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Abstract: In this study, we estimated the magnitude of soil-to-atmosphere carbon dioxide (CO2),
methane (CH4), and nitrous oxide (N2O) fluxes in deciduous tree and willow coppice based agro-
forestry systems in hemiboreal Latvia. We studied systems combining hybrid alder, hybrid aspen,
silver birch, black alder, and willow clones with perennial reed canary grass (RCG), which were
established in the spring of 2011 in former cropland with mineral soil. Three different soil fertilisation
practices were initially applied (control without fertilisation, fertilisation with wood ash, and sewage
sludge). Measurements of fluxes of greenhouse gases were taken in both deciduous tree, willow
coppice and RCG plots using a closed opaque manual chamber method, from June 2020 to October
2021. Soil CO2 fluxes (the sum of autotrophic and heterotrophic respiration) were increased in RCG
plots compared to plots under willow and deciduous tree canopies, while the highest mean CH4

fluxes were found in willow coppice plots. No impact of dominant vegetation type on instantaneous
soil N2O fluxes was found. Temperature was the key determinant of the magnitude of CO2 and N2O
fluxes. The highest soil CO2 and N2O fluxes were detected during the summer and decreased in the
following order: summer, autumn, spring, winter. There were no pronounced relationships between
soil CH4 fluxes and temperature.

Keywords: agroforestry; deciduous trees; willow coppice; agricultural land; hemiboreal zone; climate
change mitigation

1. Introduction

Woody vegetation (trees and shrubs) introduction into agricultural lands (cropland
and grassland) significantly alters both carbon (C) and nutrient biogeochemical cycling [1,2],
including fluxes of soil-to-atmosphere greenhouse gases (GHGs) such as carbon dioxide
(CO2), methane (CH4), and nitrous oxide (N2O) (e.g., [3,4]). An increasing number of
studies have shown that agroforestry (AF) systems combining woody vegetation with
agricultural practices on the same unit of land are among the most effective initiatives
for climate change mitigation [5–11]. Such agroecosystems can increase soil organic C
stock, [5–9] mainly through continuous root turnover and addition of litter to soil [7], as
well as through additional sequestering and storing of atmospheric CO2 in tree and shrub
biomass [10,11]. However, the basic premise of AF systems established to contribute to
the mitigation of climate change determines that net GHG removals (mostly CO2 uptake
through photosynthesis, accumulation in woody biomass, and increase of soil organic
C stock) have to exceed GHG emissions at the ecosystem level [12,13]. In addition, it is
anticipated that the area unit of an AF system—especially its long-lived components, such
as the soil and woody vegetation—will accumulate greater amounts of C than the same area
of solely agricultural or solely forestry systems [13]. Most of the studies on the impact of AF
systems on soil GHG fluxes and soil organic C stocks have been conducted in tropical and
temperate AF systems (e.g., [5,14,15]), while boreal and hemiboreal AF systems have been
less explored thus far, limiting the ability to detail scientifically based recommendations
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for AF management strategies for these regions. In addition, Quandt et al. [16] recently
emphasized the uneven geographic distribution of research in this area. This study could
be highly supportive by increasing knowledge specific to hemiboreal regions, with a focus
on Europe.

Soil-to-atmosphere CO2 flux is one of the key processes of C cycling in terrestrial
ecosystems [17–20]. Consequently, the magnitude of soil respiration is a mandatory pa-
rameter for evaluating the C balance at the ecosystem level [21,22]. In general, soil CO2
fluxes originate from plant root (and associated rhizosphere) autotrophic respiration, and
heterotrophic decomposition of soil organic matter, including plant litter driven by soil
microorganisms [19,23,24]. Implementation of AF systems on agricultural land has been
shown to affect both soil microbial communities [25]—and thus CO2 emissions from soil
caused by soil heterotrophic respiration [19]—and vegetation cover, significantly affecting
soil autotrophic respiration [20,26]. Nevertheless, soil can act as both a CO2 source and an
atmospheric CO2 sink, considering that the input of organic matter mostly occurs through
vegetation litter (both above and below ground), which is reflected in increased soil organic
C stock [27]. The magnitude of CH4 emissions or removals is determined by the balance
of bidirectional microbial processes producing CH4 (methanogenesis under anaerobic
conditions) and consuming CH4 (methanotrophy under the presence of molecular oxygen
(O2)) [24,27–29]. In dry, well-aerated soils, methanotrophy is the dominant process, and
net uptake of atmospheric CH4 by the soil can thus be observed [28]. In addition, introduc-
ing trees into agricultural land may alter (lower) soil bulk density and moisture, which
enhances gas diffusion and thus CH4 uptake [30,31]. The N2O is generally produced by
microbial processes such as nitrification (oxidation of NH4

+ to NO3
−) and denitrification

(reduction of NO3
− to N2O and N2) [24,32], but can be produced as well as taken up

by soil through other pathways [27,33]. In general, the key drivers of soil GHG fluxes
(production and consumption)—i.e., the parameters controlling microbial activity and veg-
etation growth—include land cover, land use, and applied management practices, drainage,
local and regional climate, hydrology (temperature, precipitation, groundwater level, soil
moisture and aeration), and soil physical and chemical properties, including the availability
of nutrients and C substrates, soil texture, C/N ratio, and pH value [4,18,24,26,34,35].

