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Abstract: Greenhouse gas (GHG) emissions are influenced by physical, chemical, biological, and
anthropogenic factors. The objective of the study is to carry out a comprehensive analysis of the
emissions of three important agricultural GHGs (CO2, N2O, and CH4) in both rows and alleys of
a vineyard (1) and to understand their interactions with the agricultural operations carried out in
the experimental plot, namely tillage, inter-row management, application of mineral and organic
fertilizers, and irrigation and pruning, as well as the agroclimatic conditions of the plot (2). The
study was conducted in a vineyard of Vitis vinifera L. cv. Tempranillo blanco in the DOCa. Rioja
grape-growing region, during 2017, 2018, and 2019. Cumulative CO2 emissions were highest in
2018, reaching 934.7 ± 66.5 kg ha−1 day−1 in the alleys and 926.8 ± 76.5 kg ha−1 day−1 in the
rows, in agreement with the wetter year and organic matter decomposition at the end of 2017. N2O
emissions during the three-year study were mainly affected by mineral fertilizer application, with
increases of 41.1 g ha−1 day−1 in the alleys and 49.3 g ha−1 day−1 in the rows during 2018, and
33.1 g ha−1 day−1 in the alleys and 39.6 g ha−1 day−1 in the rows in 2019. Regarding CH4, anaerobic
soil conditions in 2018 (the year with the highest rainfall) led to the highest flux of CH4 emissions
to the atmosphere, with 215.5 ± 51.0 g ha−1 day−1 in the corridors and 238.4 ± 54.9 g ha−1 day−1

in the rows. This study emphasizes the complex interplay of physical, chemical, biological, and
human-related factors affecting GHG emissions in viticultural soils. Understanding these dynamics
is essential for developing sustainable vineyard practices that minimize emissions and contribute to
climate change mitigation.

Keywords: greenhouse gases (GHGs); vineyard; chromatography; tillage; organic amendment;
precipitation; temperature

1. Introduction

Global warming, caused by the increase in greenhouse gas (GHG) emissions, has
become one of the main issues affecting the environment [1]. The Intergovernmental Panel
on Climate Change (IPCC) has estimated that human activities have caused global warming
of approximately 1.0 ◦C and recommended limiting it to 1.5 ◦C to avoid extreme heat
events and disruptions in insect and plant phenology [2]. According to the panel, CO2 is
responsible for 70–80% of total GHG emissions in agriculture, while CH4 represents 10–12%,
and N2O accounts for 5–7%. Deforestation for agricultural expansion also contributes to
CO2 emissions by reducing the ecosystem’s ability to absorb and store carbon. However,
agriculture can also be part of the climate change solution by adopting sustainable practices
and improving organic waste management. For instance, using organic fertilizers instead
of synthetic ones can reduce nitrous oxide emissions, and soil management practices can
enhance soil carbon sequestration [3].
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CO2 is the primary GHG contributing to global warming. Anthropogenic activities not
only affect the atmospheric composition but also have a significant impact on the soil system
globally. Soils, as major carbon stores, play a crucial role in regulating atmospheric CO2
concentrations [4]. In agricultural activities, CO2 production results from root respiration
and organic matter decomposition, influenced by soil temperature and moisture [5]. Studies
by Rey et al. [6] on forest respiration in central Italy found that soil temperature and
moisture explained over 91% of the annual variation observed. Precipitation and irrigation
water also influence gas emissions, as shown by Yu et al. [7], who found correlations of
54.8% to 62.2% between CO2 emissions and soil moisture in different vineyard plots.

Moreover, carbon dioxide release is related to agricultural practices, as soil manage-
ment influences its organic carbon content [8]. Tilled soils can emit more CO2 than untilled
soils, as tillage creates a favorable environment for soil microorganisms to decompose
organic residues [9]. Studies like that of Franco-Luesma et al. [10] have linked tillage and
irrigation to carbon cycling in the soil, finding significant impacts on soil carbon dynamics.
Additionally, the implementation and management of cover crops, along with compost
addition, influence soil carbon dynamics, nutrient availability, and microbial activity [11].

N2O is a significant greenhouse gas generated through nitrification–denitrification
processes, responsible for ozone layer depletion, increased global warming, and climate
change [12]. The excessive use of nitrogen fertilizers contributes to higher atmospheric
N2O concentrations [13,14]. Management practices such as irrigation, fertilizer type, soil
mineral N content, total organic carbon, dissolved organic carbon in soil water-filled pores,
and temperature also influence N2O emissions [15]. Meijide et al. [16] studied the influence
of organic and mineral fertilizers on nitrification and denitrification processes in maize
cultivation, obtaining emission ranges between 6.0 and 9.3 kg N ha−1.

On the other hand, CH4 is released in soils through the process of methanogenesis
under anaerobic conditions. Simultaneously, it is consumed by methanotrophic microorgan-
isms that utilize both oxygen (O2) and methane (CH4) for their metabolism [17]. Along with
nitrous oxide, CH4 has increased in concentration due to land use changes and intensified
agriculture. Soils can act as weak CH4 sinks or sources, depending mainly on soil moisture
differences [18].

Regarding vineyard cultivation, a conventional vineyard has two distinct zones: rows
and alleys. Each zone receives different agronomic practices, potentially leading to different
GHG emissions. Previous studies by Yu et al. [7] observed that CO2 release is influenced
by climatic conditions, with correlations between CO2 emissions and soil moisture ranging
from 54.8% to 62.2% in different vineyard plots. For N2O, Garland et al. [19] found that N
fertigation in rows had a greater impact on N2O emissions, while alleys were more influ-
enced by cover crop management and precipitation. In vineyard soils, Livesley et al. [18]
observed both weak CH4 sinks (−3.0 µg m−2 h−1) and weak CH4 sources (16.0 µg m−2 h−1)
depending on soil moisture differences.

