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ABSTRACT

Various processes that occur in forest soils have significant roles in the forest carbon cycle
and contribute to soil CO, efflux. Soil CO, efflux occurs via a combination between the metabo-
lism of soil microorganisms and the respiration of plant roots. It releases around 10 times more
CO, than all anthropogenic factors combined. For this reason, diurnal and seasonal carbon
efflux rates were measured in Lithuanian Scots pine (P. sylvestris) forests to determine soil
CO, efflux rates and the relative importance of various climatic factors that can influence below-
ground conditions. The aim of this study was to determine the factors that have the strongest
influence on variation in forest soil CO, efflux and the mutual influence between the factors,
in order to attain a clearer understanding of C sinks. We took measurements of soil CO, efflux
to examine diurnal and seasonal variation. For the continuous measurement of CO, efflux, an
ADC BioScientific LCpro+ soil respiration analysis system was used. The main parameters that
were measured were CO, efflux (umol m? s), air temperature (°C) in the chamber, soil tempera-
ture (°C) at a depth of 10 cm and water evaporation (mmol m? s'). The diurnal rate values
fluctuated within a certain range (2.78-6.17 umol m?s?), while seasonal variations fluctuated
more, but the average CO, efflux rate was between 2 - 4 umol m?s?. The highest CO, efflux rate
recorded during daytime was from 16:00-20:00, and the lowest one was early in the morning,
between 05:00-08:00. During the seasonal soil CO, efflux study, it was found that peak forest
growth was related to peak efflux rates. These rates were observed from early to mid-June.
The collected data suggest that SM (soil moisture) has a weaker connection with the efflux rate
but had an impact on Ts (soil temperature), dampening its effect on soil CO, efflux. These
results demonstrate that the soil CO, efflux of P. sylvestris forests in the cool climatic zone
of Lithuania depend most heavily on soil temperature and soil moisture.
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INTRODUCTION

Carbon dioxide (CO,) efflux from soil to the atmosphere is a major path-
way in the global carbon (C) cycle and is one of the main sources of CO,
in ecosystems between the biosphere and atmosphere (BucHmann 2000,
HarremiNg, HUTING 2008, WHARTON et al. 2012, LiNrEr et al. 2020). Soil CO,
effluxes are formed via a combination of the metabolism of soil microorgan-
isms and the respiration of plant roots, and release around 10 times more
CO, than all anthropogenic factors combined (VANGUELOVA et al. 2005, FENN
et al. 2010, HEINEMEYER et al., Apair et al. 2011, Cukva et al. 2017, RoBy et al.
2019). All of these processes together form soil CO, efflux, and can most
often be found in organic surface layers of soil, where microorganisms decom-
pose plant residues (HiBBARD et al. 2005, StorreL et al., Nok et al. 2010,
Koster et al. 2011, KopriTTKE et al. 2012, SHABAGA et al. 2015, LEe 2018,
SILLETTA et al. 2019). There are also other factors that control these proces-
ses, such as the seasonal and daily variability of meteorological conditions
(SiLLETTA et al. 2019). The factors that affect soil CO, efflux and their relative
importance cannot be determined without proper experimentation. In previ-
ous studies, different methods have been used to determine CO, efflux. Some
of these methods were invasive and consisted of trenching or digging to ex-
clude some components from the system (FENN et al. 2010).

Forests are one of the most globally widespread ecosystems as they cover
approximately 30% of the land surface of the Earth (GustarssoN et al. 2012,
QuBaJa et al. 2020). They contain the vast majority of global C pools — over
80% of all vegetation C is contained in forests, and around 40% of below-
ground soil C (Fanc et al. 2014). Thus, the C dynamics of forest ecosystems
are an important research topic. Forest ecosystems have a large capacity
for C storage and vast productivity, meaning they have a significant role
in the global C cycle and therefore in climate change (VaNGUELOvVA et al.
2005, LincrEr et al. 2020). Forest ecosystems play a crucial role in global
climate change by reducing CO, emissions in the atmosphere from the burn-
ing of fossil fuels by approximately 30% (D’ANDREA et al. 2020). In the near
future, even small changes in the C balance of forest ecosystems and their
connections with other ecosystems could have strong impacts on the global C
cycle (Pan et al. 2011, LinproTH et al. 2020). To understand and determine
the sources and sinks of C, more knowledge of the local variability of C
is required (Korpowski, KuTTLER 2010).