Considering Europe’s path to be climate-neutral by 2050, including the European
Green Deal [36] and the Paris Agreement [37], the Commission has proposed a revision of
the Land Use, Land-Use Change and Forestry (LULUCF) Regulation to ensure an increase
in C removals in the LULUCF sector including cropland and grassland [38]. Thus, effective
and scientifically based climate change mitigation measures are sought for the LULUCF
sector. As AF systems could be a land-use alternative to traditional sole-cropping practices
aimed at enhancing CO2 mitigation and soil C sequestration [7,10,16,39–43], AF is getting
increasing attention [40]. Nevertheless, insufficient evidence remains on the key processes
that determine GHG emissions in AF systems, and there is a need for more context- and
region-specific emissions factors for the Intergovernmental Panel on Climate Change
(IPCC) accounting system [40]. Understanding of soil GHG fluxes after establishment of
AF systems in agricultural land, however, is necessary to estimate the overall mitigation
effect of these systems [43]. Our objective in this study was to investigate the magnitude
of soil-to-atmosphere GHG fluxes (sum of soil autotrophic and heterotrophic respiration,
fluxes of CH4 and N2O at the soil–atmosphere interface) in hemiboreal deciduous tree
and willow coppice-based AF systems with mineral soil in Latvia. In addition, we sought
to understand how soil GHG fluxes respond to the establishment of AF systems with
different dominant woody vegetation (trees and willow coppice) compared to the adjacent
perennial grass cover. We hypothesize that soil-to-atmosphere GHG fluxes in hemiboreal
agroforestry systems have varied significantly under different dominant vegetation type
(deciduous trees, willow coppice, perennial grass) and among different initially applied
soil-fertilisation.
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2. Materials and Methods
2.1. Study Site

The study site (56◦41′27.0′′ N, 25◦08′13.1′′ E) was established on agricultural land
(former cropland) with mineral soil (Luvic Stagnic Phaeozem, Hypoalbic and Mollic Stagnosol,
Ruptic, Calcaric, Endosiltic [44,45]) in the Skrı̄veri district (central part of Latvia; Figure 1) in
the spring of 2011, when the soil was ploughed for the final time. The dominant class of
soil texture [46] at the site is loam and sandy loam at 0–20-cm depth, and sandy loam at
20–80-cm depth.
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Figure 1. Location of the study site in Latvia.

Three different soil-fertilisation management practices were applied (Table 1): (i) control
without fertilisation; (ii) initial fertilisation with wood ash containing a wide range of ele-
ments in mineral form; and (iii) initial fertilisation with sewage sludge as an organic N-, P-,
C-rich fertiliser containing a wide range of elements. The soil was fertilised once (in 2011);
repeated soil fertilisation has not been carried out at the study site. Characterisation of de-
ciduous tree seedlings, willow cuttings, grass (reed canary grass, RCG) seeds, and planting
design is summarised in Table 2. Two GHG measurement subplots were established in each
type of plot dominated by deciduous trees and their soil fertilisation management practices
(24 research plots in total). One GHG measurement subplot was established in each type
of plot dominated by willow coppice and RCG and their soil-fertilisation management
practices (6 research plots in total). In the study area, according to the data provided by the
meteorological station (Skrı̄veri) of the Latvian Environment, Geology and Meteorology
Centre (5.5 km from the study site), the mean annual air temperature was 8.7 ◦C in 2020
and 6.9 ◦C in 2021, and the annual precipitation was 671 mm in 2020 and 897 mm in 2021.
During the collection of the soil, according to the GHG flux empirical data (from June 2020
to October 2021), the mean monthly temperature ranged from −6.2 ◦C (February 2021) to
21.5 ◦C (July 2021), and the monthly precipitation total ranged from 10.8 mm (February
2021) to 179.7 mm (August 2021) [47].
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Table 1. Characterisation of initially applied soil fertilisation management practices at the study site
in the spring of 2011.

Fertiliser Origin of
Fertiliser

Dose,
t DM ha−1

Type of
Distribution

Frequency of
Fertilisation

Input of Nutrients through
Fertilisation, kg ha−1

Ntotal Ptotal Ktotal

Stabilized
wood ash

Boiler house
in Sigulda

(Latvia)
6 Spread

mechanically
shortly before

planting of tree
seedlings and

willow cuttings

Once shortly
before planting

of tree
seedlings and

willow cuttings

2.6 65 190

Sewage
sludge

Ltd.
“Aizkraukles

ūdens”
(Latvia)

10 259 163 22

Table 2. Study site design and characterisation of tree seedlings, willow cuttings and RCG seeds.

Species of Trees,
Willows and Grass

in Plots of AF
Systems

Type of
Seedlings,
Cuttings,

Seeds

Producer of
Seedlings, Cuttings,

Seeds (Plant
Material)

Planting/Sowing
Time

Distance between
Trees or Willows in
Woody Vegetation

Plots of AF Systems,
m

Tree or Willow
Density in Woody
Vegetation Plots of

AF Systems,
Number ha−1

Black alder
(Alnus glutinosa (L.))

one year
old

container
seedlings

JSC “Latvijas
Finieris” nursery
“Zābaki”, Latvia

spring of 2011 2.5 × 2.5 m 1600

Silver birch
(Betula pendula Roth) spring of 2011 2.5 × 2.5 m 1600

Hybrid alder
(Alnus hybrida A.Br)

Plant Physiology
laboratory of the

LSFRI ‘Silava’,
Nursery of the Forest

Research Station,
Latvia

spring of 2012 2.5 × 2.5 m 1600

Hybrid aspen
(Populus tremuloides
Michx. × Populus

tremula L.)

