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Abstract: The intensity of carbon dioxide can vary depending on land management practices,
temperature of the soil, and soil moisture. The soil CO2 efflux per non-growing season was 61%
lower than per growing season. The CO: efflux, averaged across data, tended to decrease in the
following orders: grassland > forest > no-tillage > reduced tillage > conventional tillage (per
non-growing season and measurement period) and grassland > forest > no-tillage > conventional
tillage > reduced tillage (per growing season). Soil temperature averaged; in the natural land uses,
it was 18% lower than in the anthropogenic land uses. Soil temperature averaged; in the
non-growing season, it was 55% lower than under the growing season. The temperature (up to 25
°C) increased the soil CO2 efflux per measurement period. By increasing the temperature in the soil,
the soil efflux decreased in natural land use under growing season, but in anthropogenic land use,
it increased per measurement period. The volumetric water content averaged; in the non-growing
season, it was 3% lower than under the growing season. The volumetric water content had a posi-
tive effect on COz efflux, but when the water content was higher than 15% in anthropogenic land
use, and 20% in natural land use per growing season, the relationships were negative.

Keywords: Cambisol; CO: efflux; growing season; non-growing season; soil temperature;
volumetric water content

1. Introduction

The productivity of agricultural land depends on soil type, climatic conditions, and
human activities. The Central Lithuanian Lowland is dominated by Cambisols [1]. The
preliminary assessment showed that Cambisols occupy 16.8% of the territory of Lithuania
[2]. This type of soil is intensively used in agriculture.

Agriculture has been closely linked to environmental research in recent decades,
including climate change research. Agriculture consists of many different processes;
however, tillage is one of the most important and has a significant impact on soils and the
environment [3]. Thus, it is very important to understand the influence of agricultural
practices on elevated atmospheric concentrations of greenhouse gas (GHG) emissions,
particularly soil carbon dioxide (COz). Quantifying soil CO: efflux is a key process for
understanding the dynamics of carbon in different ecosystems. However, soil carbon
dioxide effluxes may vary annually as fluxes respond differently to changes in environ-
mental variables such as nutrient availability, soil water content and soil temperature,
macroporosity [4], and volume roots [5]. The effect of temperature on the exchange of
carbon dioxide efflux into the soil and atmosphere is largely direct, and increasing soil
temperature leads to increased soil carbon dioxide efflux unless other factors are limit-
ing. The influence of soil moisture on CO:2 release is more complex [5,6]. The intensity of
CO: emissions can vary depending on the tillage systems, meteorological conditions,
properties of the soil, plant residue, and other factors [6,7]. However, the precise effects of
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soil tillage on CO:z emissions remain controversial and greatly vary among past studies
[8]. Some experimental studies revealed that tillage increases CO2 emissions [9,10], and
the technology of plough less tillage, such as direct drilling, is mentioned as a means of
reducing CO:z efflux from the soil [11,12], while others reported a significant increase or
no difference [13,14]. Some hypotheses have been proposed to explain the various carbon
dioxide efflux responses due to different soil tillage systems. For example, a decrease in
soil CO:z emissions might be due to decreased soil temperature [12], while acceleration in
carbon dioxide efflux might be due to the increased activity of the microbes caused by
more moisture in the soil [15]. That means that environmental factors have a considerable
effect on soil respiration processes efflux [16] because soil temperature and soil water
content are the factors that have a great effect on the intensity of soil gas [17]. Soil tem-
perature and humidity are influenced by meteorological conditions and functions for a
specific year. So, the input of CO2 emissions into the atmosphere depends not only on
tillage but also on meteorological conditions [18]. Putramentaite et al.’s [19] experimental
studies showed that soil temperature in conventional tillage and no-tillage systems was
the main determinant for respiration from the soil; however, the total effect of content
water in the soil, air temperature, and other environmental factors was also suppressed.
The other experimental results also showed that soil moisture and temperatures of the
soil are the main factors affecting the rate of soil gas formation [20]. Kochiieru et al.’s [4]
experimental resulted displayed that soil CO: efflux has a nonlinear dependence with the
temperature of the soil, but the relation is very weak. Research by Buragiene et al. [9]
showed the negative effect that the temperature of the soil has on carbon dioxide from
soil, but Rey et al.’s [21] studies did not find an influence of soil temperature on soil car-
bon dioxide but rather found a positive effect of soil moisture on soil CO2. The experi-
mental results of Pergrina [22] also showed that, due to heterotrophic respiration, the
water content on the soil surface influenced carbon dioxide release, and this effect in-
creases after precipitation.

