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Abstract: The key process in understanding carbon dynamics under different ecosystems is quanti-
fying soil CO2 efflux. However, this process can change annually as it depends on environmental
variables. The results of this paper present the effects of root network, soil temperature, and volumet-
ric water content on soil CO2 efflux, which were investigated on Retisol of two types of land uses in
Western Lithuania in 2017–2019: forest and grassland. It was determined that the average soil CO2

efflux in the grassland was 32% higher than in the forest land. The CO2 efflux, average across land
uses, tended to increase in the following order: 2017 < 2018 < 2019. Dry weather conditions with
high temperatures during the vegetation period governed the soil CO2 efflux increase by 14%. Soil
temperature (up to 20 ◦C) and volumetric water content (up to 23–25%) had a positive effect on the
soil CO2 efflux increase on Retisol. We established that the root’s activity plays one of the main roles
in the CO2 production rate—in both land uses, the soil CO2 efflux was influenced by the root length
density and the root volume.

Keywords: Retisol; CO2 efflux; root volume; soil temperature; volumetric water content

1. Introduction

One of the most important priorities for the environment nowadays is climate change,
and one of the major impacts of this process is the increased amount of atmospheric
carbon dioxide (CO2) [1]. The CO2 soil emissions are a result of biochemical processes
due to plant root and microbial respiration [2,3]. The intensity of CO2 emissions can vary
depending on soil type and soil properties, land management practices, wide ranges of
meteorological conditions, and other factors [4–8]. Weather conditions (temperature and
precipitation) and agricultural practices influence soil temperature and water content which
in turn, affect the intensity of CO2 soil emissions [9–11]. A decrease in CO2 soil emissions
might be due to a decrease in soil temperature [12], while greater soil moisture availability
can accelerate CO2 efflux due to enhanced microbial activity [13]. Soil temperature and
humidity are influenced by meteorological conditions annually; thus, CO2 emissions
will be different for each specific year and location. The research results published by
Putramentaite et al. [14] revealed that soil temperature was the main factor having impact
on soil respiration, while the temperature effect was suppressed by the influence of soil
moisture content, air temperature, and the amount of rainfall. The results published by
Scotland scientists revealed that soil temperature and moisture content were the main
determinants influencing the soil gas origination rate [15]. In different genesis of soils,
CO2 efflux demonstrated a typical polynomial relationship with soil temperature, but
the relationship was very weak [16]. Some other research in Lithuania revealed [17] a
significant but negative correlation between soil temperature and CO2 soil emissions.
Rey et al. [18] concluded that the soil temperature and CO2 emissions from the soil did
not correlate, but a positive linear correlation was found between soil moisture and CO2
release. Pergrina [19] showed that the CO2 emissions were intensified after precipitation
events. This was related to heterotrophic respiration intensity.
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Agriculture management practices that increase soil moisture content and decrease
soil temperature by providing soil surface cover can accelerate soil biological activity, which
can improve soil organic matter sequestration [3]. Different grassland management systems
have a great impact on the quantity and quality of plant residue input to the soil, and can
also influence the intensity of the CO2 emissions from the soil [20]. Land use changes such
as grassland, the establishment of woody species within the agricultural landscape, as well
as soil tillage intensity have the potential to sequester atmospheric carbon and are capable
of offsetting CO2 emissions [21]. Woody species incorporated within the agricultural
landscape can also influence CO2 emissions by altering the respiration intensity of plant
roots [22], along with soil temperature and moisture, and controlling mineralizable carbon
contents [23]. The trees reduce air movement. Due to this, the trees cause lower soil surface
evaporation, increase soil wetness [24], and decrease the temperature of the soil. This result
slows the microbial processes responsible for the mineralization of soil organic matter, and
hence reduces the CO2 gas emissions [25].

Summing up the results, it could be stated that the effect of different land uses on
soil CO2 emissions is very complex. It is determined by various factors, including mete-
orological conditions. The aim of this study was to investigate the impacts of changing
meteorological conditions and two different natural land-use (grassland and forest land)
methods on plant root network on soil CO2 efflux on Retisol in Lithuania.