Soil CO, effluxes are caused by the activities of microorganisms and
plant roots, and can be described as the impact of the living part of the soil.
These activities may be altered by other factors that can increase or decrease
CO, emissions from the soil. Such factors include photosynthetic properties
of plants, soil properties, soil temperature (Ts), and soil moisture (SM)
(VaNGUELOVA et al. 2005, LEe 2018, RoBy et al. 2019), the latter two factors
being the most significant because they can influence other factors (STOFFEL
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et al. 2010, FEiziENE et al. 2012, LiNDROTH et al. 2018, SILLETTA et al. 2019).
Soil temperature can regulate the metabolism of plant roots. The root sys-
tems of forest trees are composed of roots of different diameters and hetero-
geneous physiological traits and physical functions. In other forest ecosys-
tems, root respiration plays a dominant role in the control of soil respiration.
The results of various studies suggest that CO, efflux is positively related
to litter and roots, and that root respiration accounts for a large proportion
of total respiration. Previous studies indicated that root respiration contri-
butes up to 65% of the total CO, efflux in boreal pine forest, in some cases
reaching up to 90% (HoGBERG et al. 2001). The amount of CO, efflux from the
root respiration may vary depending on tree species or season (EPRON et al.
1991, LyNcH et al. 2013, L1 et al. 2017, WanG et al. 2019). Most experiments
that have been conducted thus far have shown that soil CO, efflux is con-
nected with seasonal and daily patterns that were mainly controlled by soil
temperature (HArRTEMINK, HuTing 2008). If we consider biological activities
to be the only source of CO, efflux, then temperature is an important
factor to be considered. Moreover, in certain climatic regions there are large
temperature fluctuations between day and night, which affects biological
activity and leads to variation in the CO, efflux rate. Furthermore, soil mois-
ture can control CO, efflux in two different ways: by limiting aeration when
soil moisture is high, thus limiting the diffusion of gases between soil and
atmosphere, and by limiting the activities of microorganisms in decomposi-
tion processes when soil moisture is too low (HiBBARD et al. 2005). There are
many other factors that can moderate soil temperature and moisture, such
as litter, fermentation, humus content, and other debris, which can prevent
soil from experiencing extremes in temperature and moisture content
(Knomix et al. 2010).

Approximately 33% of Lithuania is covered by forest, and around 34%
of these forests are coniferous. The largest C stocks have been found to be
stored in coniferous forest ecosystems and are considered to be highly stable
despite changing conditions and various disturbances (KopPITTKE et al. 2012).
In most coniferous forests, the largest area is occupied by pine stands.
A handful of studies have been conducted to evaluate soil respiration and C
dynamics in various pine stands, but these studies usually included only
short measurement periods, such as on “clear days”, under the assumption
that measurements made at a specific chosen time interval represent mean
daily values (FEziENE et al. 2012, CukvaA et al. 2017, LinDROTH et al. 2020).
Manual chamber measurements are most often taken to determine these
values. Frequently, however, manual chamber measurements are impossible
due to poor weather conditions or for other reasons, and therefore measure-
ments are taken during daytime, generally during typical working hours,
and thus diurnal variation is not recorded (BrRENDHOLT et al.).

As soil CO, effluxes are mainly determined by temperature, fluctuations
in emissions can be observed during the day. Based on temperature fluctua-
tions, the intensity of soil CO, efflux can be predicted (SHABAGA et al. 2015,
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ZHIYONG et al. 2015). As there are many unknown potential impacts of vari-
ous environmental factors, there is little knowledge regarding the seasonal,
daily, and annual trends in soil CO, effluxes (LiNnbroTH et al. 2020). CO, efflux
models that use soil temperature and soil moisture can help to determine
CO, efflux intensity in different areas. However, these patterns are con-
strained by our understanding of the seasonal dynamics of soil CO, efflux,
as CO, efflux has a very high temporal variability due to ever-changing envi-
ronmental factors (Xu et al. 2011, Hu et al. 2016, CUEva et al. 2017, THRONE
et al. 2020).

In order to understand diurnal and seasonal fluctuations in the rate of CO,
efflux, we established a study at experimental sites to record continuous mea-
surements of the CO, efflux rate of the ecosystem. The aim of this study was
to determine the factors that have the strongest influence on variation
in forest soil CO, efflux and mutual influence between these factors, in order
to attain a clearer understanding of C sinks. The objectives of this study
were to investigate the diurnal and seasonal variations in CO, effluxes and
their dependence on air, soil temperature and soil moisture in Scots pine
(Pinus sylvestris var. sylvestris L., 1753) forests, and to determine other fac-
tors that may have impact the variations in soil CO, efflux rates such as
vegetation cover, root respiration and forest type.

MATERIALS AND METHODS

Diurnal and sesonal studies was conducted at two different sites of ma-
ture Scots pine stands in central Lithuania. Lithuania lies in the southeast-
ern coast of the Baltic Sea (Figure 1), and both sites were located near the
city of Kaunas. Sites were approximately 100 m? in area. One of these sites
was located 30 km west of the city, in the Meistine Forest (54°54'21"N,
23°33'17"E), and the other was situated 10 km northeast in the Pilenai
Forest (54°57'31"N, 24°0'3"E). Both sites consisted of mature trees, with an
average age of 100 years and an average height of 29 meters. The vegetation
at the study sites was dominated by Scots pine (Pinus sylvestris). This region
1s situated in a cool temperate climate zone with moderate warm summers,
moderate cold winters, and an average annual temperature of 8.8°C.
The monthly mean temperatures in the coldest and warmest months are
-3°C in January and 18°C in July, respectively. Most of the precipitation falls
in summer time, and the mean annual precipitation is 675 mm. At ground
level, vegetation is dominated by pedunculate oak (Quercus robur L.), com-
mon hazel (Corylus avellana L.), blueberry (Vaccinium myrtilus L.), lingon-
berry (Vaccinium vitis-idaea L.), red-stemmed feathermoss (Pleurozium
schrebert (Brid.) Mitt.), and common nettle (Urtica dioica L.). The soil was
classified as Podzols (PiTKARANTA 2009) and was moderately developed.
Podzols are typical soils of coniferous forest. This type of soil can occur
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Fig. 1. Study site location

on almost any parent material but generally derives from either quartz-rich
sands and sandstone or sedimentary debris from magmatic rocks, provided
there is high precipitation. Most Podzols are poor soils for agriculture due
to the sandy portion, resulting in a low level of moisture and nutrients.
The soil consisted of two main layers, the first being a litter layer that varied
from 5 to 8 cm in depth. The litter layer consisted of three sub-layers:
in the top layer there were sparsely decomposed needles, leaves, small
saplings; in the second layer the particles were moderately decomposed; and
in the third layer all particles were decomposed. The second layer was
a mineral sandy horizon that continued to 1 m in depth or more and consisted
of four different sub-layers mostly of sand.