Currently, few studies address the relationship between GHG emissions in the rows
and alleys of commercial vineyards located in a Mediterranean climate. Therefore, the ob-
jective of this study was to measure CO2, CH4, and N2O fluxes over three consecutive years
and evaluate their influence based on climatic parameters such as air and soil temperature,
as well as atmospheric and soil moisture. The study was conducted under conventional
soil management, with cultivator tillage in alleys and inter-row plowing. Additionally, the
impact of other agronomic practices, such as nitrogen fertilization and organic amendments,
on GHG fluxes in the vineyard ecosystem was analyzed.

2. Materials and Methods
2.1. Plot Description and Experimental Design

This study was conducted during the years 2017, 2018, and 2019 in a commercial
vineyard covering 1.11 hectares (Longitude: 2◦31′05.0′′ W; Latitude: 42◦26′27.2′′ N; 384 m
above sea level) located in the Rioja Alta subzone of the DOCa. Rioja (Figure S1), with
an average slope of 1%. The vineyard consisted of Vitis vinifera L. cv. Tempranillo Blanco
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grafted onto Richter-110 (R-110) rootstock and was in full production. The spacing between
the alleys and between the vines within the rows was 3 and 1.1 m, respectively (Figure S1).
The 14-year-old vegetative material had row-oriented northwest–southeast and a bilateral
Royat cordon training system.

To carry out the study, three nonadjacent subplots were selected, each consisting of one
row and two alleys, serving as replicates. Within each row, a total of 50 uniform vines were
marked based on their development, growth, general appearance, and health conditions.

Agronomic practices implemented in the vineyard included drip irrigation during
the driest years (2017 and 2019) in July, the incorporation of pruning residues into the
soil obtained in November, the management of spontaneous cover through cultivation to
eliminate weeds throughout the plant’s vegetative period, and N–P–K mineral fertiliza-
tion applied between March and May of each study year at a rate of 300 kg per hectare.
Additionally, in November 2017, semi-composted cow manure was applied at a dose of
15,000 kg per hectare, which was immediately covered by carrying out tillage in the alleys
of the vineyard. This facilitated the integration of organic manure with soil aggregates. The
different agricultural operations are grouped in Table S1.

Regarding gas emission measurements, they began on April 2017, coinciding with the
vine bud break, and concluded in November 2019 with the vineyard’s vegetative dormancy.

2.2. Climatic Characteristics

For the determination of climatic parameters during the years 2017, 2018, and 2019,
records of rainfall and atmospheric and soil temperatures from the agroclimatic station
in Logroño were used. The station is in the La Grajera area (Longitude: 2◦30′49.0′′ W;
Latitude: 42◦26′22.8′′ N; 465 m above sea level), situated 150–200 m from the study area.
The soil temperature sensor of the climatic station specifically recorded data at a depth
of 10 cm. On the other hand, to determine the temperature used to calculate the GHG
emissions of each gas, a digital thermometer was used to measure the temperature at the
same time and place where the samples were taken in the experimental plot.

The vineyard plot in the study experienced annual precipitation volumes of 413, 669,
and 537 lm−2 (Figure 1), respectively, and an average annual temperature ranging between
14.4 ◦C and 14.9 ◦C over the three years of data recording (Figure 2).

Figure 1. Precipitation (mm) during 2017, 2018, and 2019.
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Figure 2. Temperature record in the years 2017, 2018, and 2019.

2.3. Soil Characterization

For the characterization of the physical environment of the plot, geological and edapho-
logical data were collected by opening a soil pit using an excavator, followed by description
and classification according to soil taxonomy [20]. The methodology used for the determi-
nation of each of the different physical and chemical parameters was as follows:

• Particle size analysis: Laser diffraction with a particle size analyzer LS 13320 (Beckman
Coulter, Indianapolis, IN, United States), equipped with a universal liquid analysis
module and autosampler;

• Oxidizable organic matter: the Walkley–Black method (MAPA, 1994);
• Total nitrogen: the Dumas method;
• Total carbonates: EN 15936:2012 method, with an inorganic carbon analyzer CO-202

(Equilab, Madrid (Spain));
• Active limestone: Nijelshon method (MAPA, 1994);
• Electrical conductivity (preliminary salinity test) and pH in soil suspension: water (1:5).

pH was determined using the EN 15933:2012 method, and electrical conductivity was
determined using the EN 13038:2011 method, with a Metrohm auto-titrator equipped
with a pH meter and conductivity meter.

During the year 2019, a soil moisture analysis was carried out in order to validate
the observations made in 2017 and 2018, which indicated the influence of precipitation on
GHG emissions. Soil moisture was determined using the gravimetric method (Figure 3).
The samples were dried in an oven for 72 h at 70 ◦C, and the percentage of moisture for
each sample was calculated using the difference in weights, expressed as % w/w.

2.4. Determination of GHG

For the determination of GHG emissions, a closed chamber monitoring system was
used, following the method by Parkin and Venterea [21]. Two chambers were installed
in each replicate, one in the rows and another in the alleys of the vineyard, totaling six
chambers across the plot’s surface. These chambers consisted of a PVC ring-shaped base
(Ø = 31.5 cm and h = 16 cm) inserted 5 cm into the soil [4]. The top part of the chamber
was then tightly sealed onto the ring to create a hermetic seal. Gas samples were taken
through a septum on the top using a syringe, extracting 20 mL of the gas sample, which
was immediately transferred to 12 mL inertized vials (Labco, (Lampeter, UK)) [22,23].
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Figure 3. Soil moisture (% w/w) of the surface horizon (row and alley) in the year 2019.