Summarizing the experimental results, it could be stated that the influence of vari-
ous land uses on CO: efflux is very difficult, because the release of CO: from the soil is
influenced by many other factors. The aim of this research was to study the consequences
of changing the meteorological condition per growing season and non-growing season
on soil CO:zefflux in natural (forest and grassland) and anthropogenic (no-tillage, re-
duced tillage, and conventional tillage) land use on Cambisol in Central Lithuania.

2. Materials and Methods
2.1. Site and Soil Description

This research was carried out in Central Lithuania (55°23'38"” N, 23°51'35" E) Institute
of Agriculture, Lithuanian Research Centre for Agriculture and Forestry (Figure 1a). The
soil of the local site is classified as Cambisol (loam, drained, Endocalcaric, Endogleyic), ac-
cording to WRB [23]. Three soil tillage systems (no-tillage (NT), reduced tillage (RT), and
conventional tillage (CT)) fertilized with mineral NPK fertilizers according to the soil
properties and target yield, and with plant residues returned, were investigated in a
long-term field experiment established in 1999 (Table 1).

During the growing season, spring wheat (Triticum aestivum L.) was grown in 2018 (4
April 2018 (BBCH 0); 8 May 2018 (BBCH 12-13); 28 May 2018 (BBCH 33); 27 June 2018
(BBCH 75-77); 25 July 2018 (BBCH 87-89); 3 August 2018 (BBCH 97-99)). Two types of
natural land use were investigated: grassland and forest (more details in Kochiieru et al.

[4]).
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Table 1. Treatments of soil tillage systems at the long-term field experiment under investigation.

Treatment

Primary Tillage Presowing Tillage

CT—Conventional tillage
RT—Reduced tillage
NT —No-tillage

Stubble cultivation (10-12 cm) + ploughing (22-23 cm) Presowing cultivation (4-5 cm)
Stubble cultivation (10-12) + glyphosate (3 L ha™) Presowing cultivation (4-5 cm)
Glyphosate (3 L ha™) Direct drilling

Figure 1. The investigation soil CO: efflux ((a)—long-term field experiment site (A);
(b)—preparation for CO2 measurement; (c¢) —measurement of CO: efflux by LI-COR 8100A).

2.2. Measurements of Carbon Dioxide Efflux and Environmental Factors

To study the CO: efflux into soil, 3 cylinders (diameter 20 cm) were prepared for
each treatment (Figure 1b). The soil carbon dioxide efflux (umol m2 s!) was measured
using a closed CO: efflux measurement chamber LI-8100A (Figure 1c). Soil carbon diox-
ide efflux (3 replications) was measured 6 times per growing season and 5 times per
non-growing season in 2018 (more details in Kochiieru et al. [4]). The content of water in
the soil and temperature of the soil were recorded by portable sensor HH2 WET (more
information in Kochiieru et al. [4]).

2.3. Meteorological Conditions

In 2018, the weather conditions of the growing season were warm and dry. The mean
air temperature during the spring wheat growth season was 16.6 °C, and it was 3.1 °C
higher than the long-term mean. The total amount of rainfall during the 2018 crop
growing period was 265.8 mm, and it was 24.5% lower than the long-term mean. Warm
and dry weather conditions were unfavorable for the growth of spring wheat.

2.4. Statistical Analysis

The statistical software package SAS 7.1 was used to calculate the mean (carbon di-
oxide, temperature, and water content) values and standard errors. The soil CO2 efflux,
temperature, and water content were subjected to a one-way analysis of variance
(ANOVA) according to land use. Mean values were compared by Duncan’s multiple
range tests at a probability level of p < 0.05. Correlation-regression analysis was also im-
plemented.