2. Materials and Methods
2.1. Experimental Site and Soil Description

The type of soil in this study is classified according to WRB [26] as Dystric Retisol
(Loamic, Bathygleyic), near Bijotai (55◦31′12′′ N, 22◦36′55′′ E), Šilalė district [16]. Retisols are
representative and commonly found in the Western part of Lithuania, mainly in the forest
areas. The experiment was carried out on two natural land uses (forest and grassland)
on Retisol. The natural forest (60–80% closed) is 90 years old with the dominant tree
(average diameter—35 cm (vary from 30 to 90 cm and 20–25 m in height)) species: Quercus
robur L. (60%) and Acer platanoides L. (40%), including those with predominant perennial
grass cover: Pulmonaria obscura L., Anemone nemorosa L., and Aegopodium podagraria L. The
natural grassland consisted of the following botanical grass composition: Trifolium repens
L., Taraxacum officinale L., Leontodon autumnalis L., Festuca ovina L., and Dactylis glomerata L.
The content of organic carbon in the soil at the 0–10 cm layer averaged 27.5 g kg−1 in the
forest and 13.3 g kg−1 in the grassland. The soil textural composition and bulk density of
0–10 cm layer at the experimental sites are presented in Table 1.

Table 1. Soil texture and bulk density (±standard error) at different land use methods on Retisol
within 0–10 cm layer.

Land Use
Method

Soil Fraction%

Texture
Bulk Density

Mg m−3Sand
2.0–0.063 mm

Silt
0.063–0.002 mm

Clay
<0.002 mm

Forest 49.52 41.13 9.35 loam 0.83 ± 0.04

Grassland 63.03 27.73 9.24 sandy
loam 1.37 ± 0.07

2.2. Measurements of Soil CO2 Efflux

In this study, the soil CO2 efflux (0–10 cm) was measured (Figure 1a,b) at the same
time of the day (from 10 a.m. to 5 p.m.) using a closed CO2 efflux measurement chamber
LI-8100A (LI-COR Inc., Lincoln, NE 68504, USA). The CO2 efflux from each land use with
three replications was measured six times per growing season in 2017, 2018, and 2019.
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Figure 1. Measurements of CO2 efflux ((a)—in the grassland; (b)—in the forest) and sampling
procedure ((c)—taking sward root samples).

2.3. Measurements of Soil Temperature and Volumetric Water Content

Volumetric water content with soil temperature were measured at the same place
and at the same time during CO2 efflux measurement. The volumetric water content with
soil temperature were determined at the 0–5 cm soil layer by a portable sensor HH2 WET
(Delta-T Devices Ltd., Cambridge, UK).

2.4. Investigations of the Root Network

Plant root samples from grassland and forest experimental sites were collected close
to CO2 efflux measuring points in the middle of July, when the plant roots reached the
highest biomass. The plant root samples were collected (at a distance of 5 m from the
tree and 2 m between sample locations) in three replications by the small soil monoliths
method (10 cm3) [27] from the 0–10 cm soil layer (Figure 1c). The fresh samples were put
into plastic bags to avoid evaporation and were transported for storage in a freezer at
−20 ◦C until analyzed. In the lab, the roots were carefully separated from the soil by
washing them while using small mesh sieves (500 and 250 µm in diameter). The roots
after washing were chopped into 2 cm-long pieces and dyed with Neutral Red reagent.
The PC software program “WinRhizo” was used for root volume, length, and diameter
analyses [28].