Sampling sessions began early in the morning, coinciding with the first sample col-
lection (t = 0), and subsequent samples were taken at 20 min intervals (t = 20, t = 40, and
t = 60 min) following the method employed by Yu et al. [7].

For quantifying the flux of each of the three gases (CO2, N2O, and CH4), a gas chro-
matography system model 7890A (Agilent, Santa Clara, CA, United States) was used,
equipped with two independent columns (HP-Plot Q, 30 m × 320 mm I.D. × 20 mm film
thickness, Agilent), an automatic sample injector Combi Pal RSI120, PAL3 (Agilent, USA),
and two different detectors: a mass spectrometer (MS) and a microelectron capture detector
(µECD). CO2 and CH4 were determined using mass spectrometry (MS 5975, Agilent) with
m/z 44 and m/z 15, respectively. For N2O quantification, a microelectron capture detector
µECD 7890 (Agilent, USA) was employed.

The chromatographic separation of the GHGs was carried out isothermally (T = 35 ◦C),
operating in the split mode, with helium (He) as the carrier gas at a flow rate of 0.8 mL min−1.

GHG concentrations in the samples (ppm) were determined based on a calibration
curve obtained from three standard gas mixtures with known concentrations. The standard
gas mixtures had high concentrations with 800 ± 16 ppm CO2, 1.5 ± 0.07 ppm CH4, and
0.7 ± 0.07 ppm N2O; medium concentrations with 500 ± 10 ppm CO2, 1 ± 0.1 ppm CH4,
and 0.5 ± 0.05 ppm N2O; and low concentrations with 300 ± 6 ppm CO2, 0.7 ± 0.07 ppm
CH4, and 0.3 ± 0.03 ppm N2O.

Finally, the emission levels for each of the three gases were individually calculated at
the end of the identification and quantification procedure. The ppm concentrations (µL l−1)
were converted to kg ha−1 day−1 for CO2 and g ha−1 day−1 for CH4 and N2O. These
gas concentrations were determined using measurements obtained at t = 0 and t = 60 [24]
following the procedure described by Pereira et al. [25] and Fangueiro et al. [26].

2.5. Statistical Analysis

The data were calculated and presented as the mean of the three repetitions conducted
per date and location (alleys and rows of the vineyard), along with their standard deviation.
This presentation allows for observing the evolution over the three years of the study.
The statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad
Software Inc., La Jolla, CA, USA). To calculate the annual cumulative fluxes of emissions
of each of the gases, the daily fluxes calculated for each year of measurement were added
together. Given the small sample size (n = 3), which was insufficient to demonstrate
normality, we chose to use the nonparametric Mann–Whitney U test to identify the possible
significant differences between emissions in rows and alleys of vineyards. A p-value of less
than 0.05 (p < 0.05) was considered statistically significant.
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3. Results and Discussion
3.1. Characteristics of the Plot

The soil type of the vineyard plot belongs to the Inceptisols order, subgroup “Typic
Haploxerepts”. The effective depth of the soil profile was 138 cm, and its physical and
chemical characteristics are detailed in Table 1.

Table 1. Physical and chemical characteristics of the vineyard soil.

Horiz. Depth
(cm) Clay (%) Silt (%) Sand

(%)
OM

(g kg−1) N (g kg−1) C/N Ratio Carbonates
(g kg−1)

AL
(g kg−1)

pH
(Water 1:5)

EC
(mmhos

cm−1)

Ap 55 18.3 41.4 40.4 10.3 0.72 8.31 133.0 39.0 8.4 0.12
Bwk1 70 15.1 39.0 45.9 4.2 0.30 8.23 160.0 46.0 8.7 0.10
Bwk2 13 11.5 33.7 54.8 2.3 0.21 6.19 137.0 33.0 8.8 0.14
Bwk3 62 18.5 30.3 51.3 2.9 0.36 4.69 125.0 42.0 8.7 0.24

Nomenclature abbreviations: OM, organic matters; N, nitrogen; C/N ratio, carbon/nitrogen ratio; AL, active
limestone; EC, electrical conductivity.

The top 55 cm corresponds to the Ap horizon of the plot, which was subjected to
tillage. It exhibited a loamy texture, low organic matter content, basic pH, nonsaline, and a
level of carbonates ranging from low to moderate, with low limestone content.

Regarding the soil moisture in 2019, its values are represented in Figure 3, where it
can be observed that the water content in the vine rows was higher than that obtained in
the alleys of the vineyard. Generally, these differences in moisture between rows and alleys
are seasonal, depending on the time of the year. During autumn and winter, soil moisture
tended to be above 6% w/w, reaching a maximum of 18% w/w in November. On the other
hand, during the summer months, this moisture usually did not exceed 5.5% w/w, except
in July. In that month, a precipitation amount of around 13 l m−2 was recorded two days
before the measurement, coinciding with the application of drip irrigation. This possibly
caused an increase in moisture to around 9% w/w in the rows and 7% w/w in the alleys.
It is worth mentioning that, in February 2019, in both the rows and alleys, the moisture
content was very similar, as was the case in August.

Regarding the moisture values found throughout the vine cycle (2019), it is possible to
assert that the maximum water content in the surface horizon was in spring, autumn, and
winter months, with the minimum humidity observed in summer, including August and
September (Figure 3).

