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Abstract

:

Soil CO2 efflux is a pivotal component of agro-ecosystem C budgets. It is considered a proxy indicator of biological activity and a descriptor of soil quality that is strongly linked to agricultural soil management. We investigated the effects of soil fertilization practices (organo-mineral (OMN) versus chemical (C)) on soil under-vine CO2 efflux (TSR) in an Italian rainfed vineyard (cv Chardonnay). The TSR was measured using the chamber technique as follows: a close multi-chamber system (prototype) was placed under a vine. Data (CO2, temperature, and moisture) were acquired hourly during two consecutive years (2021 and 2022) from flowering to berry ripening. Physical–hydrological soil parameters were determined, and the seasonal trends of the TSR, soil temperature, and soil moisture were assessed. The TSR measurements fluctuated for the 2021 season, ranging from 1.03 to 1.97 µmol CO2∙m−2∙s−1 for the C treatment, while for the OMN treatment, the TSR measurements ranged from 1.24 to 1.71 µmol CO2∙m−2∙s−1. Extreme weather conditions (2022) highlighted the differences between the two agronomical practices, and a decoupling was found between the TSR and the soil water content, with the TSR being controlled primarily by the soil temperature. At the daily scale, the findings showed that the TSR reached its minimum in the early morning hours (5:00–8:00). The results promote organic–mineral nutrition as an improved practice for soil carbon storage (restoration of the organic fraction) by reducing the TSR, permitting the preservation of soil quality and stabilizing the hydrological traits by preserving the biotic activities.
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1. Introduction


Agricultural systems are key sectors for the achievement of EU environmental priorities, such as achieving climate neutrality by 2050. The transition to carbon-neutral agriculture means achieving a net-zero balance of the emissions and sinks of all greenhouse gases on farms in terms of CO2 equivalents. Agriculture directly accounts for 18.4% of greenhouse gas emissions, and it is the second-largest sector in the world in terms of altering greenhouse gas production [1,2]. In order to mitigate agricultural impacts and guide farmers towards sustainable agricultural and food systems, agricultural systems require integrated ecological approaches that are able to improve soil health and quality, store carbon, and reduce CO2 emissions [3]. Total soil respiration (TSR) is the major component of the CO2 global flux of agro-ecosystems, and it is defined as a process driven by soil microorganisms and crop roots that consume O2 and emit CO2 [4]. Studies on TSR and factors that regulate CO2 fluxes in soil–atmosphere interfaces have mainly been focused on forest and grassland ecosystems [5,6,7], while fewer studies have been concerned about TSR in the agricultural sector in semi-arid regions such as those in the Mediterranean [4,5,6,7,8,9]. Vineyards, which are among the most widespread cropping systems in the world, are usually grown in soils characterized by low soil organic carbon, and increases in TSR can contribute to soil quality decline [8,10]. It is recognized that TSR is controlled by physical–chemical factors, such as total organic carbon content (TOC) or soil porosity (sandy soil), which promotes microbial biomasses and root turnover [11], thereby increasing soil respiration. However, TSR is also affected by abiotic factors such as soil temperature and moisture [10,12,13]. Seasonal variations in TSR vary with plant species, plant phenology, soil fertility [14,15], and soil water content—a pivotal variable in controlling soil respiration [16]. Low and high soil water contents reduce soil respiration by limiting substrate availability and avoiding CO2 transport, respectively [17,18]. TSR also depends on the soil management techniques adopted in a vineyard. Among agricultural practices, compost addition and mineral fertilization, soil tillage, and irrigation regimes can profoundly affect soil carbon (C) emissions, influencing soil organic carbon (SOC) storage [19,20,21,22]. Soil fertilization and organic amendments to Mediterranean soils can increase TSR and, for example, enzyme activities [23].