2.5. Agrometeorological Conditions

Meteorological conditions were different during the 2017–2019 period (Table 2). In
2017, the mean air temperature and the sum of precipitation during the vegetation period
were very close to the long-term mean and amounted to 12.5 ◦C and 422.3 mm, respectively.
The warm and humid weather conditions during the 2017 growing season were favorable
for the growth of the grass and woody plants. The 2018 growing season was warm and dry.
The mean air temperature for the growth season reached 15.4 ◦C, which was 2.6 ◦C higher
than the long-term mean (Table 2). The amount of rainfall during the 2018 growing season
was 306.4 mm, which was 25.3% lower than the long-term mean. Warmer than usual and
dry weather conditions during the vegetation period were unfavorable for the grass and
trees to vegetate. The mean air temperature for the 2019 vegetation period was 1.2 ◦C
higher than the long-term mean, while the sum of precipitation was close to the long-term
value. These meteorological conditions were favorable for plants to grow (Table 2).

2.6. Statistical Analysis

The data were subjected to the two-way analysis of variance (ANOVA) according
to the treatment structure by statistical software package SAS 7.1. The mean values and
standard errors were compared by Duncan’s multiple range tests at the probability level
of p < 0.05. Pearson’s correlation analyses of the relationship between various parameters
were carried out. Correlation-regression analysis was also implemented in this study.
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Table 2. Weather conditions for 2017–2019 (the data from the Laukuva Meteorological Station).

Year 2017 2018 2019 Long Term Mean
(1981–2010)

Annual mean air temperature, ◦C 6.9 7.5 8.1 6.3
Difference from long-term mean, ◦C +0.6 +1.2 +1.8 -

Growing season’s mean air temperature, ◦C 12.5 15.4 14.0 12.8
Difference from long-term mean, ◦C −0.3 +2.6 +1.2 -

Total annual precipitation, mm 958.9 615.4 819.8 816
Total annual precipitation as percentage of the

long-term mean, % +17.5 −24.6 +0.5 -

Growing season’s total precipitation, mm 422.3 306.4 369.9 410
Difference from long-term mean, mm +12.3 −103.6 −40.1 -

3. Results
3.1. The Dynamics of CO2 Efflux, Soil Temperature, and Volumetric Water Content

Temporal variations of CO2 efflux, soil temperature, and volumetric water content in
the grassland and the forest land in 2017–2019 are presented in Figures 2–4. The dynamics
of soil CO2 efflux are provided in Figure 2.
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Figure 2. The dynamics in the soil CO2 efflux during vegetation stages from 2017 to 2019 in different
land uses. The standard error values are presented as error bars.
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Figure 3. The dynamics in soil temperature during vegetation stages from 2017 to 2019 in different
land uses. The standard error values are presented as error bars.
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Figure 4. The dynamics in the soil volumetric water content during the vegetation period of 2017–2019
under different land uses. The standard error values are presented as error bars.

In the forest land, the CO2 effluxes from the soil increased gradually by reaching
the maximum between the end of June and the end of September in 2017, between the
beginning of May and the end of June in 2018, and between the end of June and the end
of August in 2019 (Figure 2). In the grassland, the CO2 effluxes from the soil increased
gradually by reaching the maximum between the end of May and the end of July in 2017,
between the beginning of May and the end of July in 2018, and between the end of June
and the end of August in 2019 (Figure 2). The soil CO2 efflux averaged across the years
in the forest land was 32% lower than in the grassland on Retisol (Table 3). The average
CO2 efflux from the soil tended to increase in the following order: 2017 < 2018 < 2019. The
average soil CO2 efflux in 2017 was 12% lower than in 2018 and 14% lower than in 2019
(Table 3).

Table 3. Mean content± standard error of CO2 efflux, soil temperature, and volumetric water content
in relation to different years and land uses.

Year
(Factor A)

Land Use
(Factor B)

CO2 Efflux
(µmol m−2 s−1) Soil Temperature (◦C) Volumetric Water

Content (%)

2017 1.49 a ± 0.10 16.2 b ± 0.6 26.6 a ± 1.3
2018 1.70 a ± 0.10 19.6 a ± 0.8 26.4 a ± 2.3
2019 1.74 a ± 0.15 17.1 b ± 1.0 20.4 b ± 1.1

Forest 1.33 b ± 0.07 17.4 a ± 0.7 24.3 a ± 1.4
Grassland 1.96 a ± 0.10 17.9 a ± 0.6 24.6 a ± 1.4

Actions and interactions:

A ns * *
B ** ns ns

A × B ** * ns

*, **—the least significant difference at p < 0.05 and p < 0.01, respectively, ns—not significant. Data followed by the
same letters are not significantly different at p < 0.05.