This may indicate that, with higher water content in the rows, emissions from them
will be higher than those from the alleys, especially in months when higher temperatures
favor the respiratory activity of soil microorganisms, as will be explained in the following
section in the detailed study of the behavior of each gas.

An analysis of the temperatures recorded by the agroclimatic station shows that the
soil temperature is dependent on air temperature throughout the year. In the period
from May to September, soil temperatures were found to be higher than air temperatures
(Figure 2). This phenomenon could be attributed to the influence of solar radiation on
the top 10 cm of soil, leading to increased temperatures through irradiation. Additionally,
the lack of vegetative cover in the vineyard plot may explain the observed difference in
behavior during the months with higher average temperatures.

3.2. Carbon Dioxide (CO2)

Figure 4 depicts the levels of CO2 emissions from the soils of a commercial vineyard
in the DOCa. Rioja grape-growing region, expressed in kg ha−1 day−1, during the period
2017–2019. Firstly, it can be observed that the dynamics of the measured fluxes did not
follow the same pattern throughout the three studied vine cycles. This noncoincident
behavior could be attributed to the highly complex nature of the phenomenon, involving
numerous physical, chemical, biological, and anthropogenic factors and processes [4,27],
affecting the volume of CO2 gas emissions from the soil to the atmosphere.
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Figure 4. Evolution of soil CO2 emissions (kg CO2 ha−1 day−1) during the period 2017–2019.
Precipitation is represented as the sum of precipitation on the days prior to the measurement (l m−2).
P = pruning; L = tillage; AM = mineral fertilization; C = digging rows; V = harvest; R = irrigation;
E = organic amendment; * indicates significant differences between row and alley emissions for a
given date at p < 0.05.

In general, CO2 emissions in the first year (2017) recorded annual levels of 295.8 ± 12.1 kg
CO2 ha−1 in the rows and 322.0 ± 11.2 kg CO2 ha−1 in the alleys, mainly due to their
strong dependence on soil moisture, as it was a dry or slightly drier-than-normal year
(Figure 1). Considering the vegetative growth phase (spring) and early ripening (summer),
the total precipitation of these two seasons amounted to 221 l m−2, representing 46% of the
annual precipitation. During these two periods, CO2 emissions were 146.8 kg CO2 ha−1,
accounting for 49.6% of the annual emissions, suggesting the influence of precipitation on
CO2 emissions.

Between the months of May and July, no significant volumes of CO2 flux from the soils
were detected, indicating that these emissions can be considered negligible, not exceeding
35.5 kg CO2 ha−1 day−1 in the alleys or the rows, with an average of 24.5 kg CO2 ha−1 day−1

in the alleys and 25.6 kg CO2 ha−1 day−1 in the rows. The variations observed are closely
related to certain agronomic practices such as cultivation (May) [28]. Related to this practice,
a decrease in emissions in the alleys (7 June) was observed, where the fluxes decreased
from 22.9 kg CO2 ha−1 day−1 (May) to 17.0 kg CO2 ha−1 day−1 (June), while in the rows,
emissions increased from 26.8 kg CO2 ha−1 day−1 (May) to 35.6 kg CO2 ha−1 day−1 (June).
This decrease observed in the alleys could be due to the degassing of the CO2 dissolved in
the soil solution and in the pore space [29–31].

During the month of August (summer), in the full ripening cycle, two dynamics
differed from the behavior observed during that year. The first one (2 August) was that the
emissions in the rows (22.3 kg CO2 ha−1 day−1) were slightly higher than those in the alleys
(13.2 kg CO2 ha−1 day−1), with no precipitation events occurring in the days before the
measurement. These emissions correspond to the only measurements throughout the study
in which fluxes exhibited statistically significant differences between the alleys and rows.
However, toward the end of August (31 August), alley emissions (47.6 kg CO2 ha−1 day−1)
increased and were slightly higher than those in the rows (29.8 kg CO2 ha−1 day−1),
because of continuous rainfall events in which the precipitation accumulated to 36.2 l m−2

(Figure S2). Therefore, it is possible to affirm that when rainfall events occur during the
summer, the accumulated moisture in the soil affects alley emissions to a greater extent,
resulting in higher values than those in the row. However, for the same temperature
conditions, but without previous rainfall, row emissions were higher than those in the
alleys. During the vegetative phase, the plant canopy may have diverted the precipitation
from the vine row, even more affecting the alley. In the absence of rain, the row, being more
shaded, retains moisture better, resulting in higher CO2 gas emissions than the alley.
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Regarding the application of organic matter, at the end of the year (December), an
organic amendment of animal origin was applied with a dose of 15,000 kg/ha in the
alleys using a spreader trailer. However, the levels of CO2 emissions obtained after the
addition of manure were not significantly affected. Previous studies, such as the study of
Calleja-Cervantes et al. [11], revealed that CO2 emissions in vineyard soils increase and
reach their peak between 60 and 120 days after the application of compost, which explains
the relatively low levels recorded in this study between 15.0 and 30.0 kg CO2 ha−1 day−1,
immediately after the application of the organic matter.

During the second year (2018), the annual precipitation recorded was 669 l m−2, indi-
cating a year with above-average precipitation. The global CO2 emissions during this year
were 934.7 ± 66.5 kg CO2 ha−1 day−1 in the alleys and 926.8 ± 76.5 kg CO2 ha−1 day−1 in
the rows.