In particular, the increasing risk of water-deficit stress due to global warming will necessitate increases in vine irrigation for arid and semi-arid regions [20,21,22,23]. There is a need for viticultural systems to adapt to tougher water-saving policies [24] by adopting strategic cultural practices that are able to promote water savings, thereby preserving soil chemical and biochemical fertility and reducing CO2 emissions from vineyard soils. Nevertheless, information regarding the effects of cultural practices such as fertilizer and irrigation management on the components of soil respiration and the underlying microbial community characteristics in vineyard ecosystems remains limited [25]. In particular, long-term continuous measurements of CO2 emissions from vineyard soils are essential for increasing knowledge about the multiple roles played by soil and environmental abiotic factors, as well as those played by the soil microbiome on TSR [26]. Soil CO2 fluxes can be measured by a variety of techniques, and while no single method has been established as a standard [27], chamber techniques have been used to estimate soil respiration for more than eight decades and remain the most commonly used approach [28]. TSR is usually determined over a relatively small area (<1 m2) using a surface chamber [29].



The study aim was to estimate soil respiration as well as its diurnal and seasonal fluctuations and its variability in a rainfed vineyard under two different under-vine soil management schemes: organo-mineral fertilizer versus chemical fertilizer. Knowledge of the seasonal and spatial variability of TSR will allow for a better interpretation and clarification of soil carbon dynamics in vineyards under different fertilization practices, and it is a critical component of global greenhouse gas flux measurements in perennial cropping systems.




2. Materials and Methods


2.1. Study Area Characterization


The study was conducted over two consecutive seasons, namely, 2021 and 2022, in a tested vineyard located in the PDO Orvieto, sub-area Classico (Figure 1A,B). This territory is a historical and classic wine-grape-growing area, where the Tiber River splits the area into two homogeneous sub-areas (the western and eastern sides of the Tiber River) with variable physiographic characteristics and soil types that range from sedimentary to volcanic to alluvial. In particular, the southern sectors (the Montecchio municipality, Umbria Region, Central Italy) where the vineyard is located are mainly characterized by sedimentary soil [29]. This study area is also sensitive to climate alteration [30]; in particular, a progressive warming has been demonstrated, with alterations in precipitation patterns toward more intense precipitation.



The tested vineyard was planted in 2000 with Chardonnay grafted on V. Berlandieri × V. Rupestris rootstock (1103 P) and trained in a cordon vine-training system at a distance of 0.8 m × 3 m off the ground (Figure 1B,C). The soil management practices employed were those that are standard in conventional viticulture, in particular, the control of the grasses based on reduced soil tillage (combined harrows) from flowering until harvesting.




2.2. Experimental Design


The experiment had two treatments: organo-mineral nutrition (OMN) and chemical fertilizer (C, control monitoring and a common soil fertilization used by the winegrower) (Figure 1E). Each treatment was applied on three consecutive rows of 70 vines (cv Chardonnay).



The chemical fertilizer (treatment C) used Nitrophoska (12% nitrogen) spread at 125 kg·ha−1, and the application was fractionated in two operations from post-harvest to full flowering. The organo-mineral fertilizer was applied in the spring using 90 g of AGROFERT (10-5-15) per vine and again in autumn using 90 g of BELFRUTTO fertilizer (5-10-15) per vine (Figures S4 and S5). The treatments were applied to all three rows in order to obtain homogenic vegetative, microclimate, and soil conditions, but only the middle row was used for the soil surveying. In order to avoid the edge border, two buffer areas of 20 vines were considered in the middle row surrounding a core area of 30 vines where the ground soil sensors (GSS), including the soil respiration chambers, were placed for analyzing the total soil respiration (TSR) and where the soil pits (Figure 1C,D) were located. The treatments were implemented for two consecutive seasons (2021 and 2022) in order to analyze their impacts on the total soil respiration (TSR) at the seasonal and daily scales as indicators of soil microbial activity and as critical links in carbon cycling and the formation of soil organic matter [31,32].