Soil temperature varied from 11.9 ◦C to 20.4 ◦C during the growing season in 2017,
from 11.9 ◦C to 25.5 ◦C in 2018, and from 7.6 ◦C to 25.1 ◦C during the vegetation period in
2019, with averages of 16.2 ◦C, 19.6 ◦C, and 17.1 ◦C within the 0–5 cm soil layer in 2017,
2018, and 2019, respectively (Figure 3 and Table 3). The soil temperature average in 2017
was 17% lower than in 2018 and 5% lower than in 2019. The soil temperature averaged
across the years revealed that in the grassland soil, the temperature was 3% higher than in
the forest land (Table 3).

Volumetric water content in the soil varied from 14.4% to 40.5% during the growing
season in 2017, from 8.7 to 45.6% in 2018, and from 11.6 to 31.2% during the vegetation
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period of 2019, with average values of 26.6%, 26.4%, and 20.4% within the 0–5 cm soil layer
in 2017, 2018, and 2019, respectively (Figure 4 and Table 3). The volumetric water content
average in 2017 was 1% higher than in 2018 and 23% higher than in 2019. The volumetric
water content averaged across years was 1% lower in the forest land than in the grassland
soil (Table 3).

3.2. The Effect of Soil Temperature and Volumetric Water Content on Soil CO2 Efflux

Soil temperature is one of the main indicators for the dynamics of soil CO2 efflux.
The relationships between soil CO2 efflux, volumetric water content, and soil temperature
under different land use methods are shown in Table 4. The significant (r = 0.51, p < 0.01)
relationship between soil CO2 efflux and soil temperature through the whole measurement
period was found in the forest land and grassland. It is worth mentioning that a positive
correlation between volumetric water content and soil CO2 efflux was not determined
under all land use methods investigated on Retisol. The significant (p < 0.01) negative
correlations between soil temperature and volumetric water content were registered in the
forest land (r = −0.63) and grassland (r = −0.54) (Table 4).

Table 4. Correlation matrix of CO2 efflux, soil temperature, and volumetric water content under
different land use methods.

Land Use Parameters

Range Correlation Matrix

From To Soil Temperature Volumetric Water
Content

Forest
CO2 efflux µmol m−2 s−1 0.44 2.66 0.51 ** −0.15

Soil temperature ◦C 6.7 29.1 1.00 −0.63 **
Volumetric water content% 5.9 48.8 1.00

Grassland
CO2 efflux µmol m−2 s−1 0.7 4.27 0.51 ** −0.22

Soil temperature ◦C 5.7 27.4 1.00 −0.54 **
Volumetric water content% 6.1 48.7 1.00

**—the least significant difference at p < 0.01.

The relationships between soil CO2 efflux and soil temperature and volumetric water
content under different land uses in different years are presented in Figures 5–10.
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Figure 5. The relationship between soil temperature and CO2 efflux at the 0–5 cm soil layer from
grassland and forest land in 2017.
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Figure 6. The relationship between soil temperature and CO2 efflux at the 0–5 cm soil layer from
grassland and forest land in 2018.

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 14 
 

 
Figure 6. The relationship between soil temperature and CO2 efflux at the 0–5 cm soil layer from 
grassland and forest land in 2018. 

 
Figure 7. The relationship between soil temperature and CO2 efflux within the 0–5 cm soil layer 
from grassland and forest land in 2019. 