3. Results
3.1. The Dynamics of CO:z Efflux, Soil Temperature, and Volumetric Water Content

The dynamics of carbon dioxide (COz), temperature of the soil, and volumetric water
content per growing season and non-growing season in different land uses are presented
in Tables 2—4. The dynamics of the soil CO: efflux in different land uses are shown in Ta-
ble 2. After crop sowing, the soil CO: effluxes increased gradually by reaching the max-
imum between the beginning of May until the end of June in all land uses (Table 2). The
soil CO2 efflux varied from 0.20 + 0.03 pmol CO2 m=2 s to 3.41 + 0.39 umol CO2 m2 57!
during the growing season, from 0.10 £+ 0.01 umol CO2 m2 s to 2.18 + 0.21 pmol CO2 m2
s during the non-growing season, with averages during the measurement period of 0.94
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*0.15 pmol CO2 m?2 57, 0.95 + 0.15 pmol CO2 m2 57, 1.13 + 0.13 pmol CO2 m2 s, 1.35 +
0.13 pmol CO2 m? 57, and 1.87 + 0.21 umol CO2 m2 s at the topsoil layer in the conven-
tional tillage, reduced tillage, no-tillage, forest, and grassland, respectively (Table 2). The
soil CO: efflux per growing season was 61% higher than per non-growing season. The
CO: effluxes, averaged across data, in the grassland were 47%, 59%, and 50% higher than
in the conventional tillage, 48%, 54%, and 49% higher than in the reduced tillage, 45%,
20%, and 40% higher than in the no-tillage, and 33%, 12%, and 28% higher than in the
forest at the topsoil layer per growing season, non-growing season, and measurement
period, respectively (Table 2). The CO: efflux, averaged across data, tended to increase in
the following order: conventional tillage (0.39 = 0.10 pmol CO2 m?2 s7!) < reduced tillage
(0.43 + 0.07 pmol CO2 m=2 s™!) < no-tillage (0.75 + 0.10 pmol CO2 m=2 s™) < forest (0.83 + 0.15
pmol CO2 m?2 s) < grassland (0.94 + 0.18 umol CO2 m=2 s') per non-growing season,
reduced tillage (1.38 + 0.21 pmol CO2 m= s7) < conventional tillage 1.40 + 0.21 umol CO:
m2 s71) < no-tillage (1.44 + 0.19 pmol CO2 m2 s™) < forest (1.77 + 0.13 pmol CO2 m2 s71) <
grassland (2.64 = 0.22 umol CO: m= s) per growing season, and conventional tillage
(0.94 = 0.15 pmol CO:2 m?2 s7) < reduced tillage (0.95 + 0.15 pmol CO2 m™ s7') < no-tillage
(1.13+0.13 pmol CO2m2 s71) < forest (1.35 £ 0.13 pmol CO2 m2s!) < grassland (1.87 +0.21
pmol CO2 m= s7') per measurement period.

Table 2. The dynamics of CO: efflux (+standard error) in different land uses.

Data

CO: Efflux (umol m~ s-!) under Different Land Uses

CT RT NT Forest Grassland F Pr>F
8 January 017a+0.05 0.12a+0.03 0.71a+021 046a+039 060a+013 1.61 0.2472
4 April 020c+0.03 047bc+0.15 040bc+0.06 0.89ab=+0.11 1.10a+035 433 0.0274
8 May 174b+021 136b+025 167b=+0.12 191b+019 272a+019 6.82 0.0065
28 May 2.67ab+0.12 2.68ab+0.51 241ab+0.18 198b+0.10 3.10a+042 172  0.2210
27 June 1.88b+036 211b+030 236ab+0.15 192b+0.03 3.02a+032 312 0.0657
25 July 1.10c+0.13 1.03c+016 1.11c+014 228b+036 3.41a+039 1598 0.0002
3 August 078c+0.09 0.66c+010 069c+0.07 164b+026 249a+034 1547 0.0003
4 September 096b+0.17 082b+0.14 140b+020 142b+024 218ax021 736  0.0050
1 October 060b+0.15 042b+0.02 0.60b+006 095a+013 1.05a+x0.04 795 0.0038
7 November 010b+0.01 054ab+0.05 0.67a+0.03 1.06a+036 058ab+0.02 428 0.0283
12 December 012b+0.06 026ab+0.05 040a+0.08 028ab+0.03 029ab+0.02 358 0.0464
Growing season 140b+021 138b+021 144b=+0.19 177b+0.13 264a+022 761 0.0001
Non-growing season 0.39b+0.10 043b+0.07 075ab+0.10 083a+015 094ax0.18 371  0.0085
Mean 094b+0.15 095b+0.15 113b+0.13 135b+0.13 1.87a+021 623 0.0001