JSC “Latvia’s State
Forests” LVM Seeds

and plants
“Kalsnava”, Latvia

spring of 2011 2.0 × 2.0 2500

Willow (Salix spp.) cuttings
Salixenergi, delivered

by Salix energy
Latvia from Sweden

spring of 2011 (0.75 × 2) × 1.5 m 13000

Reed canary grass
(Phalaris arundinacea)

“Bamse”
seeds

Institute of
Agriculture, Skriveri,

Latvia
spring of 2012 - 12 kg seeds ha−1

2.2. Soil GHG Flux Measurements

Soil GHG flux measurements were conducted during the period from June 2020 to
October 2021 using the closed opaque manual chamber method [48]. At each research
subplot, three chamber collars were evenly installed at an inter-replicate distance of 2.5 m.
The collars were installed in approximately 5 cm of soil in May 2020 (one month before
the start of the collection of GHG flux samples). Ground vegetation, litter layer and root
damage were avoided as much as possible during the collar installation and field surveys.
Thus, the recorded GHG fluxes represent the total soil CO2 fluxes (sum of soil heterotrophic
and autotrophic respiration), CH4 and N2O fluxes. At least once every six weeks, four
soil flux samples were taken from each chamber (collar position) within 30 min (10 min
between each sampling) after positioning chambers on the collars. A dynamic schedule of
study-site visits was applied to randomise the time of day in which gas sample collection
took place [48,49]. The samples were collected in 100-mL vials at 0.3 mbar under pressure
and transported to the laboratory at the Latvian State Forest Research Institute ‘Silava’
(LSFRI Silava) to be tested using a Shimadzu Nexis GC-2030 gas chromatograph (Shimadzu
USA manufacturing, Inc., Canby, OR, USA) [50].

To calculate soil-to-atmosphere GHG fluxes, linear GHG concentration changes over
time in the chambers was assumed. A slope coefficient of linear regression constructed
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using results of gas chromatograph analysis of four successive gas samples taken from the
chamber were used in further calculation (Equation 1) using the Ideal Gas Law. To ensure
reliability of the acquired results of GHG fluxes, data quality control was performed—only
slopes with determination coefficient (R2) higher than 0.7 were used for further calculation
except when difference between maximum and minimum GHG concentration over time in
the chamber was lower than uncertainty of the gas chromatograph method.

f lux =
M× P×V × Slope

R× T × A
, (1)

where flux is the instantaneous GHG (CO2, CH4 or N2O) flux, µg GHG m2 h−1; M is the
molar mass of GHG, g mol−1; P is the assumption of air pressure inside the chamber,
101,300 Pa; V is the chamber volume, 0.063 m3; Slope is the GHG concentration changes
over time, ppm h−1; R is the universal gas constant, 8.314 m3 Pa K−1 mol−1; T is the air
temperature, K; and A is the collar area, 0.1995 m2.

During soil GHG flux sampling, several environmental factors were determined: soil
temperature at 10-cm, 20-cm and 30-cm depth, using the measurement probe of a Comet
data logger S0141 with a temperature sensor and a recording interval of every 10 s; air
(ambient) temperature using an EMOS E0042 wireless thermometer with 0.1 ◦C thermal
resolution. Air moisture data was provided by the closest meteorological station (Skrı̄veri)
of the Latvian Environment, Geology and Meteorology Centre (5.5 km from the study
site) [47].

2.3. Soil Sampling and Chemical Analyses

In August 2020, soil samples were taken in 9 places in each research subplot at 0–5-cm
depth using a metal cylinder (5-cm diameter). Composite soil samples were collected in
sealed plastic bags and transported to the LVS EN ISO 17025:2018-accredited laboratory
at the LSFRI Silava and were prepared for analyses according to the LVS ISO 11464:2005
standard. pH (CaCl2) was determined according to LVS ISO 10390:2002 L/NAC:2005 L.
Total and organic carbon (TC and OC, g kg−1) and total nitrogen (TN, g kg−1) contents
were determined using an elementary analysis method according to LVS ISO 10694:2006
and LVS ISO 13878:1998, respectively. In addition, the OC/TN (C/N) ratio was calculated
as a proxy to characterise the decomposition of soil organic matter.

2.4. Estimation of Basal Area in Deciduous Trees and Willow Coppice Plots

Basal area (m2 ha−1) was calculated using data of single tree diameters at breast height
(DBH) in each deciduous tree and willow coppice plot, where individual stem basal areas
were summed and divided by plot area. Tree measurements were taken in October 2021.

In addition, above-ground dry weight biomass of black alder, silver birch, hybrid
alder and hybrid aspen were calculated through allometric models [51,52], where DBH
and height (H) measurements were used. Biomass in plots was calculated by summing
individual stem biomass with DBH > 5.99 cm.

2.5. Estimation of Above-Ground Biomass of Ground Vegetation and Total Root Biomass

In each research subplot, above-ground biomass of ground vegetation and total root
biomass were estimated in four 25 × 25 cm square sample plots in August 2020. In
each square sample plot, all above-ground parts of the ground vegetation were cut down
with a sharp knife and collected in sealed plastic bags. All roots in the small sample
plot (25 × 25 cm) were excavated to a depth of 30 cm, cleaned of soil, collected in sealed
plastic bags and transported to the laboratory at LSFRI Silava. To calculate dried mass, the
vegetation biomass and roots were dried in drying chambers at 105 ◦C.
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2.6. Estimation of Biomass of Tree Above-Ground Litter

Tree above-ground litter was collected using collectors placed in each research sub-
plot under a uniform tree canopy at 1.3-m height [53] in 2021 (September–December).
The collector design comprised a solid funnel (0.5-m depth) with a bag of inert material
(polyethylene) with a mesh size of 0.2 mm; the collecting area of individual traps was
0.43 m2. Litter was collected over a 4-month period.

2.7. Statistical Analysis

All statistical analyses were carried out using R [54]. Data were tested for normal
distribution and variance homogeneity using a Shapiro–Wilk normality test and Quantile-
Comparison Plot (function ‘qqPlot()’ from R package ‘car’). Pairwise comparisons using a
Wilcoxon rank sum exact test were used to evaluate possible differences in the mean values
of GHG fluxes grouped by dominant vegetation type in plots, soil-fertilisation practice, or
season, with a significance level of 0.05. To relate mean GHG fluxes to research site data,
simple regression analysis was used, and correlations between GHG fluxes and different
environmental factors were tested with Spearman’s ρ, using a significance level of p < 0.05.
All results are shown as arithmetic means ± standard error (S.E.).