Measuring soil CO, efflux and H,0 net exchange rate

For the continuous measurement of CO, efflux, an ADC BioScientific
LCpro+ soil respiration analysis system was used (made by ADC BioScientif-
ic Limited, the UK). It uses a steady-state through-flow and an open dynam-
ic chamber. The system used the following formula to calculate CO, efflux (+
2% accuracy):



736

NCER =u_ (-Ac) QY

where: NCER — CO, efflux (umol s’ m?), u - the molar flow of air per square
meter of soil and Ac is the difference in CO, concentration through a
soil pot (dilution corrected to pmol mol?).

Depending on the area of study, measurements were taken from the forest
soil surface at multiple locations (generally 3). The LCpro+ with its soil pot
is specifically designed for portability and field use. This system also mea-
sures soil temperature and chamber air temperature (+0.2 accuracy), photo-
synthetically active radiation (PAR) (+2% accuracy), and atmospheric pres-
sure (2% accuracy).

When taking measurments for the diurnal component of the study, once
the measurement location was selected, the programming console was con-
nected to the soil pot chamber. A metal ring with a diameter of 10 cm was
inserted into the selected location, and the soil pot chamber was then
attached to it. The ring was inserted perpendicularly to the soil at a depth
of approximately 10 cm and then left to collect data. During the measure-
ments, CO, was supplied from the atmosphere, from an altitude of 2-2.5 m,
by a telescopic probe. A sample was taken every minute in the soil pot cham-
ber, and after ten minutes of measurement averages were calculated to avoid
any inclusion of the device’s deviations and inaccurate measurements. Contin-
uous measurements were performed for several days, depending on weather
conditions, and in total there were four sets of samples taken. One set was
taken from 24-26 July 2018 (study period 1), another from 24-25 August 2019
(study period 2), and two sets were taken in 2020, one from 21-22 July (study
period 3) and one from 11-13 August (study period 4). The sampling period
varied from 24 to 48 hours. The main parameters that were measured were
CO, efflux (umol m* s7), air temperature (Ta, °C) in the chamber, soil tem-
perature (Ts, °C) at a depth of 10 cm, and water evaporation (mmol m? s).

For the seasonal component of the study, PVC rings were used instead
of metal rings. Ten plastic rings were installed in the soil at least 3 m away
from each other at permanent sites two weeks before measurements were
taken, creating study sites approximately 100 m? in area. At the study sites,
every separate measuring pot monitored a period of 15 minutes so that all
of the parameters could settle and could then be recorded. After this, read-
ings were recorded manually and when the necessary data had been record-
ed then all of the equipment was moved to another stationary pot location.
Measurements were taken 6 to 8 times during each season. Every time
at least 10 measurements were taken, creating 60 to 80 samples for every
study period. The study time of 11:00-17:00 was chosen because the environ-
mental parameters change the least during this period. The same parame-
ters were measured each time, and measurements were taken in three years
(2013, 2019, and 2020). Studies were conducted during the plant growing
period from May 11 to August 20 (in 2013, some extra measurements were
taken in October and November).
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The H,O exchange rate was measured with the same ADC BioScientific
LCpro+ system as CO, efflux. The H,O measurement was taken with two
high quality humidity sensors and then calculated from the following formula:

Aeu

Wﬂux = (2)

where: W, — the net soil H,O exchange, u — the molar flow of air per square
meter of soil, mol m? s, Ae — the differential water vapor concentra-
tion in mbar, dilution corrected, and p — the atmospheric pressure
in mBar.

To understand better the relationships between soil CO, efflux and its
drivers (Ta, Ts), we created a simple statistical model of Q,,, whichis a tem-
perature coefficient that represents the factor by which the rate (R) of a re-
action increases for every 10-degree rise in temp. (T). The rate (R) may rep-
resent any measure of the progress of a process. This factor was calculated

from
_1o
R, [TrTJ
Qio (R1 J 3)
where: Q,, — the factor by which the reaction rate increases when the tem-
perature raises by ten degrees, R, — the measured reaction rate at
temp. T,, R, — the measured reaction rate at temp. T,, and T, has to
have a lower value than T.,.

Measuring soil temperature and moisture content

The temperature (Ta) in the soil pot chamber and the soil temperature
(Ts) at a depth of 10 cm were obtained with the LCpro+ for the diurnal study
of soil CO, efflux as well. During the seasonal study, soil temperature (Ts, °C)
and soil moisture (SM, %) data at a depth of 10 cm were obtained using
the HH2 moisture meter. The WET (water content, electrical conductivity
and temperature) device directly measures soil permittivity, bulk electrical
conductivity and temperature. From these, and with the use of specific soil
calibration tables and equations, the HH2 calculates volumetric SM.