CO2 fluxes at the beginning of the year remained low, not exceeding 31.8 kg CO2 ha−1

in the rows and 24.8 kg CO2 ha−1 in the alleys. Starting from March, with the pro-
gressive increase in air temperature and consequently soil temperature, the first peak
of GHG emissions occurred in the alleys (77.1 kg CO2 ha−1 day−1) and in the rows
(76.9 kg CO2 ha−1 day−1). In terms of precipitation patterns, they occurred frequently
with low-to-moderate intensity (less than 15 l m−2). The combination of both meteorologi-
cal parameters, i.e., increasing humidity and rising temperature, led to an increase in the
CO2 emissions (Figure S2) due to the activation of soil respiration processes [32] originating
from both microbial activity under aerobic conditions and the respiratory activity of the
vine roots. However, from the end of March to early May, CO2 emissions progressively
decreased, despite the periodic and abundant rainfall (72.6 l m−2) during the first half
of April. These heavy rains may have caused partial soil saturation, creating anaerobic
conditions and consequently reducing soil respiration [33].

Between the phenological stages of flowering (June 2018) and advanced veraison (July
2018), which is late in the vine cycle, significantly increased CO2 emissions were observed,
reaching emission levels of 270.0 kg CO2 ha−1 day−1 in the alleys and 300.0 kg CO2 ha−1 day−1

in the rows. These abnormally high fluxes occurred under very specific climatic conditions,
with average soil temperatures ranging from 20 to 25 ◦C, coinciding with several precipi-
tation events accumulating to 54.4 l m−2. These gaseous emissions have been described
by Rey et al. [34], indicating that warmer and drier soils exhibit a greater response of soil
respiration to rehumidification compared with cold and dry soils. Regarding the higher
emission fluxes in the rows when large volumes of precipitation occur, it has been observed
that these turbulent events modify runoff, forming furrows and channels that carry water
from alleys to rows, increasing the soil moisture values in the latter. Furthermore, the
reduced emissions in alleys are also facilitated by the formation of a surface crust in the
alleys, limiting the infiltration of rainwater and gas exchange [35].

In an advanced stage of vine maturation, in mid-September 2018, a slower decline
in CO2 emissions from the soils was observed, noticeable in both the alleys and the rows,
which could be associated with higher humidity conditions resulting from a new precipita-
tion event (30.4 l m−2).

In the final phase of the vine cycle, coinciding with leaf fall (14 November), a peak of
CO2 emissions was observed in the alleys and rows, differing significantly in the magnitude
of the fluxes, with values of 97.7 and 48.6 kg CO2 ha−1 day−1, respectively. This difference
may be a consequence of a notable decrease in air and soil temperatures during this phase,
affecting the respiratory activities, both microbial and root-system-derived, significantly
reducing emissions in the rows. Additionally, the higher emissions in the alleys are
attributed to the incorporation of pruning and pre-pruning residues into the soil, which,
when fragmented, could release CO2 into the atmosphere as they decompose and mineralize
the organic matter. López-Urrea et al. [36] demonstrated that the use of the incorporated
pruning residues in the soil could reduce soil evaporation, and this, together with the
succession of rainfall events (15 l m−2) on previous dates, explains the higher CO2 emissions
in the alleys tan in the rows of the vineyard.
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Regarding the third year (2019), the annual precipitation was 537 l m−2, slightly
higher than a normal year, and like the first year (2017), it was characterized by low
emissions. The global annual CO2 flux sum was 232.7 ± 13.9 kg CO2 ha−1 in the alleys and
223.0 ± 16.7 kg CO2 ha−1 in the rows, with no significant differences observed between
the two vineyard areas.

During the vegetative and reproductive phases of the vine (2019), two discrete CO2
emission peaks were observed, both of similar magnitude. The first peak coincided with
spring (April), a season characterized by a continuous increase in atmospheric temperature
and frequent precipitation events. During this month, the accumulated precipitation
reached 63 l m−2, with an average temperature of 11.4 ◦C. Emissions in April reached
43.3 and 45.1 kg CO2 ha−1 day−1 in the alleys and rows, respectively. These CO2 flux
volumes were similar in magnitude to those recorded during the peak summer (July),
quantified at 44.3 and 52.5 kg CO2 ha−1 day−1 in the alleys and rows, respectively, measured
during a very moderate precipitation event (10 l m−2) occurring two days before the
measurement. Furthermore, early in July, a cultivator pass was carried out, which may have
favored this release of CO2, as cultivation improves soil aeration and alters the structure of
the topsoil, exposing labile organic matter and facilitating its decomposition [37].

In summary, CO2 emissions during the three years of study did not follow cyclical
patterns with annual periodicity but do correspond in magnitude with emissions observed
in other studies, for example, the values found by Marques et al. [33] in vineyards of
Portugal. These authors observed that the first CO2 peaks appeared in the months from
March to May, as also observed in this study, where the first peak occurred in March 2018
and in April 2019. Additionally, the highest emissions coincide with the summer months,
associated with moderate precipitation events under thermal conditions between 20 and
25 ◦C.