2.3. Soil Surveying


Soil surveying was conducted using two soil pits (P1 for the OMN treatment and P2 for the C treatment) with dimensions of 0.50 × 1.50 × 2 m in size, and they were located in the middle rows near a core area of 30 vines for both treatments and used for the soil microscale traits assessment (Figure 1C,D). The profiles were described, photographed, and classified according to the international soil classification system [33,34]. Soil samples of each of the soil horizons were subjected to analysis to determine their physical, chemical, and hydrological properties [35], such as soil texture, according to the standard methodology proposed by the Soil Survey Staff (1998) [36]; soil pH, determined in deionized water with a glass electrode [37]; organic nitrogen reserves (total nitrogen—TN g/kg), measured using Kjeldahl’s procedure; apparent electrical conductivity (ECa—dS/m); soil available phosphorous (P—mg/kg); and soil organic matter (g/100 g) according to the FAO standard operating procedures. In addition, the following data were determined: the effective cation exchange capacity (CEC) according to the ISO 11260:2018 standard procedure [38]; the four most abundant exchangeable cations in the soil, namely, calcium (Ca—meq/100 g), magnesium (Mg—meq/100 g), potassium (K—meq/100 g), and sodium (Na—meq/100 g), according to Pleysier and Juo (1980) [39]; and the ratio C/N, which was computed considering that the soil organic matter (SOM) is composed by the stoichiometric percentage of 58% carbon (C = SOM (%) × 1.72) [40]. Undisturbed samples were used for determining the pF curves over the full range of Pf 0–4.2 because of the major influences of both pore size distribution and soil structure on moisture retention (hydrological constants) by a pressure membrane apparatus [41]. In the range of pF 3.0 to 4.2 (equivalent to pressures of 1.0 to 15.5 bar), soil water is primarily retained in very small pores, and so soil water retention is dominantly influenced by soil texture. The pF curves were plotted using the soil moisture water contents (volume %) of the filled pores at a certain matric potential (Kpa). Table 1 shows the matrix potential points at which the water contents were determined.



The points expressed in pF from 0 to 100 were determined in a Stackman’s tank from 2.5 to 4.2 in a Richards’ pressure apparatus [39]. Next, the sample was dried in an oven at 105 °C for determination of the bulk density. The point pF 4.2 corresponded to the soil moisture at the point of wilting.



The gravimetric moisture percentages were determined to be 33 kPa for the establishment of the field capacity (FC) and 1500 kPa for the permanent wilting point (PWP). The available water capacity (AWC) [39] was calculated according to the following equation:


AWC = FC − PWP.



(1)








2.4. Soil Respiration Determination by Chamber Prototype


2.4.1. Prototypes for Continuous TSR Assessment


The under-vine soil respiration chamber prototypes (SRCps) (n.6) were placed in plexiglass and had dimensions of 0.60 × 0.20 × 0.20 m (Figure 2a) [41,42], and each had an area of 0.12 m2 and a volume of 0.024 m3. The bottoms of the chambers were pushed into the soil in the under-vine area. Each side of the box had a system (Figure 2a) that entered 0.10 m into the ground in order to hold the box in place and prevent CO2 from leaking out. Each SRCp had two holes in the narrower side walls that allowed CO2 to be dispersed after each measurement with the help of a small, automatically activated fan. During the season, in order to protect the sensors inside each SRCps from direct sunlight, each SRCp was covered with a protective structure (Figure 2b) to protect the sensors from direct sunlight, as well as metal side bulkheads designed to protect the chambers from inter-row machine impacts. In particular, the interspaces between each SRCps and the bulkheads were filled with soil (Figure 2b) in order to create layer buffers to prevent possible effects of inter-row soil management practices that could influence the CO2 determination and cause displacement and consequently compromise the data accuracy (such as possible CO2 leakage).




2.4.2. Sensoristics


Each SRCp was equipped with sensors for detecting the integrated temperature (Ts) and relative humidity (Ur) of the soil at depths of 0 and 10 m (Adafruit SHT10) [43], as well as an integrated sensor for detecting CO2 (EZO-CO2tm) [44] (Figures S2 and S3) that was located at 10 cm from the soil surface, together with a fan (Figure 3) that was used to homogenize the air before the CO2 measurement and allow air renewal after each measurement. In addition, each SRCp was equipped with a solar panel used to charge the rechargeable 12 v Li-ion battery pack that was included in the prototypes. This arrangement allowed for maintaining the batteries at optimum charge levels throughout the experimentation period and for collecting data at nighttime.



Finally, a communication module allowed for data connection to the mobile communication network and for transferring the data to the cloud platform for data processing.



During the two seasons (2021 and 2022), from the flowering to the berry ripening growing phenological stages, the soil moisture and temperature parameters were monitored outside the chamber prototypes (using the same sensor types) for the total soil respiration (TSR, µmol CO2∙m−2∙s−1) and used according to Rochette and Hutchinson (2005) [27] for correcting the pressure effects induced by the chamber’s air temperature.