3. Results
3.1. Impact of Dominant Vegetation Type and Initially Applied Soil Fertilisation on Soil
GHG Fluxes

During the study period, instantaneous soil CO2 fluxes (sum of autotrophic and
heterotrophic respiration) ranged from −42.4 to 309.5 mg CO2-C m−2 h−1 (Figure 2).
The highest mean instantaneous CO2 fluxes were found in RCG plots, followed by plots
dominated by willow coppice, while the lowest instantaneous CO2 fluxes were found in
plots dominated by deciduous trees. Furthermore, a statistically significant difference in
instantaneous soil CO2 fluxes between plots of different deciduous tree species was found
only between plots dominated by black alder and hybrid aspen (higher instantaneous CO2
fluxes were found in plots dominated by hybrid aspen, p = 0.035). An impact of initially
used soil fertilisation practice on soil CO2 fluxes was found only in plots dominated by
willow coppice, where higher instantaneous soil CO2 fluxes were recorded in plots initially
fertilised with sewage sludge (organic-matter-rich fertiliser, 10 t DM ha−1 dose) compared
to control sites.

During the study period, instantaneous soil CH4 fluxes ranged from −3.36 to
2.26 mg CH4-C m−2 h−1 (Figure 2). The highest mean instantaneous CH4 fluxes were
found in plots dominated by willow coppice, in which a statistically significant difference
was found compared to birch, hybrid aspen, and RCG plots (p = 0.010, p < 0.001, p = 0.028,
respectively). Statistically significant differences in instantaneous soil CH4 fluxes between
soil fertilisation practices were found in all plots except those dominated by hybrid alder.

During the study period, instantaneous soil N2O fluxes ranged from −0.20 to
0.17 mg N2O-N m−2 h−1 (Figure 2). No impact of dominant vegetation type on instanta-
neous soil N2O fluxes was found. Like the case of CO2 emissions, an impact of initially
used soil fertilisation practice on soil N2O fluxes was found only in plots dominated by
willow coppice, where higher instantaneous soil N2O fluxes were recorded in plots initially
fertilised with sewage sludge (organic-matter-rich fertiliser, additional nitrogen (N) input of
259 kg ha−1) compared to control sites and sites initially fertilised with wood ash (mineral
fertiliser, additional N input of 2.6 kg ha−1).
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Figure 2. Soil GHG fluxes in plots dominated by deciduous trees, willow coppice or RCG in agro-
forestry systems in hemiboreal Latvia during the measurement period (June 2020–October 2021),
grouped by type of soil fertilisation practice. In the box plots, the median is shown by the bold
line, the mean is shown by the black asterisk, the box corresponds to the lower and upper quar-
tiles, the whiskers show the minimal and maximal values (within 150% of the interquartile range
from the median) and the black dots represent outliers of the datasets. Different uppercase let-
ters show statistically significant differences (p < 0.05) between types of dominant vegetation (all
soil fertilisation management practices were pooled); different lowercase letters show statistically
significant differences (p < 0.05) between soil fertilisation management practices within the same
dominant vegetation.
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3.2. Impact of Seasonality and Environmental Factors (Temperature and Moisture) on Soil
GHG Fluxes

The most pronounced impact of seasonality (Figure 3) was detected on soil CO2
fluxes. The highest soil CO2 fluxes were detected during the summer season (mean values
ranged from 98.9 ± 2.2 mg CO2-C m−2 h−1 in deciduous tree plots to
202.8 ± 9.2 mg CO2-C m−2 h−1 in RCG plots). In all groups of dominant vegetation
type, among-season soil CO2 fluxes decreased in the following order: summer, autumn,
spring, winter. In winter—when the lowest soil CO2 fluxes were recorded—mean values
ranged from 9.3 ± 2.8 mg CO2-C m−2 h−1 in RCG plots to 15.4 ± 2.2 mg CO2-C m−2 h−1

in willow coppice plots. Compared to soil CO2 fluxes, a less pronounced—but still sta-
tistically significant—impact of seasonality was detected in soil N2O fluxes. Among-
season soil N2O fluxes decreased in the same order as had soil CO2 fluxes. The highest
soil N2O fluxes were detected during the summer season (mean values ranged from
0.020± 0.001 mg N2O-N m−2 h−1 in deciduous tree plots to 0.039± 0.005 mg N2O-N m−2 h−1

in RCG plots), while the lowest fluxes were detected in winter (mean values ranged from
−0.002 ± 0.003 mg N2O-N m−2 h−1 in RCG plots to 0.005 ± 0.001 mg N2O-N m−2 h−1 in
deciduous tree plots). A positive correlation between the soil CO2 and N2O flows and soil
and air temperature confirmed the importance of season for the soil GHG fluxes (Table 3
and Figure S1). Equations (linear regression) describing the relationships between soil
CO2 fluxes and soil and air temperature are summarised in Table 4. In Table 4, willow
coppice plots with different initial soil fertilisation practice were analysed separately, due
to significant differences in the magnitude of CO2 fluxes between plots with different initial
soil fertilisation practices (Figure 2).

Table 3. Spearman’s correlation coefficients (ρ) characterising relationship between soil GHG fluxes
and environmental factors (temperature and moisture), grouped by dominant vegetation type (decid-
uous trees, willow coppice or RCG) in plots of agroforestry systems. * p < 0.05, ** p < 0.01, *** p < 0.001,
non-significant values (p > 0.05) are not shown.