3.3. Nitrous Oxide (N2O)

The levels of N2O emissions from the soils of the commercial vineyard in the DOCa.
Rioja grape-growing region are presented in Figure 5, expressed as g ha−1 day−1, during
the period 2017–2019. In the first year (2017), similar to CO2, the N2O levels remained
constant with emissions similar to those obtained by Marques et al. [33], who evaluated
the impact of vegetation cover versus tillage in vineyards and obtained emission values
between 0 and 10 g N2O ha−1 day−1. In 2017, only two discrete emission peaks were
detected. The first peak (31 August) was observed with values of 16.3 g N2O ha−1 day−1 in
the alleys and 16.7 g N2O ha−1 day−1 in the rows, both with the same order of magnitude,
also coinciding with the maximum values obtained by Marques et al. [33] whose peak flow
rates were in the range of 10–30 g N2O ha−1 day−1. This slight increase in emissions in the
mentioned peaks is related to several precipitation events, with accumulations of 30 l m−2,
that occurred days before the measurement (Figure S2). According to Yu et al. [38], the
behavior of nitrous oxide is mainly affected by soil moisture, which directly influences the
increase in its emissions. At the end of this year (10 October), a second discrete emission
peak occurred in which the alleys showed differences in N2O flux compared with the rows.
This uneven behavior may have been caused by the tillage practice carried out in the alleys,
where values of −1.1 g N2O ha−1 day−1 were recorded, unlike the rows, where the soil
aggregates were not disturbed, and emissions were 14.8 g ha−1 day−1. Fangueiro et al. [26]
studied emissions in rice cultivation and did not detect clear trends in N2O behavior when
tillage was performed.

Regarding the application of semi-composted manure (November 2017), no signif-
icant differences were detected in N2O emissions in the alleys or the rows in the imme-
diate measurement afterward, where values of 4.8 g N2O ha−1 day−1 in the alleys and
0.1 g N2O ha−1 day−1 in the rows were obtained. Fernández-Rodríguez et al. [39] did
not obtain significant differences during the first year of study when applying organic
amendments, but they observed significant differences in the second year, most likely due
to the slower mineralization of organic matter under anaerobic conditions [40]. In this
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sense, Zhu et al. [41] stated that compost could contribute to higher N2O emissions by
reducing the substrate limitations of C and N for microbial activity.

Figure 5. Evolution of soil N2O emissions (g N2O ha−1 day−1) during the period 2017–2019. Pre-
cipitation is represented as the sum of precipitation on the days prior to the measurement (l m−2).
P = pruning; L = tillage; AM = mineral fertilization; C = digging rows; V = harvest; R = irrigation;
E = organic amendment;.

In the second year (2018), N2O diffusion values were low throughout the cycle, not
exceeding 7.1 g N2O ha−1 day−1, except for very specific moments, which coincided
with abundant precipitation events, such as in April, where persistent rains accumulated
to 71.4 l m−2 in the days before the measurement. Marín-Martínez et al. [24] observed
that, in a dry period, soil re-wetting caused increases in N2O fluxes, possibly due to
the recovery of aerobic nitrifying bacteria activity [42]. These rainfall events, along with
agronomic practices such as the application of a mineral N–P–K fertilizer (15-15-15) dosed
at a rate of 300 kg ha−1 on 7 April, caused measurements on 19 April to show fluxes of
53.9 g N2O ha−1 day−1 in the rows (Figure 4) and 41.3 g N2O ha−1 day−1 in the alleys,
coinciding with the results of Cowan et al. [43]. These authors [43] observed that the highest
flux after mineral fertilization occurred in the first 6–7 days after treatment, with a complete
decrease in the N2O fluxes after two or three weeks. Similarly, Sander et al. [44] found
that most of the N2O emissions occurred after nitrogen fertilization. During the following
months, several well-defined peaks were observed, the first one at the end of May and the
second one in mid-July. These emission increases are related to short periods of moderate
rainfall (20.6 and 54.6 l m−2, respectively), which, together with temperatures of 21.1 ◦C in
May and 24.2 ◦C in July, caused N2O fluxes to increase from 28.5 to 42.2 g N2O ha−1 day−1

in the rows, and from 22.0 to 28.1 g N2O ha−1 day−1 in the alleys. These values indicate that
N2O emissions are highly dependent on soil temperature and moisture [16]. In July, since
the temperature was higher, and there were more precipitation events, higher emission
fluxes were observed than in May. It should be noted that precipitation volume is the
variable that most influenced N2O emissions (r = 0.35 in the alleys; r = 0.27 in the rows),
while the relationship with temperature obtained values close to zero.

The third year (2019) was characterized by presenting a period of high emissions
between the months of March and August, including the vegetative growth phases of
the plant and the beginning of grape ripening. The values of N2O flux remained in
a range between 11.2 and 41.2 g N2O ha−1 day−1 in the alleys and between 12.8 and
42.7 g N2O ha−1 day−1 in the rows. During this period, 41% of the annual rainfall was
recorded (Figure 1), causing moisture to accumulate mainly in the rows (Figure 3), which
could have favored higher N2O fluxes from February to September in the rows than in the
alleys. Lazcano et al. [45] also explained this in the same way, as they obtained daily average
N2O fluxes that correlated significantly and positively with soil moisture in vineyard rows
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but not in alleys. There are studies that demonstrate that precipitation events increase N2O
emissions from soils, with most associating it with the first precipitation event [22,38] by
measuring immediately at the moment of precipitation. This differs from our results, as
there was one day between the precipitation and the measurement, during which it did
not rain, which, combined with high soil temperatures (24.6 ◦C), would have caused rapid
evaporation of the water in the soil.

In March, mineral fertilization was carried out, which caused N2O emissions for that
month to increase from −0.1 g N2O ha−1 day−1 to 33.2 g N2O ha−1 day−1 in the alleys
and from 3.1 g N2O ha−1 day−1 to 42.7 g N2O ha−1 day−1 in the rows. This observation
matched those results of Garland et al. [19], who obtained higher emissions in the rows
after mineral fertilization, through fertigation.