 
Figure 8. The relationship between volumetric water content and CO2 efflux within the 0–5 cm soil 
layer from grassland and forest land in 2017. 

y = −0.022x2 + 0.876x − 6.449
R2 = 0.580

0.0

0.5

1.0

1.5

2.0

2.5

3.0

10 15 20 25 30

Soil temperature (°C)

CO
 2  

ef
flu

x 
(µ

m
ol

 m
  −2

 s 
−1

)

y = −0.002x3 + 0.076x2 − 1.017x + 4.962
R2 = 0.538

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

5 10 15 20 25 30
Soil temperature (°C)

CO
 2  

ef
flu

x 
(µ

m
ol

 m
  −2

 s 
−1

)

y = 0.000x3 − 0.032x2 + 0.869x − 5.613
R2 = 0.496

0.0

0.5

1.0

1.5

2.0

2.5

10 15 20 25 30 35 40 45
Volumetric water content (%)

CO
 2  

ef
flu

x 
(µ

m
ol

 m
  −2

 s 
−1

)

Figure 7. The relationship between soil temperature and CO2 efflux within the 0–5 cm soil layer from
grassland and forest land in 2019.
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Figure 8. The relationship between volumetric water content and CO2 efflux within the 0–5 cm soil
layer from grassland and forest land in 2017.
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Figure 9. The relationship between volumetric water content and CO2 efflux within the 0–5 cm soil
layer from grassland and forest land in 2018.
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Figure 10. The relationship between volumetric water content and CO2 efflux within the 0–5 cm soil
layer from grassland and forest land in 2019.

During the whole growing season in 2017, the relationship between soil temperature
and CO2 efflux within the 0–5 cm soil layer can be described by a simple multiple regression
model (y = 0.002x2 + 0.027x + 0.518; R2 = 0.335, p > 0.05) (Figure 5).

During the whole growing season in 2018, the relationship between soil temperature
and CO2 efflux at the 0–5 cm soil layer can be described by a simple multiple regression
model (y = −0.022x2 + 0.876x − 6.449; R2 = 0.58, p < 0.05) (Figure 6).

During the whole growing season in 2019, the relationship between soil temperature
and CO2 efflux within the 0–5 cm soil layer (y = −0.002x3 + 0.076x2 − 1.017x + 4.962;
R2 = 0.538, p < 0.05) is shown in Figure 7.

During the whole growing season in 2017, the relationship between volumetric water
content and CO2 efflux within the 0–5 cm soil layer (y = 0.000x3 − 0.032x2 + 0.869x − 5.613;
R2 = 0.496, p < 0.05) is presented in Figure 8.

During the whole growing season in 2018, the relationship between volumetric water
content and CO2 efflux within the 0–5 cm soil layer can be described by a simple multiple
regression model (y = −0.003x2 + 0.164x + 0.210; R2 = 0.652, p < 0.05) (Figure 9).

During the whole growing season in 2019, the relationship between volumetric water
content and CO2 efflux within the 0–5 cm soil layer (y = –0.002x3 + 0.120x2 − 2.146x + 13.598;
R2 = 0.419, p < 0.05) is provided in Figure 10.

The volumetric water content (from 7% to 25%) increased soil CO2 efflux. Volumetric
water content (25% higher) decreased soil CO2 efflux.
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The activity of microorganisms and roots depends on the water content in the soil. The
biological activity of the soil increases when the water content in the soil increases, and this,
in turn, causes an increase in soil respiration. This result indicates that soil temperature and
volumetric water content were the main factors limiting the rate of soil CO2 efflux from
different land uses for the measurement period.

3.3. Effect of Year and Land Use on Parameters of Root

The root parameters in the three (2017–2019) years of two natural land uses (forest and
grassland) within the 0–10 cm soil layer are presented in Table 5. The effect of land use was
significant (p < 0.01) for root volume and root length density. The effect was not significant
for the mean root diameter. The effect of the year was not significant (p > 0.05) for all
root parameters.

Table 5. Root parameter (mean ± standard error) in different years and land uses.