Parameter
Deciduous Trees Willow Coppice RCG

CO2
Fluxes

CH4
Fluxes

N2O
Fluxes

CO2
Fluxes

CH4
Fluxes

N2O
Fluxes

CO2
Fluxes

CH4
Fluxes

N2O
Fluxes

Soil temperature at
10 cm depth

0.82
***

−0.32
***

0.40
***

0.88
***

−0.24
*

0.52
***

0.88
***

−0.46
***

0.58
***

Soil temperature at
20 cm depth

0.80
***

−0.35
***

0.37
***

0.90
***

−0.35
**

0.57
***

0.81
***

−0.42
***

0.47
***

Soil temperature at
30 cm depth

0.81
***

−0.36
***

0.38
***

0.90
***

−0.33
**

0.56
***

0.82
***

−0.43
***

0.47
***

Air temperature 0.77
***

−0.29
***

0.36
***

0.79
***

− 0.47
***

0.85
***

−0.44
***

0.56
***

Air moisture a −0.13
** − − − −0.25

* − −0.34
** − −

a Data provided by the closest meteorological station of the Latvian Environment, Geology and Meteorology
Centre in Skrı̄veri (5.5 km from the study site) [47].

Although temperature was not detected as a significant affecting factor of soil CH4
fluxes (Table 3), CH4 fluxes were significantly different among the seasons (Figure 3). In
deciduous tree plots, CH4 removals were observed in all seasons, with the highest removals
in summer (−0.029 ± 0.019 mg CH4-C m−2 h−1). In willow coppice plots, CH4 removals
were observed in winter and autumn (with the highest removals occurring in autumn:
−0.014 ± 0.002 mg CH4-C m−2 h−1), while during spring and summer, CH4 emissions were
observed (with the highest emissions occurring in summer: 0.187± 0.115 mg CH4-C m−2 h−1).
In RCG plots, CH4 removals were observed in all seasons (with the highest removals
occurring in summer: −0.038 ± 0.015 mg CH4-C m−2 h−1) except winter, in which slight
emissions were observed (0.003 ± 0.008 mg CH4-C m−2 h−1).
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Figure 3. The impact of seasonality on soil GHG fluxes in plots dominated by deciduous trees, willow
coppice or RCG in agroforestry systems in hemiboreal Latvia during the measurement period (June
2020–October 2021). In the box plots, the median is shown by the bold line, the mean is shown by the
black asterisk, the box corresponds to the lower and upper quartiles, the whiskers show the minimal
and maximal values (within 150% of the interquartile range from the median) and the black dots
represent outliers of the datasets. Different lowercase letters show statistically significant differences
(p < 0.05) between seasons within the group of dominant vegetation.
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Table 4. Equations (linear regression) describe relationships between soil CO2 fluxes
(mg CO2-C m−2 h−1, dependent variable) and soil and air temperature (◦C, independent variable).

Dominant Vegetation in Plots of
Agroforestry Systems

Temperature
(Independent

Variable)

Coefficients of Equation
(y = a + bx) Characterisation of Equation

a (intercept) b (slope) R2 RMSE

Deciduous trees

soil at 10 cm depth 5.7362 4.8473 0.662 24.756
soil at 20 cm depth 1.3994 6.0652 0.665 24.690
soil at 30 cm depth 0.1255 6.1314 0.682 24.070

air 14.985 3.4992 0.570 27.829

Willow coppice a (control)

soil at 10 cm depth 7.9616 5.1587 0.785 17.955
soil at 20 cm depth 3.9532 7.1392 0.923 10.711
soil at 30 cm depth 3.3833 7.0684 0.925 10.595

air 11.705 3.711 0.624 23.732

Willow coppice a (fertilized with
wood ash)

soil at 10 cm depth 13.208 5.2599 0.861 18.397
soil at 20 cm depth 3.0773 7.1014 0.870 17.765
soil at 30 cm depth 3.9833 7.0135 0.876 17.381

air 18.471 4.4872 0.804 21.835

Willows coppice a (fertilized with
sewage sludge)

soil at 10 cm depth 18.319 6.4946 0.785 27.095
soil at 20 cm depth 2.8699 9.0258 0.826 24.339
soil at 30 cm depth 3.6427 8.9083 0.825 24.444

air 33.539 4.859 0.676 33.219

soil at 10 cm depth −1.5836 9.1019 0.742 41.625
RCG soil at 20 cm depth −8.4343 11.882 0.705 44.469

soil at 30 cm depth −8.5966 11.857 0.711 44.030
air 17.667 7.2884 0.655 48.060

a Willow coppice plots with different soil-fertilisation practices were analysed separately due to significant
differences in their magnitude of CO2 fluxes (Figure 2).

3.3. Relationships between Annual Soil GHG Fluxes, Soil General Chemistry and Parameters of
Vegetation Biomass

An impact of soil general chemistry on mean soil GHG fluxes was not observed
(Figure 4), excluding a slight impact of soil C/N ratio on soil N2O fluxes (moderate
negative correlation was found, ρ = −0.48, p = 0.008). In plots dominated by deciduous
trees and willow coppice, soil CO2 fluxes positively correlated with tree above-ground
biomass (ρ = 0.39, p = 0.042, Figure 5). In addition, soil CO2 fluxes positively correlated
with total root biomass (ρ = 0.45, p = 0.024, Figure 5). Other correlations between soil GHG
fluxes and parameters of vegetation biomass were not observed.

3.4. Annual GHG Fluxes

Annual CO2 flows (sum of autotrophic and heterotrophic respiration) were calculated
using equations describing relationships between soil CO2 fluxes and soil temperature
(Table 4). Daily mean soil temperature data for 2020 and 2021 from the closest meteorologi-
cal station (Skrı̄veri) of the Latvian Environment, Geology and Meteorology Centre (5.5 km
from the study site) calibrated (corrected) to the research site data was used. Annual CO2
flows (mean ± S.E. form 2020 and 2021) were 4.62 ± 0.08 t CO2-C ha−1 yr−1 in deciduous
tree plots and 7.70 ± 0.15 t CO2-C ha−1 yr−1 in RCG plots, while annual soil CO2 flows in
willow coppice plots ranged from 5.59 ± 0.10 t CO2-C ha−1 yr−1 in plots initially fertilised
with wood ash to 7.01 ± 0.12 t CO2-C ha−1 yr−1 in plots initially fertilised with sewage
sludge. In deciduous tree plots of agroforestry systems, annual CO2 flows were statistically
significantly lower than in RCG and willow coppice plots (p = 0.001).
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dominated by deciduous trees, willow coppice, or RCG in agroforestry systems in hemiboreal Latvia.