2.4.3. Installation of SRCps, Data Acquisition, and Processing


At the beginning of the flowering stage (BBCH 060, which, in central Italy, corresponds to May), the six SRCps were placed under-vine. Three were located in the vines under common fertilization (C, the farming fertilization protocols) and three were under-vine under OMN management. Then, at pre-harvest, the six boxes were removed to facilitate the passage of the mechanical harvester during harvest, and they were relocated soon after during post-harvest and finally removed at the end of each of the studied seasons (October 2021 and 2022).



The data were collected and transmitted hourly during the seasons. The data processing was concerned with the following: (i) the conversion of CO2 measurements (ppm) to µmol/(m2s) and (ii) the relative humidity values expressed in percentages and data-normalized according Rochette and Hutchinson (2005) [27] using the following formula:


(Xn − Xmin)/(Xmax − Xmin).



(2)







Data from the three prototype chambers of each of the two agronomic management treatments were processed into seasonal averages, and the most significant daily intervals were determined. The daily interval selected was the time slot corresponding to sunrise (05:00–06:00). The data were plotted according to the following BBCH phenological stages: BBCH 65–71: full flowering—fruit set; BBCH 71–79: fruit set—advanced grape cluster development; and BBCH 81–89: veraison—fully ripe fruit and berries ready for harvest.




2.4.4. Statistical Analysis


The raw time series data from the soil respiration chambers were available at a temporal resolution of one hour for all variables considered in this study. The data were pre-processed for various analyses in our study. Grubbs’ test was used to detect a single outlier in a one-hour temporal resolution dataset. Then, the dataset was used to calculate the mean daily values for all studied variables. The daily time series were standardized to detect extreme events and to remove possible outliers. To analyze how the CO2 effluxes varied with time (the 2021 and 2022 seasons) and treatment (C and OMN), we used generalized linear mixed-effects models (GLMMs).



Linear regression analyses were also performed to identify the effects of the environmental variables—soil temperature and moisture—on the TSR. Correlations among these factors were calculated with Pearson correlation coefficients. A Pearson correlation analysis among soil parameters was performed, and principal component analysis (PCA) was carried out based on the correlation matrix. This method is commonly used to investigate variability in geochemical datasets, and it was applied in order to identify correlations among the parameters and to understand the role of each variable in each soil profile.



All statistical analyses were performed using XLSTAT software (trial version—accessed in 12 December 2022).






3. Results


3.1. Soil Characterization


The soil profiles (P1 and P2) were classified as type Ap-Bw-BC (Ap, plowed A horizon; Bw, weathered B horizon; and BC, B horizon, with only sesquioxides and a dense C horizon) or deep and moderately evolved, and both of them were classifiable as inceptisols and calcaric cambisols. The soil texture for both profiles (Table 2) was medium clay-loam, with CEC values that ranged from 20.35 to 29.98 meq/100 g and SOC contents (Table 3) that were lower in the top soil of the P1 profile (0.66%) than they were in the P2 profile (1.25%).



Regarding the soil hydrological traits, both profiles showed a mean total porosity of 45%.



At pF 2 (equivalent to the mm head of water per dm of soil thickness), the values corresponded to the storage capacity of the groundwater and/or the perched water soil humidity among the soil profiles, and these values were similar. At pF 2.5, which conventionally represents the field capacity or the amount of water that the soil can hold against gravity, P1 showed lower values at all considered depths compared with P2. The moisture regimes of the soil profiles decreased, with the permanent wilting point reached at pF 4.2 for the value of the water content (vol %), which was 20% for the top soil of P1 (a 0.50 m depth) and 24.5% for the top soil of P2 (a 0.30 m depth) (Table 4). The AWC values and porosity at 0.2 microns were greater in the P1 topsoil than in the other samples.