When the measurements were taken with the LCpro+, a WET sensor
was inserted into the soil in the same location and the Ts and SM measure-
ments were recorded. The sensor was inserted into the litter horizon to a depth
from 5 to 8 cm. The same measurements were then repeated in other soil pot
spots.

Statistical analysis

The measurements provided by the automated soil pot chamber were
averaged for every ten minutes to obtain accurate diurnal data. These data
were cleared and processed using Microsoft Excel. Diurnal variation was
tested using multiple regression analysis. Seasonal differences were tested
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using the mean daily soil CO, efflux for each plot on a given sample date,
using a two-way analysis of variance. Correlations and relationships between
data were tested using ANOVA. Data were used to interpret the simple im-
pacts associated with significant interactions between the effects of date,
day, and night. Significance tests were conducted using the Fisher’s unre-
stricted least significant difference (LSD) test. Significant differences were
assessed at the level of p<0.05 and analyses were performed using the Sta-
tistica 8 statistical software.

RESULTS

Diurnal soil and air temperature variations

The diurnal variation of air (Ta) and soil (Ts) temperature at pine forest
stands in all of the years studied (July 24-26, 2018 total replicates 2570;
August 24-25, 2019 total replicates 1363; July 21-22, 2020 total replicates
1714; August 11-13, 2020 total replicates 2699) is shown in Figure 2. In 2018,
the minimum diurnal Ta was observed from 05:00 to 06:00. In some cases,
the minimum values were obtained from 03:00 to 04:00. Maximum diurnal
Ta values were observed from 15:00 to 18:00. The lowest Ta recorded was
17.6°C, highest 24.4°C. The minimum diurnal Ts was observed from 05:00
to 09:00. Meanwhile, the highest recorded Ts was recorded from 18:00 to
20:00 (Figure 2a). The lowest Ts observed was 17.3°C and the highest was
18.9°C. During 2019 (Figure 2b), the lowest Ta recorded was between 07:00
and 08:00 and the lowest was observed from 16:00 to 17:00. In July 2020,
the second day of the experiment was interrupted by rain (Figure 2c).
The lowest Ta was observed from 05:00 to 06:00 and the highest was ob-
served from 15:00 to 16:00, with temp. of 15.6°C and 21.5°C, respectively.
The lowest recorded Ts was from 07:00 to 08:00. The highest observed Ts
was from 13:00 to 16:00 and held constant despite rain. In August 2020
(Figure 2d), in all study periods the minimum Ta recorded was around 06:00
and the maximum Ta was observed around 16:00. The lowest and highest
Ta were 12°C and 24.3°C, respectively. The minimum Ts in all study periods
was observed between 07:00 and 09:00, while the maximum Ts was observed
between 18:00 and 20:00. The lowest Ts was 13.6°C and the highest T's was
18.4°C.

The diurnal patterns of Ta and Ts were similar throughout the study
period. Over the course of the measurements, the Ts changed less and stayed
more constant than Ta, but each of these factors still displayed a correlation
whit CO, efflux (2018, r=0.48; July 2020, r=0.91; August 2020, r=0.87;
p<0.05). Overall, the data suggest that Ts has a greater impact on soil pro-
cesses from the evening until the early morning.
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Diurnal CO, efflux variations

During this study, the hourly soil CO, efflux varied significantly
(p<0.001) — Figure 2. Soil CO, efflux rates were significantly higher during
the daytime than at nighttime, and the peak soil CO, efflux in all trials was
observed between 16:00-20:00 hours. In 2018, the mean CO, efflux rate was
6.17 pmol m™ s at the beginning of measurements at 15:30 CO, efflux was
high because of disruption of the soil (Figure 2a). After some time around
20:00, efflux settled down at 5.2 pmol m? s! and varied in similar parame-
ters up until 22:00 after which the CO, efflux gradually decreased. The low-
est rate of 4.71 pmol m? s! was recorded at 06:30, although there was
a sudden change in the weather at 10:10 accompanied by an observed soil
CO, efflux rate of 4.68 umol m* s'. On the second day, due to the changes in
the weather, there were no significant changes in the soil CO, efflux rate.
During the daytime, the highest average rate was 4.85 pmol m? s, recorded
at 11:40-12:30. In the evening, the efflux rate started to rise until it reached
5.41 pmol m? st at 22:00, after which it remained similar until the end
of the next morning. The combination of air and soil temperatures led to
significant variations in CO, efflux.

In 2019, the 24-hour data recorded showed a gradually decreasing soil
CO, efflux rate (Figure 2b). The highest rate observed was 4.58 pmol m? s™
at 13:00, which decreased until 06:50, when the minimum value of 2.78 pmol
m? s was observed. After that, the rate stabilized, giving an average of 2.99
pmol m?2 s,

In July 2020 (Figure 2c), the average soil CO, efflux rate of was 4.65
pmol m? st and the highest value was 7.06 umol m? s, recorded at 11:00.
Due to the rain on the second day, there were no significant variations in the
rate of soil CO, efflux. The minimum rate value of 3.63 pmol m* s was recor-
ded at 08:00. After that, the efflux rate did not increase, but fluctuated
between values of 3.00 and 4.05 pmol m? s, with an average rate of 3.65
pmol m? st from the morning until the end of the experiment.