Year
(Factor A)

Land Use
(Factor B) Root Volume cm3 Root Length Density km m−3 Mean Root Diameter mm

2017 7.95 a ± 1.25 939 a ± 264 0.58 a ± 0.09
2018 4.24 a ± 1.11 897 a ± 407 0.49 ab ± 0.08
2019 5.91 a ± 1.73 1133 a ± 452 0.33 b ± 0.04

Forest 3.73 b ± 0.63 240 b ± 39 0.44 a ± 0.02
Grassland 8.34 a ± 1.12 1740 a ± 210 0.49 a ± 0.09

Actions and interactions:

A ns ns ns
B ** ** ns

A × B ** ** ns

**—the least significant difference at p < 0.01, ns—not significant. Data followed by the same letters are not
significantly different at p < 0.05.

The root volume in the forest land was 2.2-fold lower than in the grassland on Retisol.
The root length density in the grassland was 7.3-fold higher than in the forest (Table 5).
The grassland had the greatest root length density (1740 km m−3) and mean root diameter
(0.49 mm), while the forest land had the lowest (240 km m−3 ) root length density and mean
root diameter (0.44 mm).

3.4. Correlation between Root Characteristics in Different Land Uses

The correlation matrix between root diameter, root volume, and root length density
under different land uses within the 0–10 cm soil layer is presented in Table 6.

Table 6. Correlation matrix among different root parameters under different land uses (averaged
by year).

Root Characteristics
Range Correlation Matrix

From To Root Volume Root Length Density

Forest
Mean root diameter, mm 0.38 0.61 0.50 * –0.12

root volume, cm3 1.54 6.86 1.00 0.79 **
root length density, km m−3 133 445 1.00

Grassland
mean root diameter, mm 0.22 1.01 0.40 0.11

root volume, cm3 1.60 13.74 1.00 0.63 *
root length density, km m−3 424 2643 1.00

*, **—the least significant difference at p < 0.05 and p < 0.01, respectively.

Significant correlations between root length density and root volume were recorded in
the forest land (p < 0.01) and grassland (p < 0.05) at the topsoil (Table 6). The relationship
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(p < 0.05) between the mean root diameter and root volume were registered in the forest
land. Such correlations between the same variables were not established in the grassland
(Table 6). The negative relationship between the root length density and mean root diameter
was registered in the forest on Retisol.

3.5. The Effect Root Network on Soil CO2 Efflux

The CO2 efflux from the soil had a linear relationship with root volume (R2 = 0.435,
p < 0.05) within the 0–10 cm soil layer (Figure 11) and with the root length density
(R2 = 0.918, p < 0.01) at the same depth (Figure 12).
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Figure 11. The relationship between root volume and CO2 efflux within the 0–10 cm soil layer under
various land uses and years.
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Figure 12. The relationship between root length density and CO2 efflux within the 0–10 cm soil layer
under various land uses and years.

4. Discussion

Soil temperature and volumetric water content affects CO2 efflux under different
land uses. Quantifying CO2 efflux from the soil is a key process for understanding the
dynamics of carbon in various ecosystems. However, soil CO2 efflux can change annually,
as fluxes respond differently to changing environmental variables, such as soil temperature
and water content in the soil [29]. While soil temperature is one of the main indicators of
the dynamics of soil CO2 efflux, this temperature influence was suppressed by the effect
of soil moisture [14]. In general, there is a shortage of literature published concerning
CO2 efflux under different land use (grassland and forest land) methods on Retisol. Some
research results published worldwide are in line with our findings as they represent the
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general relationship between carbon dioxide emissions, air temperature, and soil moisture
conditions. Faimon and Lang [30] found that there is a strong positive relationship between
the temperature of the soil and soil CO2 efflux during the dry season. The same relationship
between CO2 efflux and soil temperature was found by Negassa et al. [31], Chen et al. [32],
and Dong et al. [33]. It should be noted that Dossou-Yovo et al. [34] and Pergrina [19]
did not find any correlation between these parameters. The consequence of temperature
to increase soil CO2 efflux was widely approved by a number of scientists from Japan,
the USA, and China [35–37]. Schaufler et al. [38] found a nonlinear increase of soil CO2
emissions with increasing soil temperature. The soil temperature (from 7 ◦C to 20 ◦C)
increased soil CO2 efflux, while soil temperature (from 20 ◦C) decreased CO2 efflux. Similar
results were obtained by Tavares et al. [39], Bogužas et al. [40], and Makhnykina et al. [41].
Pla et al. [42] revealed that when the rain amount increased the soil water content until
saturation, the emission of soil CO2 decreased due to the limitation of oxygen diffusion [43].
Pena-Quemba et al. [44] published that soil moisture content ranging from 20 to 70%
decreased CO2 efflux from the soil. According to our findings, the volumetric water content
(up to 23–25%) increased CO2 efflux. This result is very similar to that obtained in the
Czech Republic by Darenova et al. [45], stating that volumetric water content from 7% to
25% has increased soil CO2 efflux.