Likewise, in the quantification of both CO2 and N2O emissions carried out after
the grape harvest, there was a marked decrease in the fluxes of both gases, which was
repeated in the three years of measurements, most likely caused by the onset of the vine’s
vegetative rest, leading to a reduction in root and microbial respiratory activity. During
October, November, and December of the three years of this study, the mean N2O fluxes
oscillated between −0.8 and 5.8 g N2O ha−1 day−1 in the alleys and between −1.4 and
7.1 g N2O ha−1 day−1 in the rows. This observation is corroborated by Heller et al. [46],
who studied maize cultivation and also obtained similar seasonal patterns for CO2 and
N2O. However, Garland et al. [22] obtained the highest fluxes for vineyard cultivation in
October, coinciding with the first precipitation event, which reached a maximum peak of
360 g N2O ha−1 day−1 in the alley.

During the three years of this study, negative N2O emission values were recorded in
some measurements. These soil uptakes occurred in February, September, and October of
all three cycles, where the emissions found were between−2.1 and−7.6 g N2O ha−1 day−1

in 2017; between −2.5 and −2.7 g N2O ha−1 day−1 in 2018; and between −0.1 and
−12.7 g N2O ha−1 day−1 in 2019. The common feature of the months and periods in
which these values were obtained is that no precipitation events occurred in the days prior
to the measurement, so the soils were dry. Long periods of drought can significantly reduce
soil moisture and therefore soil gas emissions. In these conditions, the soil can become a net
sink for N2O [47]. Also, Garland et al. [22] obtained similar results of negative emissions
when studying N2O fluxes in a vineyard’s alleys and rows. They observed that most of
the negative N2O fluxes occurred in dry soils with a water-filled pore space between 15%
and 25%.

In summary, N2O emissions remained constant, with fluxes mainly associated with
precipitation events and the application of mineral fertilizers. The increase in emissions
associated with nitrogen fertilizer application was of a similar order of magnitude in
2018 and 2019. These N2O fluxes increased by 41.1 g N2O ha−1 day−1 in the alleys and
49.3 g N2O ha−1 day−1 in the rows during 2018, and by 33.1 g N2O ha−1 day−1 in the
alleys and 39.6 g N2O ha−1 day−1 in the rows in 2019. Therefore, the application of this
agronomic practice significantly elevated N2O emissions.

3.4. Methane (CH4)

During the year 2017, regarding methane gas (Figure 6), there were measurements at very
specific moments when emissions were positive, so methane flows to the atmosphere were more
frequent in the rows, totaling 245.8 g CH4 ha−1 day−1 (April: 22.1 g CH4 ha−1 day−1; August:
1.0 g CH4 ha−1 day−1; September: 11.5 g CH4 ha−1 day−1; October: 26.6 g CH4 ha−1 day−1;
and December: 184.6 g CH4 ha−1 day−1) and 181.3 g CH4 ha−1 day−1 in the alleys (June:
5.5 g CH4 ha−1 day−1; August: 4.5 g CH4 ha−1 day−1; October: 41.4 g CH4 ha−1 day−1;
and December: 130.8 g CH4 ha−1 day−1). However, when calculating the annual CH4
emissions considering all flow values, including negative ones, the net emissions resulted
in −138.9 g CH4 ha−1 day−1 in the alleys and 4.1 g ha−1 day−1 in the rows. These CH4
emission levels matched the results of Wolff et al. [48], who observed that the alleys of
a vineyard in California acted as net sinks for CH4, while the rows, with drip irrigation,
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caused a decrease in methane oxidation and, therefore, an increase in emissions to the
atmosphere. Also, Ball et al. [49], in their study on methane oxidation in different soil
types in southeastern Scotland, also provided evidence indicating that high soil moisture
content can restrict CH4 diffusion to methanotrophic bacteria, reducing methane uptake
and oxidation.

Figure 6. Evolution of soil CH4 emissions (g CH4 ha−1 day−1) during the period 2017–2019. Pre-
cipitation is represented as the sum of precipitation on the days prior to the measurement (l m−2).
P = pruning; L = tillage; AM = mineral fertilization; C = digging rows; V = harvest; R = irrigation;
E = organic amendment; * indicates significant differences between row and alley emissions for a
given date at p < 0.05.

In the first year of the study (2017), a clear pattern regarding methane emissions in
the vineyard was not established. Throughout the vine’s growth cycle, some negative
peaks were observed, with the first one recorded in July (6 July), with CH4 flows of
−16.1 g CH4 ha−1 day−1 in the alleys and−17.4 g CH4 ha−1 day−1 in the rows. The second
peak was registered in August (2 August), with emissions of −79.6 g CH4 ha−1 day−1 in
the alleys and −17.2 g CH4 ha−1 day−1 in the rows. During this period, there were no
precipitation events in the days prior to the measurements, and the soil temperatures
were high, reaching 25.5 ◦C and 28.6 ◦C, respectively. This could indicate that the soil
surface horizon was dry, which could explain the negative results found for CH4 emissions.
This phenomenon is common in dry Mediterranean climate ecosystems, where soils can
play a significant role as sinks for atmospheric CH4 [24,50]. However, in December, with
a precipitation accumulation of 49.2 l m−2 and the application of semi-composted cow
manure (20 December), a marked increase in CH4 emissions was detected due to the
processes of decomposition, mineralization, and humification of organic matter in the
soil. Animal manure, in general, contains methanogenic bacteria that can release CH4
because of the anaerobic decomposition of easily degradable carbon compounds [51]. This
organic amendment led to an increase in microbial activity, resulting in higher methane
emissions during this last month, reaching flows of 184.6 g CH4 ha−1 day−1 in the rows
and 130.8 g CH4 ha−1 day−1 in the alleys. Fangueiro et al. [26], in their research on rice
cultivation, also observed significant increases in CH4 after the application of the first
fertilizer, when microorganisms began to consume carbon to process urea, generating
CH4 emissions.