In August 2020 (Figure 2d), the average efflux rate of the entire study
was 3.47 umol m* s. Soil CO, efflux rates showed significant hourly changes
and were closely related to temperature changes. On the first day, a high
rate of 4.81 pmol m? s!was recorded at 12:48. After some time around 16:00,
the efflux settled down at 4.5 pmol m? s* and varied between 4 and 4.5 umol
m? stuntil 20:00.The lowest value of 3.01 pmol m? s was recorded at 05:48.
In the morning, the soil CO, efflux rate started to rise and on the second day
reached its maximum of 3.44 umol m? s! at 15:38, after which it varied from
3.2 to 3.44 until 20:00. The lowest recorded value on the second day was 2.31
pmol m? st at 04:48.
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The relationship between diurnal soil and air temperature
and CO, variations

The correlation of Ta with soil CO, efflux was high in most cases but
remained lower than that of Ts. In the 2018 study period, rapid fluctuations
in Ta were observed, while CO, efflux was more constant. Thus, Ta and CO,
efflux displayed a low level of correlation (Table 1). T's was more constant
over all study periods and its correlation with efflux was stronger. In 2019,
Ta had a high positive correlation with the soil CO, efflux. The data from
2020 show a strong correlation between Ta, Ts and soil CO, efflux, with the
correlation between Ta and CO, efflux weaker than that of Ts and CO, efflux.
Thus, Ts could explain more variation in the soil CO, efflux of the forest
stands. The determination coefficient for Ta was r?=0.11, r?=0.57, r’=0.52
and r?=0.62 for study periods 1 to 4, respectively. T's determination coeffi-
cient was r’=0.54, r’=no data, r?=0.77 and r’=0.66 for study periods 1 to 4,
respectively.

Table 1

Correlations between CO, efflux and Ta, Ts, and H,O for the four sampling periods
on the sampling dates

Year Ta Ts H,0
2018 0.35 0.73 0.61
2019 0.75 - 0.67
July 2020 0.72 0.88 0.63
August 2020 0.78 0.81 0.77

Ta — air temperature, Ts — soil temperature, correlations are significant at p<0.05

Diurnal variations in soil H,O exchange rate and its relationship
with soil CO, efflux

The mean average net soil H,O exchange rate in all studies across all
years showed diurnal fluctuations (Figure 3) that mimicked the patterns
of temperatures (Ta, Ts). In 2018, mean evaporation was 0.10 mmol m?s*!
(Figure 3a). The maximum level of evaporation recorded was 0.18 mmol m2
s1, observed at 17:30-18:10. The minimum evaporation in 2018 was observed
from 08:00 to 09:00. Readings were 0.06 mmol m?2 st In 2019 (Figure 3b),
the highest H,O exchange rate was recorded in the daytime, with a value
of 0.27 mmol m?¢s! at 16:10. The lowest rate was in the morning, at 0.05
mmol m?s?from 09:20-09:40. Similar patterns were recorded in July 2020:
The maximum rate observed was 0.25 mmol m? s, recorded several times
in the evening from 17:30 to 20:00. The minimum value was 0.1 mmol m?g!
observed at 07:00 (Figure 3c). In August 2020, there were significant varia-
tions in net soil H,O exchange rate (Figure 3d). The maximum observed H,O
exchange rate was 0.24 mmol m?s! from 19:00 to 20:00. The minimum
observed variation was fluctuating between 0.07-0.08 mmol m?s! from 07:00
to 08:00. During all of the study periods, the weather had a significant im-



743

July 24-27. 2018

(.8 ,w jowr) xnjge ‘09

TANOVOFTNO WO

s /AT
<Y

3

:
3

)
&

ive
S

OO DODOOO

(.S W joww)
‘g)el abueyoxe

t4
s OHleu

1 000192

0%:80'9¢

1 02:209¢

00:90'9¢

] 0¥v0'9¢

0¢:€0'9¢
00:20'9¢

1 0%:00'9¢

0c:€c'Ge

] 00-¢¢'S¢

0%:0¢°G¢
0¢6l'Gc

1 00:8L'G¢

0¥:91°G¢

] 0¢:6L'G¢

00:71°Ge
0¥:¢l'Ge

1 0¢:11'G¢

00:01'G¢

] 0¥:80°'G¢

0¢:L0°'G¢
00:90°'G¢

1 0€%0°GC

0¢:€0'G¢

] 06:10°'G¢

0€:00°'G¢
oLecve

106Leve

0€:0¢'v¢

1 016L'vC

0G:21'v¢
0€:91'v¢

1eevve

A H,0 exhange rate
O CO, efflux

day and time (h)

August 24-25. 2019

(.8 ,w jowr) xnjge ‘09

ANOVOFTNOOWOTNO0©W

—

OO OO

(.8 W jouww)
‘g)el abueyoxe
OHeu

06:80'G¢

1 0s:20°62

06:90°'5¢
05:50°'5¢

1 0S-%0°5¢

06:€0'G¢
0§:¢0'Ge

1 06:10°G¢

0%:00°G¢
0v:€cve
0v:eeve

lovizve

0v:0C' ¢
0¥:61'v¢

16€8L1C

ov:LL've
0¥:91'v¢

{ 0¥:GL've

A48 74
0r:€lve
ovel've

1 owive

0¥:01'v¢

day and time (h)