Statistically significant correlations (Pearson’s coefficients) were found between the porosity (>0.2 microns) and pF 3, and at pF 4.2 and AWC (Table 5), significant correlations were found between the clay and the CeC, as well as between the SOC and the TN. Additionally, a multivariate statistical analysis was carried out using principal component analysis (PCA) methods that estimated the independent and linear combinations of the original variables. The first component (F1) accounted for 56.3% of the variance in the data, and the subsequent PC (F2) accounted for 33.9%; taken together, these represented 90.2% of the cumulative variance. In particular, among the loading factors, the F1 axis had a strong positive loading for saturation (0.827), pF 3 (0.831), and pF4.2 (0.977), as well as available water capacity (AWC) (0.991), air capacity (0.685), total porosity (tp) (0.827), porosity greater than 0.2 microns (0.987), bulk density (BD) (0.549), and CEC (0.859). The correlation biplot (Figure 4) showed the loading factors and score distributions according to F1 and F2. The P1 profiles were split between the upper layer and the bottom one (P1/50 and P1/80, respectively), while the P2 profiles were clustered in the same quadrant (quadrant III, shown in Figure 4). P1/50, the topsoil of the P1 profile, showed a greater correlation with the AWC, and its porosity was greater than 0.2 microns.




3.2. CO2, Ts, and Ur Measurements of the 2021 and 2022 Seasons


The seasonal trends of the TSR, soil temperature, and under-vine soil moisture in relation to the phenological phases observed in the vineyard during the two seasons in 2021 and 2022 and the inter-row tillage (black arrows) are plotted and shown in Figure 5, Figure 6 and Figure 7. The CO2 emissions, soil temperatures, and soil moisture levels differed significantly among the treatments (Table S1) in the 2022 season. The surface tillage of the inter-row resulted in a reduction in the soil moisture in the surface layer, as it reduced the capillary rise and influenced CO2 fluxes.



The total soil respiration (TSR) (Figure 5) fluctuated in the 2021 season between a maximum of 1.97 µmol CO2∙m−2∙s−1 and a minimum of 1.03 µmol CO2∙m−2∙s−1 for the C treatment, while for the OMN treatment, the TSR ranged from 1.24 to 1.71 µmol CO2∙m−2∙s−1. The TSR was influenced by rainfall and showed an increasing tendency in the presence of rainfall, which reduced the soil temperature and increased the soil moisture.



During the 2022 season, the TSR values for both the C- and OMN-treated vines ranged from 1.18–2.80 µmol CO2∙m−2∙s−1 to 0.94–3.07 µmol CO2∙m−2∙s−1, respectively. The soil respiration was lower in the vines managed with the OMN treatment during the 2022 season, and it was nearly comparable during the 2021 season. The TSR for the 2021 season showed a constant linear trend during the summertime while the TSR for the 2022 season showed a declining trend from late spring to the end of summer. In the early summer of each season, the TSR values reached the highest effluxes.



The soil temperature (Figure 6) showed similar seasonal trends for the tested treatments (OMN and C), while the soil moisture levels (Figure 7) of the vines under the C fertilizer were always higher in both seasons than those recorded for the vines under the OMN fertilizer.



The linear regression analysis (Figure 8) showed how environmental factors such as temperature and soil moisture influenced the flux of CO2 into the soil. In particular, in the 2021 linear regression, these factors were related to the treatment applied (chemical versus organo-mineral fertilization). The respiration–temperature relationships over the seasonal cycles for both treatments (i.e., the OMN and C) showed increasing linear trends for 2021, while for 2022, the OMN treatment exhibited a decreasing linear trend. The respiration–relative humidity and the respiration–temperature relationships exhibited increasing linear trends for 2022.




3.3. Daily CO2 Fluxes


The hourly CO2 flux levels were analyzed after conducting a statistical analysis of outliers, and the time slot corresponding to sunrise (05:00–06:00) was selected. The CO2 fluxes and the Ts trends for the two tested soil nutrition (OMN and C) programs for the two seasons (2021 and 2022) are plotted and shown in Figure 9a,b.





4. Discussion


The warming trend and the decreasing rainfall in the Mediterranean region make it necessary to integrate innovative and sustainable solutions to deal with the impacts of climate change, safeguarding the production capacity (both quantitative and qualitative) of European wine-growing systems and preserving soil function. Among the adaptation and mitigation strategies, soil management and/or supplemental irrigation can be essential tools for the short term to cope with hot climates and water deficits while taking into account water savings, as well as carbon emissions, and seeking to maximize benefits [45,46].