During the second year (2018), positive overall CH4 emissions were recorded in both areas
of the vineyard, i.e., the rows (238.4 g CH4 ha−1 day−1) and the alleys (215.5 g CH4 ha−1 day−1).
This year stood out for having the highest annual precipitation recorded (669 l m−2).
Pu et al. [7] revealed that, in maize cultivation, a high soil water content favors CH4
release. Additionally, CH4 production is strongly linked to anaerobic conditions, showing
a positive correlation with soil moisture, according to the studies of Gao et al. [52] and
Smith et al. [53]. However, in their study of a vineyard, Lazcano et al. [45] observed a
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negative correlation between daily CH4 fluxes and %WFPS (percentage of soil moisture
relative to field capacity).

At the beginning of this year (January), no emissions were generated, as the soil acted
as a methane sink, with values of −70.1 g CH4 ha−1 day−1 recorded in the alleys and
−101.4 g CH4 ha−1 day−1 recorded in the rows, but in the following month, emissions
rose again to 91.6 g CH4 ha−1 day−1 in the rows and 84.1 g CH4 ha−1 day−1 in the alleys.
Emissions in March (27 March) continued to increase, very likely due to shallow soil
tillage before the measurement, a practice that favored the CH4 release in the alleys of the
plot (142.9 g CH4 ha−1 day−1) compared with the rows (115.1 g CH4 ha−1 day−1). The
increase in CH4 emissions could be a consequence of the application of composted organic
matter from the amendment applied in late 2017. Additionally, aeration due to shallow soil
tillage could have favored CH4 release occluded in the soil pore system, leading to higher
methane emissions in the alleys, as observed with CO2 [7]. However, Wolff et al. [48],
in the results of their study, also obtained less methane oxidation in the reduced tillage
treatment, possibly due to tillage favoring greater aeration in the soils. On the other hand,
Franco-Luesma et al. [10] could not establish a relationship between tillage and the release
of higher concentrations of methane gas.

In the third year of the study (2019), a pattern like the first year (2017) was observed,
with an identical trend in methane capture in the soil, both in the alleys and rows of the
vineyard. The overall annual emissions from the alleys were −153.2 g CH4 ha−1 day−1,
while those from the rows were very similar, around −155.8 g CH4 ha−1 day−1. In this last
year, no noteworthy agronomic practices that may have affected soil microbial communities
regarding methane release were carried out, showing a different behavior from the year
2018, when an organic amendment was applied in the alleys (December 2017), and it was
the rainiest year. Therefore, by analyzing the gas flows in 2017 and 2019, it is possible to
indicate that the soils are CH4 sinks under aerobic conditions [54].

In terms of the emission volume, the estimated CH4 flows were like those found by
Lazcano et al. [45] in vine cultivation, registering daily CH4 flows ranging from a maximum
of 358 g CH4 ha−1 day−1 to a minimum of −555 g CH4 ha−1 day−1 throughout the
study, with most emissions being negative or close to zero. Additionally, as pointed out by
Pu et al. [55] for maize cultivation, it can be inferred that soils with low water content release
less CH4 due to prevailing aerobic conditions in the soil, favoring methane oxidation.

4. Conclusions

In this study, we investigated greenhouse gas (GHG) emissions in a vineyard, examin-
ing the complex associations between these emissions, climatic factors, and agricultural
practices. The analysis covered both the alleys and rows of the vineyard, without revealing
significant distinctions between these areas. In particular, temperature and precipitation
volume were found to be crucial factors contributing to CO2 emissions, with correlation
coefficients (rs) of 0.20 and 0.16 for temperature, and 0.44 and 0.30 for precipitation volume,
respectively, in the rows and alleys (Figure S2), which support this claim. This fact also
reflects that there are other influential factors that potentially moderate these emissions,
such as agricultural practices like tillage. Regarding N2O emissions, the findings of this
study highlight the dominant role of mineral fertilization and precipitation volume, as
shown in Figure S2. In addition, it was also found that N2O fluxes throughout most of the
three years of the study were predominant in the vineyard rows. While the soil acted as a
methane sink throughout most of the study, with constant negative values, the introduction
of organic amendments significantly increased the positive CH4 fluxes, being the most
influential agricultural practice on CH4 emissions. However, methane emissions exhibited
confusing patterns in the framework of this study, implying contextual influences yet to be
identified or characterized comprehensively.

The findings of this study may contribute to a better understanding of the role of soils
in Mediterranean climates, serving as sinks or net sources of GHGs, and thus could be of
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benefit for soil management due to the great complexity of understanding the interactions
between the various GHGs studied.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy13092199/s1, Figure S1: Location of the study plot and experi-
mental design based on rings placed both in the vineyard alleys and rows.; Figure S2: Spearman’s
rank correlation coefficients (rs) of the analysis between precipitation volumes before measurement
and temperatures for CO2, N2O, and CH4 in 2017, 2018, and 2019.; Table S1: Agricultural operations
carried out in 2017, 2018, and 2019 in the experimental plot.; Table S2: Cumulative emissions and
minimum and maximum ranges of CO2 (kg ha−1), N2O (g ha−1), and CH4 (g ha−1) for the 2017,
2018, and 2019 measurement years in the alleys and rows.
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