744

(.8 ,w jowr) xnjge ‘09

X9 ‘00
8jel abueyxs O°H “Z_

(.8 ,w jowr) xnjge ‘09

0¢

G€E
0v
v E
06 ¢
GGk
09 ¢
GOk
0L F

gL

020 ‘€1-11 3snany woly Apn3s — p 003 ‘3515 £
woay £pN3s — 92 16107 ‘CE-HE ISNSNy woxy Apnis — q ‘YT0Z ‘LZ-Fg AN, woay £pnys — v o3erx odueyoxe O°H pue xngje ‘) jo diysuonedy ‘¢ 81y

(4) owy pue Aep

020Z € 1-1} 18nBny
(4) aw pue Aep

91:€0'ce
9e€T e

9cicele
4 96:0C°1¢

961l

9€:8lle
1 9¢LLle

9191'le

90:Gl'1e
1 99:€L1e

ariclle

9E:LLIe
19z0L1C

P R S P R T S R T
OFTNOVOTNO0O
NAANNTT OO0

0202 ‘2z-LZ Ainp

coocoococoococooo

800

1010
1210
1710
1910
1840
1020
12¢0
1120

920

(.S W jouww)
‘g)el abueyoxe

(.S W ouww)
‘g)el abueyoxe

OHlau

OHlau



745

pact on water evaporation rates. During the monitoring, it was observed that
the maximum evaporation occurs 3 to 4 h after the maximum soil CO, efflux
rate. The H,O exchange rate increased during daylight hours and peaked
around the same time as air and soil temperatures. Afterwards, these rates
decreased overnight, with the lowest value usually observed in the early
morning from 07:00-09:00. Nevertheless, the soil H,O exchange rate had
a stronger correlation with Ta (average mean correlation of all experiments
r=0.88, correlations significant at p<0.05) than with Ts (r=0.82), albeit not
by a wide margin. The correlation between water evaporation and soil CO,

efflux was lower (r=0.67, p<0.05).

Seasonal variation in temperature and soil moisture

Ta and Ts values varied throughout the different years of study (Figure 4).
The lowest values of Ta and Ts recorded in 2013 were 8.4°C and 6.8°C,
respectively, on November 12 (Figure 4a). In 2019, the lowest recorded Ta
was 13.7°C and the lowest recorded Ts was 11.4°C, both of which were
recorded on May 11 (Figure 4c¢). In 2020, the lowest temperatures were recor-
ded in July due to the unusually cold weather, when the lowest Ta was 19°C
and the lowest Ts was 17°C (Figure 4e).

The Ta and Ts at a depth of 10 cm peaked around the same time each
year. In 2013, the highest Ta was 27.6°C and the highest Ts was 23.5°C,
both being recorded on May 17. In the beginning of summer 2019 there was
a huge spike in temperature, with the highest Ta of 29.9°C and T's of 27.2°C
being recorded on June 8, unusually warm for the time of year. In 2020,
the highest temperatures were recorded on June 19. The day was very hot
and the highest Ta and T's was 33.1°C and 28°C.

Throughout the years studied, SM fluctuated because of the time of year
and the weather. There was no consistent pattern of SM observed. In the
data recorded in 2013, the study average was 12.7% (Figure 4a). The lowest
SM rate was recorded in late spring on May 17, with a reading of 8.8%. After
that, SM climbed during the summer until, on July 19, it reached its peak
of 19.3%, after which it began to drop until it peaked again in late fall.
On November 12, the SM was 25.9% because of heavy rainfall and the
absence of enough heat to evaporate the resultant moisture. At this study,
SM had negative correlation with both Ta and Ts r=0.34 and r=-0.35 respec-
tively (p<0.05).

In 2019, the spring SM had a high average: on May 11, average daily
SM was 15.7% (Figure 4c). This figure remained similar until the end of the
month and then dropped significantly in June. Throughout the measuring
period, SM rose and fell, but by the end of the summer SM began to rise.
On August 18, the average SM was 20.9%, the highest average over all periods
measured. During this study, SM and temperature had very weak correla-
tion. Ta r=-0.22 and was significant at p<0.05, Ts r=-0.14 correlation was not
significant.
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2020 was a very dry year, with an average SM reaching just 4.8%.
The highest daily average was recorded on July 13 (Figure 4e), albeit still
low at 8.5%. From that point onwards, SM decreased. In August, measure-
ments were made on four different days in a row, where the average SM was
only 3.2%. Throughout all of these experiments, no significant correlation
was recorded between temperature and SM.

Variations in seasonal soil CO, efflux rate and the relationship
between temperature and soil moisture

In pine stands, soil CO, effluxes in all of the years studied peaked at almost
the same time, in early or middle June (Figure 4). For all forest stands, soil
CO, efflux showed significant seasonal variation, and variations were similar
to changes in temperature (Figure 4). The highest average efflux recorded
was on June 5, with a value of 1.62 pmol m2s?! in the 2013 season. The low-
est was recorded in late autumn, with 0.32 umol m?2s?on 12 of November
2013. After reaching its highest rate, soil CO, efflux decreased until the last
sampling date of the 2013 season (Figure 4b). During the 2019 season,
the highest efflux rate of 3.8 umol m?s! was recorded on June 8 and the
lowest efflux rate of 0.66 umol m?s! was recorded on June 24. In the 2019
season, after the highest efflux rates were recorded, they decreased and then
started to increase until the last sampling date (Figure 4d). In the 2020 sea-
son, the highest soil CO, efflux rate of all experiments was recorded, with
a value of 6.72 pmol m?s? recorded on June 19. During the 2020 season,
after seasonal highs the soil CO, efflux rate decreased and then increased
multiple times during the sampling period (Figure 4f). The lowest value of
3.46 pmol m?s! was recorded on July 14.