CO:z effluxes followed by the same letters are not significantly different at p < 0.05 within land use.
CT—conventional tillage, RT —reduced tillage, NT —no-tillage.

The dynamics of soil temperature in different land uses are shown in Table 3. One of
the main factors affecting the soil thermal process is anthropogenic and natural land uses
per growing and non-growing season. The soil temperature varied from 15.0 °C to 33.6
°C during growing season, from 0.9 °C to 21.3 °C during non-growing season in the an-
thropogenic land uses, from 11.5 °C to 28.4 °C during growing season, and from 1.4 °C to
21.4 °C during non-growing season in the natural land uses, with averages during the
measurement period of 20.1 °C, 19.3 °C, 19.8 °C, 15.8 °C, and 16.6 °C at the 5 cm soil layer
in CT, RT, NT, forest, and grassland, respectively (Table 3). Soil temperature averaged; in
the anthropogenic land uses, it was 18% higher than in the natural land uses. The tem-
perature of the soil averaged; in the growing season, it was 55% higher than under the
non-growing season (Table 3).

The dynamics of the content of water in the soil in various land use are shown in
Table 4. The volumetric water content varied from 1.9% to 30.4% during growing season,
from 4.7% to 24.2% during non-growing season in the anthropogenic (conventional till-
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age, reduced tillage, and no-tillage) land uses, from 7.5% to 43.2% during growing sea-
son, and from 7.6% to 32.9% during non-growing season in the natural (forest and
grassland) land uses, with averages during the measurement period of 12.0%, 12.3%,
13.7%, 19.1%, and 22.8% at the top-soil layer in CT, RT, NT, forest, and grassland, respec-
tively (Table 4). The volumetric water content averaged; in the anthropogenic (CT, RT,
and NT) land uses, it was 40% lower than in the natural (forest and grassland) land uses.
The volumetric water content averaged; in the growing season, it was 3% higher than
under the non-growing season (Table 4).

Table 3. The dynamics of CO: efflux (+standard error) in different land uses. The dynamics of soil
temperature (+standard error) in different land uses.

Soil Temperature (°C) under Different Land Uses

Data CT RT NT Forest Grassland F Pr>F
8 January 1.0a+0.1 1.3a+0.2 09a+0.0 41la=x21 14a+05 1.93 0.1819
4 April 16.0a+14 15.0a+1.1 152a+04 115a+27 138a=x21 1.03 0.4360
8 May 313a+14 29.0a+1.0 3l1a+22 158b+12 178b=+0.2 30.57  0.0001
28 May 32.7a+07 304a+13 326a+13 203bx19 203b+0.0 2877 0.0001
27 June 26.1a+0.6 25.6a+0.8 27.7a+07 185b+x18 245ax19 754 0.0046
25 July 33.6a+1.0 31.1a+0.8 332a+05 237bx15 245b+03 2615 0.0001
3 August 258b+0.4 259b+0.2 258b+01 268b+09 284ax00  6.66 0.0070
4 September 19.9a+0.3 20.7a+0.8 201a+02 21.1a*x09 214a+04 1.33 0.3255
1 October 21.3a+1.8 209a+0.7 193a+05 17.7a+13 173a=x12 225 0.1356
7 November 10.6ab+0.1  10.5b+0.1 10.3b+0.1 11.0a+0.2 11.0ax02  3.99 0.0345
12 December 24b=+04 19b+0.1 1.8b+0.0 3.8a+0.1 22b+02  16.09  0.0002
Growing season 27.6a+15 262a+13 276a+15 194b=+14 216b=x12 721 0.0001
Non-growing season 11.0a+23 11.0a+2.3 105a+22 11.5a+19 10.7a%2.1 0.03 0.9977
Mean 20.1a+2.0 19.3a+1.8 198a+20 158a+13 16.6a=15 1.27 0.2845

Soil temperatures followed by the same letters are not significantly different at p < 0.05 within land
use. CT—conventional tillage, RT —reduced tillage, NT —no-tillage.