Our results revealed that soil temperature and volumetric water content were the main
factors limiting the rate of soil CO2 efflux from different land uses for the measurement
period. The current study provides results on the significant (r = 0.51, p < 0.01) relationship
between soil CO2 efflux and soil temperature through the whole measurement period in
both land uses. The correlation between soil temperature and volumetric was significantly
(p < 0.01) negative in the forest land (r = −0.63) and grassland (r = −0.54). The same results
of the relationships between soil CO2 efflux, soil temperature, and volumetric water content
were found by Kochiieru et al. [16,46].

The growth of roots depends on the water content in the soil. The respiration of roots
as well as the biological activity of the soil increases when the water content in the soil
increases. While the current study found a significant effect (p < 0.01) of land use for root
volume and root length density, the effect for the mean root diameter was not significant.
The significant relationship between the root length density and root volume (p < 0.01)
and also between the mean root diameter and root volume (p < 0.05) were observed in the
forest land. Correlations between root length density and root volume were also significant
in the grassland (p < 0.05), but the correlations between the mean root diameter and root
volume were not established in grassland. The similar relationships between the plant root
parameters were registered by Kochiieru et al. [46] and Ning et al. [47].

CO2 efflux from the soil is the result of organic matter decomposition, microbial
activity, and plant root respiration, which depend on soil moisture and temperature [48,49].
According to Wei et al. [50], soil temperature and soil water not only had an influence on the
activity of microorganisms and roots, but also on the diffusion of gases through soil pores.
Bortolotto et al. [51] stated that soil temperature is the variable that best explains changes
in soil CO2 efflux, while soil water content and root network are also important factors
for soil CO2 efflux. Our results confirm the statement that soil CO2 efflux was affected by
root length density and root volume in both land uses, indicating that the activity of the
root plays one of the main roles in the production of CO2 soil emissions. The relationship
between the density of the root and CO2 efflux from the soil (y = 0.61 + 0.07x; R2 = 0.64;
p < 0.01) was found by Shibistova et al. [52]. Kochiieru et al. [46] described the relationship
between the root volume and soil CO2 efflux within the 0–10 cm soil layer under different
land uses and soil types as a linear correlation y = 0.33x + 0.83; R2 = 0.58; p < 0.05.

5. Conclusions

The average soil CO2 efflux in the grassland was 32% higher than in the forest land on
Retisol. The CO2 efflux, average across land use, tended to increase in the following order:
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2017 < 2018 < 2019. Dry and high-temperature meteorological conditions increased soil
CO2 efflux by 14%.

Soil temperature had a positive influence on soil CO2 efflux, but when the soil temper-
ature was higher than 20 ◦C, the relationship was negative. Volumetric water content (up
to 23–25%) increased CO2 efflux. By further increasing volumetric water content in the soil,
the soil efflux decreased under both (grassland and forest land) land use methods.

Root volume (55%) and root length density (86%) in the grassland was higher than in
the forest land. The CO2 efflux intensity from the soil indicated root activity. Root volume
and root length density had a positive effect on soil efflux.
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