drag. Bound. Lay. Meteorol. 121(2), pp. 229-266.

Williams C. A, Vanderhoof M. K, Khomik M., Ghimire B. (2014). Post—clearcut dynamics of
carbon, water and energy exchanges in a midlatitude temperate, deciduous broadleaf
forest environment. Global Change Biol,, 20(3), pp. 992-1007.

Willmott C.J. and Feddema J.J,, (1992). A more rational climatic moisture index. Professional
Geographer 44, pp. 84-88.

Wutzler T, Lucas-Moffat A, Migliavacca M., Knauer J,, Sickel K,, éigut L., Menzer O, Reichstein,
M. (2018). Basic and extensible post-processing of eddy covariance flux data with REddyProc,
Biogeosciences, 15, pp. 5015-5030.

Wyngaard J. C. (2010). Turbulence in the Atmosphere. Cambridge: Cambridge University
press.

Zamolodchikov D. G., Grabovskii V. I, Shulyak P. P, Chestnykh, O.V. (2017). Recent decrease
in carbon sink to Russian forests. Doklady Biological Sciences 476(1), pp. 200-202.

Received on January 31%, 2019 Accepted on May 17, 2019