Table 4. The dynamics of volumetric water content (+standard error) in different land uses.

Volumetric Water Content (%) under Different Land Uses

Data CT RT NT Forest Grassland F Pr>F
8 January 6.6b+0.3 47b+18 10.0b+0.6 22.7a+0.7 209ax35 2066 0.0001
4 April 275c+1.3 274 c+21 304c+1.2 36.8b+1.8 432a+1.1 19.00 0.0001
8 May 11.3b+1.8 124b+1.7 13.0b+2.9 278a+04 268ax0.6 2280 0.0001
28 May 85c+0.3 9.0c+1.0 76c+1.8 25.7a+29 195b+04 2533  0.0001
27 June 15.0bc+1.2 13.8c+0.2 153bc+09 184b=+17 226a+15 8.48 0.0030
25 July 73b+1.0 79b+04 70bx0.7 133a+17 152a+08 13.97 0.0004
3 August 35b+0.4 3.0b+0.5 19b+04 75a+1.1 78a+05 19.48  0.0001
4 September 77b+0.2 95b+1.0 10.1b+0.2 79b+1.8 165a+2.1 722 0.0052
1 October 95c+0.6 92c+04 120b+0.7 76d+02 19.3a+04 8433  0.0001
7 November 14.8 ¢+ 0.7 145c+1.2 199b+0.4 16.0c+1.0 25.7a+1.7 19.15 0.0001
12 December 20.0c+0.8 242bc+0.7 24.0bc+23 267bx24 329azx07 8.93 0.0025
Growing season 122b+1.9 122b+1.9 125b+2.3 21.6a+24 225a+27 5.61 0.0005
Non-growing season 11.7b+1.4 124b+1.8 152b+1.6 162b+21 231azx17 6.68 0.0001
Mean 120b+1.2 123b+1.3 13.7b+1.4 191a+17 228a+16 10.56  0.0001

Volumetric water contents followed by the same letters are not significantly different at p < 0.05

within land use. CT —conventional tillage, RT —reduced tillage, NT —no-tillage.
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3.2. The Effect of Temperature of the Soil and Soil Volumetric Water Content on CO: Efflux

The relationships of CO: efflux with soil temperature and with volumetric water
content (a—at the measurement period; b—at the growing season; c—at the non-growing
season) in different land uses are presented in Figures 2-11.

In the conventional tillage, the relationship between CO: efflux and soil temperature
can be described by simple multiple regression models: y = 0.002x2 — 0.005x + 0.073; R? =
0.692, p < 0.05 (at the measurement period, Figure 2a), y = —0.004x2 + 0.299x - 3.570; R? =
0.514, p < 0.05 (at the growing season, Figure 2b), and y = 0.003x2 — 0.030x + 0.159; R? =
0.793, p <0.01 (at the non-growing season, Figure 2c).

3.0 3.0 12
"o 55 |¥=0002x-0005x+0073 ¢ 75 |v=-0004x"+0299x ~3 570 * T Lo Jy=0003x"~0030x+ 0159
7. 77 |Re=o0.692 ¢ 7 |R2=0514 o |RE=0.793 .
3 20 < / 220 < 5 08 /
215 215 P caall 206 -
£ 10 - s E 10 * £ 04
5 / M « / M < P
g 05 * 505 502 S
0 - =
M - / - .
0.0 : . . 0.0 . ‘ ‘ 0.0 T T T T
0 10 20 30 40 15 20 25 30 35 0 5 10 15 20 25
(a) Soil temperature (°C) () Soil temperature (*C) (c) Soil temperature (°C)
Figure 2. The effect of soil temperature on soil CO2 efflux ((a) —at the measurement period; (b)—at
the growing season; (c)—at the non-growing season) in the conventional tillage.
In the reduced tillage, the relationship between CO: efflux and soil temperature can
be described by simple multiple regression models: y =0.002x2 — 0.013x + 0.236; R? = 0.544,
p <0.05 (at the measurement period, Figure 3a), y =-0.002x2 + 0.187x - 1.808; R2=0.293, p >
0.05 (at the growing season, Figure 3b), and y = —0.002x2 + 0.065x + 0.089; R? = 0.714, p <
0.05 (at the non-growing season, Figure 3c).
30 3.0 10
"f; S5 Y= 0.002x>—0.013x+ 0236 ¢ *’; ki —0.002x*+0.187x— 1.808 ¢ = y=-0.002x" + 0.065% + 0.089 .
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£ g Eos
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= / * % Lo / N 204 .
o = = =
S 10 / 5 / R = /
5 03 +* hd 5 0.5 + =02 4
=R U D 5 .
00+ ; ; ; 00 . . w Z 00 ‘ ; ; ;
0 10 20 30 40 0 10 20 30 40 0 5 10 15 20 23
(1) Soil temperature (°C) () Soil temperature (°C)