This study focused on the effects of two fertilizer programs—organo-mineral and chemical—on under-vine TSR in a vineyard because it has been recognized that TSR values in under-rows are higher than those in inter-rows in a vineyard [26]. In addition, TSR is an indicator of overall biological activity and a descriptor of soil quality that is strongly linked to agricultural soil management practices, such as tillage and irrigation, but also to abiotic factors (e.g., temperature and moisture) and chemical and physical soil traits [26,47,48]. The soil of the tested vineyard could be classified as clay-loam soil and poor in terms of SOC, and in fact, all the soil profiles could be characterized by very low SOM values (optimal values are between 2 and 3%) [49,50,51], which underlined low fertility conditions.



In the tested vineyard, all soil horizons showed medium-low water retention capacity—which is not ideal for a vineyard in a semi-arid climate [30]—but good porosity. The air capacity (%) ranged between 6 and 7 percent in all horizons. In addition, the bulk density values were similar among the horizons. This soil was extremely dry during the summer season.



Our findings showed that the CO2 effluxes measured by the multi-chamber automatic system prototypes were comparable with those of other studies [26,27,52,53]. The variability in the TSR trends of the two seasons was affected by the abiotic conditions which influenced two of the crucial components of total soil respiration: autotrophic (from roots and root-associated organisms) and heterotrophic (from matter decomposition) processes [26,54,55,56]. The greater CO2 emissions for the under-vine soils in both treatments (i.e., the OMN and C treatments) during the very hot seasons in 2022 could have been related to greater SOM decomposition and microbial activity.



The extreme weather conditions of the 2022 season highlighted the differences between the two agronomical practices. In particular, for the OMN treatment during the 2022 season, the TSR values were significantly and negatively related to soil temperature but positively related to VWC. This represented negative feedback related to the climate warming, as happens in semi-arid ecosystems [57]. Basically, a decoupling between the TSR and the soil water content occurs during dry seasons, and the seasonal variations in TSR values are controlled primarily by soil temperature and secondarily by soil water content.



Under very dry and hot conditions (Supplementary Materials), the OMN treatment maintained low TSR levels and preserved soil fertility by decreasing the annual CO2 released from the soil [52,58]. In fact, the OMN treatment worked as a sponge-like structure due to its composition (>humified SOM). It increased the plants’ available water capacity, retaining water in the soil (i.e., the sponge effect), and it influenced what this implied for water management [50,59]. OMN treatments gradually reduce the water that is useful for microbiota, which decreases their activity and limits the amount of CO2 released [60,61]. Thus, OMN treatments help to restore the SOM contents of degraded/depleted soils such as vineyard soils (SOC < 2%) [62], and it can make them, as well as agroecosystems, climate-resilient. However, when soil temperatures exceed 25 °C [56,63,64], the peculiar effects of OMN are reduced, and actions to preserve them can be decisive. It becomes important to take actions to maintain optimal abiotic soil conditions for microbial activity, control water stress, and, depending on the hydrological characteristics of the soil, apply better scheduling of deficit irrigation in a vineyard for sustainable water use [35,65,66]. TSR hourly data can be useful for understanding how and when microbial activity can preserve and/or improve conditions, and it can guide the decision-making processes of farmers (e.g., scheduling irrigation) to support soil function and preserve the soil’s microbiome. The data showed that the values of the hourly CO2 effluxes decreased, reaching the lowest values in the time slot between 06:00–08:00 and the highest values between 13:00 and 14:00. In order to limit multiple abiotic stressors (e.g., thermal and water stress) to the microbial biomass in topsoil, micro-irrigation scheduling could help to restore the optimum conditions for soil microbial activity and for containing vine stress.