The Q,, showed similar values over each study period. The lowest value
of Q , CO, efflux versus Ta during all experiments was 1.1 and the highest
value was 2.5. The CO, efflux versus Ts showed slightly higher values, with
the lowest Q,, being 1.3 and the highest was 3.5.

The seasonal soil CO, efflux rate had a strong correlation with tempera-

ture in all of the forest stands throughout all of the periods under study but
had a low level of correlation with SM (Table 2). However, when the SM

Table 2
Soil CO, efflux correlations with mean Ta, Ts, SM, and H,O exchange rate
for the four sampling periods on the sampling dates
Year Ta Ts H,0 SM
2013 0.33 0.33 0.52 0.04*
2019 0.52 0.40 0.62 -0.29
2020 0.32 0.43 -0.07* 0.01*

Ta — air temperature, Ts — soil temperature, SM — soil moisture, H,O — net H,O exchange rate,
correlations significant at p<0.05, * not significant
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suddenly increased and remained high, the soil CO, efflux rate dropped sig-
nificantly. Thus, SM can cause increases or decreases in soil CO, rates in the
short-term, but the influence of temperature is far greater across a seasonal
time scale.

DISCUSSION

During our experiments we took measurements of CO, efflux, soil and air
temperature and soil mosture. We performed experiments with only one tree
species in order to avoid bias of data due to different tree species. Our results
showed that CO, efflux rates changed according to diurnal and seasonal
changes and that Ta and Ts showed the strongest correlation with soil CO,
efflux. Ts was one of the most important environmental parameters and was
responsible for the majority of the variability of efflux rates (Hu et al. 2011,
KoritTkE et al. 2012). However, LINGFEI et al. (2020) found that efflux was
more strongly correlated with Ta than with soil. Their study was conducted
in tropical peatlands, so based on their results it is possible to infer that
the key factors that regulate soil CO, efflux rates can vary by the climatic
zone (LINGFEI et al. 2020).

According to other studies, there may be other variables that affect the
CO, efflux rate. The suggested variables include SM, photosynthesis, micro-
bial growth, plant biological activities, and root respiration, depending
on their size and distribution depth. Root respiration is important in terms
of photosynthesis because it can determine a forest’s ability to release carbon
to the atmosphere. Depending on the tree species, climate, forest age, etc.,
root respiration can contribute to a total soil CO, efflux from 6% to 80%, and
in some cases up to 90% (YUSTE et al. 2005, EBERWEIN et al. 2015).

Diurnal CO, efflux variations

During the day, higher Ts and better light conditions can increase the
rate of microbial metabolism, increasing CO, efflux rates (HisBarD et al.
2005). During diurnal studies, sudden temperature fluctuations or sudden
changes in weather conditions also lead to fluctuations in soil CO, efflux.
For example, during periods of rainfall, CO, efflux rates rapidly fluctuate
because of the additional moisture added to the soil. Meanwhile, temperature
conditions had a far less significant effect on seasonal studies. The results
of other studies show that Ts regulates the respiration of plant roots and
microbial activities related to C cycling in forest soil (FIERER et al. 2003,
YustE et al. 2005). During this study, it was observed that excess water
slows or stops efflux completely when an excess of water in the soil reduces
the diffusion of gases between the soil and atmosphere. This happened when
measurements were taken during or right after heavy rainfall. Such data
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were not used because they were not reliable and did not show the real situ-
ation of CO, efflux.

During our observations, it was noticed that maximum Ta was reached
earlier in the day than maximum Ts, and that CO, efflux had a stronger
correlation with Ts and reached its maximum at a similar time of day.
It is known that PAR (Photosynthetically Active Radiation) reaches its maxi-
mum earlier than Ts and at a similar time to Ta. Autotrophic respiration
mainly responds to PAR and Ta, and when T's reaches its maximum its com-
bined respiration contributes to the maximum CO, efflux. Thus, there is a large
time lag between maximum values of parameters. This time lag may create
hysteresis between Ts and CO, accumulations.

The highest CO, efflux rate recorded during daytime was from 16:00-20:00,
and the lowest was early in the morning, between 05:00-08:00. The same
or similar results have been reported by different researchers in similar
climate zones (XU et al. 2011). The diurnal range normally varied between
0.4-1.8 umol m? s, or approximately 10-40% of its mean value depending
on the year of study. Another study reported diurnal soil CO, efflux range
values of approximately 1 pmol m?s?! for a one-year study, suggesting
that our research is valid and corresponds well with other similar studies
(Xu et al. 2001). There are numerous reports from other studies suggesting
that changes in weather conditions are responsible for significant drops
in efflux rates. In this study, because of the rain, diurnal CO, efflux rates
dropped by 3.43 umol m?s?, i.e. by more than 50%. This confirms the assum-
ption that moisture from rain has a significant impact on efflux rates in a diur-
nal context (ZHANG et al. 2013, Hu et al. 2016).