Soil temperature (°C)

Figure 3. The effect of soil temperature on soil COz efflux ((a) —at the measurement period; (b)—at
the growing season; (c)—at the non-growing season) in the reduced tillage.

In the no-tillage, the relationship between CO: efflux and soil temperature can be
described by simple multiple regression models: y = 0.001x? + 0.001x + 0.401; R? = 0.552, p
<0.05 (at the measurement period, Figure 4a), y = -0.003x2 + 0.236x — 2.494; R? = 0.424, p >
0.05 (at the growing season, Figure 4b), and y =0.001x2 + 0.001x + 0.430; R?=0.558, p < 0.05
(at the non-growing season, Figure 4c).
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Figure 4. The effect of soil temperature on soil CO2 efflux ((a) —at the measurement period; (b)—at
the growing season; (c)—at the non-growing season) in the no-tillage.
In the forest, the relationship between CO: efflux and soil temperature can be de-
scribed by multiple regression models: y =-0.001x? + 0.023x2-0.187x + 0.778; R?=0.756, p <
0.05 (at the measurement period, Figure 5a), y = —0.013x2 + 0.554x — 3.724; R? = 0.896, p <
0.01 (at the growing season, Figure 5b), and y = 0.004x2 — 0.043x + 0.480; R?=0.977, p <0.01
(at the non-growing season, Figure 5c).
Vs y=-0.001x" + 0.023%" — 0.187x + 0.778 . _y=—0013x"+0.554x — 3.724 16 _
= Tr=0.756 “T | Ri=0.806 . ¥=0.004x" — 0.043x + 0.480 N
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(a) Soil temperature (°C) (b) Soil temperature (°C) (c) Soil temperature (°C)
Figure 5. The effect of soil temperature on soil CO: efflux ((a) —at the measurement period; (b)—at
the growing season; (c)—at the non-growing season) in the forest.
In the grassland, the relationship between CO: efflux and soil temperature can be
described by multiple regression models: y = -0.001x? + 0.045x2-0.438x + 1.097; R? = 0.848,
p <0.01 (at the measurement period, Figure 6a), y = -0.027x2 + 1.223x — 10.642; R2=0.973, p
< 0.01 (at the growing season, Figure 6b), and y = 0.008x2 — 0.108x + 0.631; R2=0.958, p <
0.01 (at the non-growing season, Figure 6c¢).
y— 34 2_ " - 4.0 25
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(b) Soil temperature (°C) (c) Soil temperature (°C)

Figure 6. The effect of soil temperature on soil CO2 efflux ((a) —at the measurement period; (b)—at
the growing season; (c)—at the non-growing season) in the grassland.

In the conventional tillage, the relationship between CO: efflux and volumetric wa-
ter content can be described by simple multiple regression models: y = -0.004x? + 0.092x +
0.632; R?=0.166, p > 0.05 (at the measurement period, Figure 7a), y = —0.011x2 + 0.296x —
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0.025; R? = 0.687, p < 0.05 (at the growing season, Figure 7b), and y = -0.002x? + 0.009x +
0.579; R>=0.356, p > 0.05 (at the non-growing season, Figure 7c).
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Figure 7. The effect of content of water on soil CO: efflux ((a)—at the measurement period; (b)—at
the growing season; (c)—at the non-growing season) in the conventional tillage.