Annual CH4 and N2O flows were calculated as the average of the monthly average
flows (expressed as kg CH4-C or N2O-N ha−1 yr−1), maintaining the contribution of all
seasons in the calculation of the average value of annual soil CH4 and N2O flows. The
results of the annual soil CH4 flows revealed that deciduous tree and RCG plots were CH4
sinks (with annual CH4 emissions of -1.19 ± 0.57 and -1.16 ± 0.45 kg CH4-C ha−1 yr−1,
respectively), while willow coppice plots were CH4 sources (with annual CH4 emissions of
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6.39± 6.39 kg CH4-C ha−1 yr−1). Annual soil N2O flow was 1.00 ± 0.22 kg N2O-N ha−1 yr−1

in deciduous tree plots and 1.14 ± 0.58 kg N2O-N ha−1 yr−1 in RCG plots, while annual
soil N2O flows in willow coppice plots ranged from 0.46 ± 0.31 kg N2O-N ha−1 yr−1

in plots initially fertilised with wood ash, to 1.76 ± 0.40 kg N2O-N ha−1 yr−1 in plots
initially fertilised with sewage sludge. Thus, deciduous tree, willow coppice, and RCG
plots all acted as sources of N2O emissions. No statistically significant differences in annual
CH4 and N2O fluxes between plots with different dominant vegetation type were found
(p > 0.05).

4. Discussion

Within this study we investigated the magnitude of soil-to-atmosphere GHG fluxes
in hemiboreal deciduous tree and willow coppice-based AF systems with mineral soil in
Latvia. The proposed hypothesis that soil-to-atmosphere GHG fluxes in hemiboreal agro-
forestry systems varied significantly under different dominant vegetation type (deciduous
trees, willow coppice, perennial grass) and among different initially applied soil fertilisation
was partially confirmed and are discussed in the following paragraphs separately for CO2
(sum of autotrophic and heterotrophic respiration), CH4, and N2O fluxes.

4.1. CO2 Fluxes

The annual soil CO2 fluxes in the deciduous tree plots of the AF system
(4.62 ± 0.08 t CO2-C ha−1 yr−1) and in willow coppice plots (from 5.59 ± 0.10 to
7.01 ± 0.12 t CO2-C ha−1 yr−1 depending on the initially used fertilisation practice) were
similar to the ranges reported for AF systems in cropland with Phaeozem soil type (loam)
(5.0–6.7 t CO2-C ha−1 yr−1 [4]), for willow coppice soils (4.6–5.0 t C ha−1 yr−1 [55]) in Germany,
and for a bioenergy plantation with fast-growing Populus trees (5.89 CO2-C ha−1 yr−1 [21]) in
Belgium, and slightly higher than those reported for shelterbelt soils (4.1 t CO2-C ha−1

yr−1 [7]) and hybrid poplar intercropping systems (3.7 t CO2-C ha−1 yr−1 [10]) in Canada.

4.1.1. Impact of Seasonality and Environmental Factors on CO2 Fluxes

Temperature (and thus, seasonality) was detected as a significant affecting factor of
soil respiration or CO2 fluxes. Our results highlight a strong linear increase of soil CO2
fluxes with increasing temperature at all research subplots dominated by both deciduous
tree, willow coppice, and RCG. This is in line with observations reported in a number of
studies (e.g., [4,19,20,31,34]) and can be explained by an increase in photosynthesis and
the consequent supply of carbohydrates from the leaves to the roots and rhizosphere, and
with a simultaneous increase in microbial, fungal, and root activity at higher temperatures
during the warmer months [43,56]. The impact of soil moisture on soil respiration (mostly
parabolic relationships) has also been reported in earlier studies (e.g., [4,43,57,58]). We did
not find trends between air moisture and instantaneous soil CO2 fluxes, but soil-moisture
measurements were not investigated in this study.

4.1.2. Impact of Dominant Vegetation Type and Initially Applied Soil-Fertilisation on Soil
CO2 Fluxes

The type and composition of vegetation—although secondary to climatic and sub-
strate factors—is an important determinant of soil respiration rate, affecting soil respiration
by influencing soil physical and chemical properties, such as microclimate and soil bulk
density, the quality and quantity of dead organic matter (plant litter: detritus, which feeds
soil organisms) supplied to the soil and the overall rate of root respiration [26,34,59,60].
Our results—which show significantly lower instantaneous soil CO2 fluxes in plots domi-
nated by deciduous trees or willow coppice compared to RCG plots—support conclusions
affirming the importance of vegetation type on soil CO2 fluxes, as well as conclusions as-
serting that soil respiration is consistently lower in tree-dominated ecosystems—including
tree rows in AF systems—than in grassland or other agricultural practices under similar
conditions [26,34]. This may most likely be explained by the dense rhizosphere associated
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with high microbial activity and higher root density and thus the amount of C allocated
to the roots in grasslands [34]. In addition, we found a positive correlation between in-
stantaneous soil CO2 fluxes and total root biomass, indirectly confirming the contribution
of root respiration to total soil CO2 fluxes. At the same time, many studies were found
stating that development of the root system decreases soil bulk density [61]; therefore,
increased porosity can be associated with increased gas exchange, and thus with higher
GHG emissions [62]. Similarly, a positive influence of rooting on annual soil CO2 efflux
has previously been found; for instance, on a bioenergy plantation of fast-growing Populus
trees [21]. However, our finding contrasts with that of Shao, who did not observe any
significant differences in average soil CO2 fluxes between cropland AF and monoculture
systems [4], and with that of Peichl et al. [10], Bailey et al. [63], Medinski et al. [43], and
Amadi et al. [7,31], who found higher soil CO2 fluxes under trees than in the adjacent
agricultural areas. Higher soil CO2 fluxes under trees were explained by enhanced tree-
root respiration and microbial activity due to modified microclimate and the litter cover
providing a continuous source of available organic matter [7].