Seasonal CO, efflux variations

In terms of the seasonal variation of CO, efflux, SM varied strongly because
of temperature and precipitation changes. The average SM was between 10%
and 15%, which is consistent with other studies conducted in Scots pine for-
ests (VaNGUELOVA et al. 2005). There is no substantial evidence to suggest
that SM has a significant effect on soil CO, efflux rates. During our observa-
tions, it was noted that when Ts was very high and SM was very low, there
could be a limitation placed on soil CO, efflux rates. In 2019 study, it was
noticed that even when there was very high Ts and low or extremely low
SM, CO, efflux could still be very high. This may mean that Ts is very
important because when Ts is low and SM is low this dilutes the effect of T's
and efflux rates drop significantly. This effect appears when microbial acti-
vity is reduced because of a deficit of soil water and temperature. A similar
effect has been reported in other studies where droughts occurred during
measurements (HIBBARD et al., VANGUELOVA et al. 2005), as a minimal level
of SM is essential for microbial activity in decomposition processes. On the
other hand, too much SM creates another limitation on CO, efflux. The CO,
efflux may become separate from the temperature influence at certain SM



750

levels, meaning CO, efflux may have no correlation with temperature when
SM is too high. The optimum SM for soil CO, efflux is frequently found at
intermediate levels, above or below which soil respiration is reduced. These
findings suggest that Ts and SM are major determining factors of soil CO,
efflux rates in Scots pine forest stands. These factors can also determine
processes in the organic soil layer, where microbiological respiration and root
respiration take place (Lianc et al. 2004).

The calculation of the temperature coefficient suggested that increases
in temperature had a positive effect on CO, efflux. In particular, Ts had
a stronger effect than Ta did. The coefficient values varied from 1.1 to 3.5
and corresponded to ones determined for coniferous trees in other studies
(Lroyp, TavLOR 1994). It was noticed that when temperature dropped, at cer-
tain point Q,, values dropped as well, and Ta and Ts both had a similar im-
pact on CO, efflux. This happens when seasons change, when warm periods
are followed by cold periods — at this point both heterotrophic and autotro-
phic respiration decrease. Changes in SM can affect the composition and
function of a soil microbial community due to differences in drought tole-
rance among taxonomic and functional groups of microorganisms (LEE 2018).
In other studies, it has been observed that Q,, is inversely correlated with
mean annual temperature, which corresponds with our observations (MEYER
et al. 2018).

During our seasonal soil CO, efflux study, it was found that peak forest
growth was related to peak efflux rates. In three different periods (2013,
2018, and 2019), peak efflux rates were observed in early to mid-June. This
evidence supports the notion that at this time of year the microbial and pho-
tosynthetic activities are enhanced, and the same trends have been observed
in previous studies (EBERWEIN et al. 2015, LINGFEI et al. 2020).

Comparison diurnal and seasonal CO, efflux variations

All of the rates we recorded in this study were similar to ones in other
experiments conducted worldwide in forest stands during both seasonal and
diurnal variation studies (Xu, Q1 2001, ZHANG et al. 2013). However, the varia-
tion patterns of soil CO, efflux rates in both diurnal and seasonal experi-
ments were also similar to those in other studies on soil CO, efflux rates
in areas that have clear seasonal climatic changes (ANDERSEN et al. 2010,
ZHANG et al. 2013, Hu at al. 2016).

The diurnal rate values fluctuated within a certain range (2.78-6.17
pmol m? st), while seasonal variations fluctuated more, but on average
the CO, efflux rate was between 2 and 4 pmol m*s™. This corresponds well
with most previous studies conducted in pine forests (SINGH et al. 2003,
Yusrtk et al. 2005,).

These results show that taking short- and long-term measurements with
an open chamber system can provide continuous data on CO, efflux rates.
Our results suggest that both diurnal and seasonal variation in efflux are
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strongly correlated with Ts at a depth of 10 cm. Abnormal CO, efflux fluctu-
ations were observed when SM was either unusually low or high. SM has
to be at moderate levels to sustain normal levels of efflux, to enable T's to incre-
ase and enhance CO, efflux rates.

Further detail is required to examine all of the factors that control CO,
efflux rates, which can include photosynthesis, activities of soil microorgan-
isms, soil properties, roots, species composition, and anthropogenic factors.
These factors must be investigated and more detailed data analyses complet-
ed to understand and predict changes in the cycle of C sinks in Scots pine
forest stands.

CONCLUSIONS

The results obtained in this study indicate that diurnal and seasonal
patterns of soil CO, efflux are strongly connected with temperature and SM.
In particular, Ts at a depth of 10 cm had a higher impact on the efflux rate
during our observations. The collected data suggest that SM has a weaker
connection with the efflux rate but had an impact on Ts, dampening its effect
on soil CO, efflux.

Ts alone does not explain all changes in soil CO, efflux. The changes
in SM during seasons may have the potential to introduce factors that can
affect the CO, efflux by changing diffusion rates and thermal parameters.
These factors may explain the relationship between soil CO, efflux and Ts.
Drought and excessive moisture greatly reduced efflux rates, and seasonal
decreases in SM were correlated with decreases in the soil CO, efflux rate.
It is expected that CO, efflux rates will rise due to an increasingly warm
and dry climate. These findings contribute to a more comprehensive under-
standing of the factors that control the patterns of soil CO, efflux from pines
forests over different temporal scales in Lithuania.
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