In the reduced tillage, the relationship between CO: efflux and volumetric water
content can be described by simple multiple regression models: y = -0.007x? + 0.196x -
0.070; R>=0.241, p > 0.05 (at the measurement period, Figure 8a), y = -0.009x? + 0.273x —
0.019; R2 = 0.559, p < 0.05 (at the growing season, Figure 8b), and y = -0.005x2 + 0.143x -
0.383; R2=0.621, p <0.05 (at the non-growing season, Figure 8c).
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Figure 8. The effect of content of water on soil CO: efflux ((a)—at the measurement period; (b)—at
the growing season; (c)—at the non-growing season) in the reduced tillage.
In the no-tillage, the relationship between CO: efflux and volumetric water content
can be described by simple multiple regression models: y = -0.004x2 + 0.087x + 0.809; R2 =
0.232, p > 0.05 (at the measurement period, Figure 9a), y = -0.008x2 + 0.237x + 0.322; R? =
0.720, p < 0.05 (at the growing season, Figure 9b), and y = —0.0002x2 - 0.021x + 1.086; R2 =
0.212, p > 0.05 (at the non-growing season, Figure 9c).
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Figure 9. The effect of content of water on soil CO: efflux ((a)—at the measurement period; (b)—at
the growing season; (c)—at the non-growing season) in the no-tillage.
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In the forest, the relationship between CO:z efflux and volumetric water content can
be described by simple multiple regression models: y = -0.001x2 + 0.011x + 1.360; R? =
0.042, p > 0.05 (at the measurement period, Figure 10a), y = -0.004x? + 0.139x + 0.865; R? =
0.895, p < 0.01 (at the growing season, Figure 10b), and y = 0.002x2 - 0.123x + 1.985; R? =
0.833, p <0.01 (at the non-growing season, Figure 10c).
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Figure 10. The effect of content of water on soil CO: efflux ((a) —at the measurement period; (b)—at
the growing season; (c)—at the non-growing season) in the forest.
In the grassland, the relationship between CO: efflux and volumetric water content
can be described by multiple regression models: y = 0.0003x? - 0.019x2 + 0.334x + 0.984; R?
=0.306, p > 0.05 (at the measurement period, Figure 11a), y =—0.004x2 + 0.136x + 1.810; R? =
0.941, p < 0.01 (at the growing season, Figure 11b), and y = 0.012x2 - 0.708x + 10.295; R? =
0.878, p <0.01 (at the non-growing season, Figure 11c).
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Figure 11. The effect of content of water on soil CO: efflux ((a) —at the measurement period; (b)—at
the growing season; (c)—at the non-growing season) in the grassland.