Vegetation also influences soil respiration rates through differences in the quantity
and quality of litter produced (dead organic matter supplied to the soil); the availability of
organic substrate is a critical factor for microbial growth, and, thus, soil respiration increases
with increasing production of plant litter [26,56]. In our study, the lack of correlations
between mean soil CO2 fluxes and biomass of tree above-ground litter across subplots was
probably due to the local scale of the study (there is less variation in soil respiration rates
among nearby stands than at broader geographic scales, as emphasised, for instance, by
Raich and Tufekcioglu [26]). Nevertheless, in the willow coppice plots, the higher annual
soil CO2 flows in plots initially fertilised with sewage sludge (compared to control sites)
can be explained by the additional input of organic matter through initial fertilisation and
the higher input of litter, as evidenced by the study results. Furthermore, more intensive
mineralization of organic compounds by microorganisms has been observed in areas with
greater availability of N sources [62], as it is in our plots initially fertilised with sewage
sludge (relatively the highest N input through initial fertilisation, Table 1). In addition, in
the plots dominated by deciduous trees and willow coppice, we found a positive correlation
between soil CO2 fluxes and basal area, characterising the net primary productivity of
above-ground tree parts. A higher primary production usually results in higher litter
production supplied to the soil; thus, a greater amount of C substrates are available for soil
microorganisms, leading to a positive correlation between soil heterotrophic respiration
and gross primary production [19].

4.2. CH4 Fluxes

The annual soil CH4 uptake (removal) rates in the deciduous tree AF-system plots
and RCG plots (1.19 ± 0.57 and 1.16 ± 0.45 kg CH4-C ha−1 yr−1, respectively) were
similar to that reported for AF systems in cropland with a Phaeozem soil type (loam)
(0.8–1.0 kg CH4-C ha−1 yr−1 [4]), for poplar short rotation coppice (0.5–1.2 kg CH4-C ha−1

yr−1 [30]) and for miscanthus and willow coppice (0.0–0.3 and 0.6–0.9 kg CH4-C ha−1 yr−1,
respectively [55]) in Germany. Kim et al. calculated, based on a compilation of 26 data sets
from 15 peer-reviewed publications of net changes in CH4 emissions, that soils under AF
oxidise 1.6 ± 1.0 kg CH4 ha−1 yr−1 [6]. In contrast to the deciduous tree and RCG plots,
the willow coppice plots estimated within this study were CH4 sources (with annual CH4
emissions of 6.39 ± 6.39 kg CH4-C ha−1 yr−1).

4.2.1. Impact of Seasonality and Environmental Factors on CH4 Fluxes

Although significant differences in instantaneous soil CH4 fluxes between seasons
were found, our study and most others (e.g., [7]) did not observe any strong relationship
between instantaneous soil CH4 fluxes and temperature. Only moderate negative correla-
tions between soil CH4 fluxes and soil temperature were found in the RCG plots. Previous
studies have demonstrated that temperature was more important in CH4-source soils [64].
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Higher mean soil CH4 fluxes (emissions) in willow coppice plots can be explained by
periodically high groundwater level, specifically in willow coppice plots, creating anoxic
conditions. Previous studies have demonstrated that soil moisture is the dominant soil CH4-
flux controlling factor (e.g., [7]) especially in CH4-sink soils [64]. Soil moisture influences
methanogenic activity and CH4 oxidation by restricting O2 diffusivity from the atmosphere
into the soil, thus allowing soil CH4 fluxes [4,29]. An earlier study showed larger soil
CH4 uptakes when soil water content was low [4]. Within this study, soil moisture was
not monitored.

4.2.2. Impact of Dominant Vegetation Type and Initially Applied Soil Fertilisation on Soil
CH4 Fluxes

In general, tree introduction in agricultural land may alter CH4 fluxes from soil, due to
increased sources of methanogenic substrate (labile carbohydrates: appropriate materials
for the process of CH4 production), increased soil organic C promoting CH4 oxidation, and
shifts in methanotroph community structure and activity [65]. Studies on soil CH4 fluxes in
AF systems have shown that the introduction of woody vegetation into cropping systems
may significantly increase soil CH4 consumption [7]. Like Kim et al. [6,66], we did not find
a significantly higher CH4 uptake in the deciduous tree AF-system plots compared to their
adjacent RCG plots. At the study site, woody vegetation introduction on agricultural land
promoted a decrease in soil bulk density [67]. Theoretically, the lower soil bulk density
and greater microporosity promotes gas diffusivity (soil aeration) and thus increases CH4
consumption by methanotrophs [6,7,10]. Like soil moisture, soil bulk density was not
measured in this study but should be included in future studies.

Statistically significant differences in instantaneous soil CH4 fluxes between soil-
fertilisation practices were found in all plots except those dominated by hybrid alder.
Higher mean soil CH4 fluxes (emissions) in plots initially fertilised with sewage sludge
(relatively the highest N input through initial fertilisation, Table 1) were found in the willow
coppice and RCG plots. This probably can be attributed to the inhibition effect of nitrogen
fertiliser on CH4-oxidizing bacteria due to the competence between NH4

+ and CH4 at the
enzymatic level [29,68,69].

4.3. N2O Fluxes

In AF systems, the annual soil N2O fluxes in deciduous tree plots (1.00 ± 0.22 kg N2O-
N ha−1 yr−1), willow coppice plots (from 0.46± 0.31 to 1.76 ± 0.40 kg N2O-N ha−1 yr−1 de-
pending on initial fertilisation practice), and RCG plots (1.14 ± 0.58 kg N2O-N ha−1 yr−1)
were similar to those reported for shelterbelt soils (0.65 kg N2O-N ha−1 yr−1 [7]) in Canada,
for poplar short rotation coppice and grassland (<0.1 and 0.8 kg N2O-N ha−1 yr−1 [30])
and for miscanthus and willow coppice (−0.05–1.41 and −0.001–0.05 kg N2O ha−1 yr−1,
respectively [55]), in Germany. The abovementioned Kim et al. meta-analysis calculated
that soils under AF emitted 7.7 ± 3.3 kg N2O ha−1 yr−1 [6], emphasising that AF type
determines the difference in soil N2O fluxes between AF and adjacent agricultural land.

4.3.1. Impact of Seasonality and Environmental Factors on N2O Fluxes

Like the case of soil CO2 fluxes among seasons, we recorded decreases of soil N2O
fluxes in the following order: summer, autumn, spring, winter. The highest soil N2O
fluxes were detected during the summer (with mean values ranging from 0.020 ± 0.001 to
0.039 ± 0.005 mg N2O-N m−2 h−1), while the lowest fluxes were detected in winter (mean
values ranged from −0.002 ± 0.003 to 0.005 ± 0.001 mg N2O-N m−2 h−1), highlighting the
importance of temperature for biological processes determining soil N2O fluxes. Amadi
et al. found increased N2O emissions in spring (following thawing of frozen soils), when
a cumulative effect involving soil moisture, the presence of surplus N from fertilization,
and substrate for the soil microbial community due to residue decomposition promoted
denitrification, facilitating N2O emissions [7].
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4.3.2. Impact of Dominant Vegetation Type and Initially Applied Soil Fertilisation on Soil
N2O Fluxes

Tree presence in agricultural land can affect the soil microbial community and inhibit
the denitrification process in the soil due to tree root uptake of residual N and the moderat-
ing effect on microclimate caused by taking up excess soil water [7,31,70]. Several studies
have found higher soil N2O emissions in conventional monocropping systems compared
to tree-based AF systems, because they did not receive N fertilizer (e.g., [31,71,72]). Among
the plots dominated by different deciduous tree species, willow coppice, and RCG that we
studied, significant differences in instantaneous soil N2O fluxes were not detected.

As in the case of soil CO2 fluxes, an impact of initially used soil fertilisation practices
was found only in plots dominated by willow coppice, where higher instantaneous soil
N2O fluxes were recorded in plots initially fertilised with sewage sludge (with which
the comparatively largest amount of additional N was initially applied). This agrees
with Kavdir et al. [73] and Gauder et al. [55], who also found remarkable differences in
observed soil N2O fluxes between N-fertilisation regimes. Thus, the presence of available
N in saturated soils has been considered a favorable condition for increased soil N2O
emissions [31]. In addition, among numerous abiotic factors and physicochemical soil
properties that affect the production and consumption of N2O in soils, several studies have
found that annual N2O fluxes were more closely related to the soil C/N ratio than to other
parameters [74]. Although soil C/N ratio in the study sites had a narrow range—from
9.1 to 12.9—we found a slight impact of soil C/N ratio on soil N2O fluxes (a moderate
negative correlation was found). In general, the detected soil C/N ratio range in the study
sites corresponded to the soil C/N ratio values (~11) at which the highest N2O fluxes are
expected [24].

4.4. Limitations of the Study and Necessity for Further Research

This study supported the knowledge of soil-to-atmosphere GHG fluxes in AF systems
specific to hemiboreal regions. Nevertheless, to quantify the total climate change mitigation
potential of these land use systems and to analyze more deeply the factors causing the
differences in GHG emissions, several missing aspects of the study and necessity for further
research were identified. Missing aspects include soil moisture and soil bulk density
measurements which should be included in future studies. To delineate region-specific
CO2 emissions factors for AF systems in agricultural land with mineral soil for the IPCC
accounting system, continuation of the study would have to include quantitative estimation
of the contribution of autotrophic and heterotrophic respiration to total soil respiration and
C input through above and below ground litter of vegetation. Additionally, it is necessary
to include in the further study different type of hemiboreal AF systems (e.g., shelterbelts,
buffer strips and hedges) with different soil types including those with organic soils.

5. Conclusions

In hemiboreal AF systems with mineral soil combining deciduous trees and willow
coppice with adjacent perennial grass cover, temperature is the most important determinant
of instantaneous soil-to-atmosphere CO2 (sum of autotrophic and heterotrophic respiration)
and N2O fluxes, while there were no pronounced relationships between temperature
and soil CH4 fluxes. Consequently, the highest soil CO2 and N2O fluxes were detected
during the summer. Dominant vegetation type is also an important determinant of soil-to-
atmosphere GHG fluxes. Among the studied AF systems, RCG plots showed a significantly
higher mean instantaneous CO2 flux compared to other plots, while the highest mean
instantaneous CH4 fluxes were found in plots dominated by willow coppice, but no impact
of dominant vegetation type on instantaneous soil N2O fluxes was found. Screening of
relationships between annual soil GHG fluxes, soil general chemistry, and parameters
of vegetation highlighted a slight impact (negative correlation) of soil C/N ratio on soil
N2O fluxes, but soil CO2 fluxes positively correlated with total root biomass and, in plots
dominated by deciduous trees and willow coppice, soil CO2 fluxes positively correlated
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with basal area. Particularly in willow coppice AF systems, higher instantaneous soil GHG
fluxes were recorded in plots initially fertilised with organic matter and N-rich fertiliser
(sewage sludge) compared to control sites and sites initially fertilized with mineral fertiliser
(wood ash).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land12030715/s1, Figure S1: Relationships between soil CO2 and
N2O fluxes and soil and air temperature, grouped by dominant vegetation type (deciduous trees,
willow coppice or RCG) in plots of agroforestry systems.

Author Contributions: Conceptualization, D.L., A.B. (Andis Bārdulis) and K.M.; methodology, D.L.
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