4. Discussion

Under different types of land use, the CO: efflux from the soil closely correlates with
the relationship between soil temperature and volumetric water content. Soil CO: efflux
is highly dynamic due to its sensitivity to changing environmental variables such as
content moisture in the soil and soil temperature. Today, for the estimating of the carbon
dynamics in various ecosystems, the most appropriate approach is the quantification of
CO:z efflux from the soil [24]. It should also be taken into account that even between the
main parameters of CO: efflux regulation there are dynamic dependencies; temperature
of the soil, being one of the main indicators of the dynamics of soil carbon dioxide efflux,
is clearly dependent and regulated by the influence of soil moisture [19]. The lack of in-
formation and published studies of the CO: efflux under growing and non-growing
seasons in different land use methods on Cambisol makes the issue of such studies quite
urgent. The effects of temperature and water content on COz efflux, declared in the re-
sults of our research, are also confirmed by the results of research published worldwide.
Thus, a positive effect of the temperature of the soil on CO: efflux during the dry season
was found by Faimon and Lang [25]. The research of Chen et al. [26] and Dong et al. [27]
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also substantiated the dependencies between CO:z efflux and soil temperature. In con-
trast, research by Pergrina [22] did not rule out the dependencies between CO: efflux and
soil temperature. Many scholars worldwide [28,29] hold the view and state in their pub-
lication the correlation between these parameters. Schaufler et al. [30] draws a nonlinear
increase in CO2 efflux as a result of soil temperature increases. Pan et al. [31] found that
air temperature was the main factor determining the rate of soil CO: efflux during the
non-growing season, although the water content in the soil also played a role. Our results
showed that soil temperature (up to 25 °C) resulted in an increase in soil carbon dioxide
under the growing and non-growing seasons in different land uses on Cambisol. By in-
creasing the temperature in the soil, soil efflux decreased in natural land uses (forest and
grassland) per growing season, but in anthropogenic land uses (CT, RT, and NT), it in-
creased under the measurement period. Kochiieru et al. [32] found that soil temperature
(from 20 °C) per growing season decreased the CO: efflux in forest and grassland on
Retisol, which confirms our results. Such a tendency was substantiated also by the re-
search results of BoguZzas et al. [33]. Studies by Pla et al. [34] showed that with precipita-
tion and a subsequent increase in soil moisture content to saturation, soil CO2 emissions
decreased due to limited oxygen diffusion [35]. Feiza et al. [6] note that the excess topsoil
volumetric water content under no-tillage is a limiting factor for COz exchange on Cam-
bisol and Planosol. Pena-Quemba et al. [36] prove that the CO: efflux from the soil de-
creased when the soil moisture content ranged from 20 to 70%. Due to our research’s re-
sults, the increase in the CO: efflux was fixed under the volumetric water content up to
15-20% under growing season. These results are similar to those reported by Kochiieru et
al. [32], showing that the increase in CO: flux from the soil has increased with the increase
in the volumetric water content (up to 25%) under growing season. Chang et al. [37]
found that soil water content (from 2 to 16%) increased soil CO: efflux under the
non-growing season, which confirms our results. The results of our research showed that
over the measurement period under various land uses, the main factors determining the
rate of soil CO: efflux were volumetric water content and soil temperature. Closely con-
nected results of the dependencies “soil CO: efflux-soil temperature-volumetric water
content” were revealed by Kochiieru et al. [4,5,32]. Also, CO: efflux from the soil, which
depends on soil moisture and temperature [38], is the result of organic matter decompo-
sition, activity of the microbes, and plant root respiration. And the content soil water
determines the growth and the root respiration, as well as the biological activity of the
soil, which increases when the water content in the soil increases. In the publication of
Wei et al. [39], they highlighted that the diffusion of soil gases in soil pores is also influ-
enced by the water content in the soil and soil temperature. Bortolotto et al. [40] noted
that the soil water content is an important factor in soil CO: efflux, while soil temperature
is the variable that best explains the dynamics of soil CO: efflux changes.

From an ecological perspective, this study will help to increase knowledge of the
mechanism that explains the response of CO2 to soil temperature and moisture, and to
understand how these mechanisms relate to each other in different types of land use. The
results of this study show that soil CO: efflux is limited by soil temperature and soil wa-
ter content during growing and non-growing seasons in different land uses, which are
key factors in the dynamics and formation of soil CO:z emissions. Since our results were
mainly based on regressions, the mechanisms of the interaction of soil temperature and
moisture on soil CO2 efflux during the growing and non-growing periods should be
further studied in future studies.

5. Conclusions

The soil CO: efflux per growing season was 61% higher than per non-growing sea-
son. The CO: efflux, averaged across data, tended to increase in the following orders:
conventional tillage < reduced tillage < no-tillage < forest < grassland (per non-growing
season and measurement period) and reduced tillage < conventional tillage < no-tillage <
forest < grassland (per growing season).
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The soil temperature (up to 25 °C) increased soil CO:2 efflux (at the measurement
period). By increasing temperature in the soil, soil efflux decreased in natural (forest and
grassland) land uses at the growing season, but in anthropogenic (conventional tillage,
reduced tillage, and no-tillage) land use, it increased under the measurement period. The
volumetric water content had a positive effect on COz efflux, but when the water content
was higher than 15% (conventional tillage, reduced tillage, and no-tillage) and 20% (for-
est and grassland) under the growing season, the relationships were negative.

The CO: efflux from the soil was limited by soil temperature and volumetric water
content, which are the key factors of efflux dynamics and formation.
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