5. Conclusions


In this study, we analyzed the effects of two fertilization practices in viticulture—organo-mineral fertilization and chemical fertilization—on under-vine soil respiration at seasonal (2021–2022) and daily scales. Soil respiration is considered an indicator of soil health, and it provides an overview of soil functionality. The results showed that, especially under extreme climatic conditions, organo-mineral fertilizers improve soil resilience by preserving soil fertility, decreasing the annual release of CO2 from the soil and promoting optimal abiotic conditions for microbial activity in a degraded vineyard (with very low chemical fertility). Furthermore, chamber-based measurements of soil respiration (using our prototype) could be a useful, accurate, and inexpensive tool for providing a continuous picture of seasonal CO2 effluxes (emissions), a parameter that is difficult to measure in agriculture but crucial for estimating the carbon balance of an agro-ecosystem, detecting stress conditions in the microbiome, and, thus, taking timely ameliorative measures (e.g., scheduling irrigation).
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Figure 1. (A) PDO ‘Orvieto’ wine-grape-growing area in Central Italy (Umbria Region) and (B) localization of the tested vineyards planted with the Chardonnay variety grafted with V. berlandieri × V. rupestris (rootstock 1103P). (C,D) The soil pits used for the soil microscale traits assessment (P1: vineyard soil under the C treatment and P2: vineyard soil under the OMN treatment). (E) the experimental designs adopted for the chemical and organo-mineral fertilizers (C and OMN, respectively) that were applied on three consecutive rows (orange cycle) on 70 vines (green points) to analyze the effects of soil nutrition management on total soil respiration (TSR). Two buffer areas were considered to surround the core areas (a tested area of 30 vines) where the GSS (ground soil sensors) were placed to analyze the TSR and where the soil pits (yellow square) were located. 
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Figure 2. Structure of the soil respiration chamber prototypes (SRCps) (a) and the protective bulkheads (b). 
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Figure 3. Soil respiration chamber prototype (SRCps) and its sensors. 
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Figure 4. Principal component analysis (PCA) biplot of the soil profiles and variables (n = 17). The biplot shows the PCA scores of the variables as vectors (in red) and profiles (i.e., P1/50) (blue circles). Variables on the same side as a given soil profile should be interpreted as having a high contribution to it. The magnitudes of the vectors (lines) show the strengths of their contributions to each PC. Vectors pointing in similar directions indicate positively correlated variables, vectors pointing in opposite directions indicate negatively correlated variables, and vectors at approximate right angles indicate low or no correlations. 
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Figure 5. Seasonal variations in the total soil respiration (TSR) during the annual grapevine growth cycle, from BBCH 065: flowering to BBCH 089: berry ripening, during two consecutive seasons (2021 and 2022) under two different vine nutrition programs (organo-mineral (OMN) and chemical nutrition (C)). The daily rainfall amounts and inter-row tillage are shown (black arrows). 
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Figure 6. Seasonal variations in the soil temperature during the annual grapevine growth cycle, from BBCH 065: flowering to BBCH 089: berry ripening, during two consecutive seasons (2021 and 2022) under two different vine nutrition programs (organo-mineral (OMN) and chemical nutrition (C)). 
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Figure 7. Seasonal variations in soil moisture during the annual grapevine growth cycle, from BBCH 065: flowering to BBCH 089: berry ripening, during two consecutive seasons (2021 and 2022) under two different vine nutrition programs (organo-mineral (OMN) and chemical nutrition (C)). 
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Figure 8. Relationship of the under-vine total soil respiration (TSR (µmol CO2∙m−2∙s−1)) with the soil temperature (°C) and the soil moisture (relative humidity (RH) (%)) during the 2021 and 2022 seasons. The blue and red circles represent the vines under the chemical nutrition (C) treatment and those under the organo-mineral fertilizer, respectively. 
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Figure 9. (a) Seasonal trends for 2021 and (b) 2022 of the under-vine CO2 fluxes in the 05:00–06:00 time slot for the two tested soil nutritional management programs (i.e., the chemical soil nutrition (C, farming ordinary soil nutrition management) and the organo-mineral nutrition (OMN) programs). 
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Table 1. The matrix potential reference points expressed in various international units of measure: cm H20, Kpa, pF, and bar.






Table 1. The matrix potential reference points expressed in various international units of measure: cm H20, Kpa, pF, and bar.





	cm H2O
	KPa
	pF
	bar





	0
	0
	0
	0



	100
	10
	2
	0.1



	333
	33.3
	2.5
	0.333



	1000
	100
	3
	1



	15,000
	1500
	4.2
	15










 





Table 2. Physical parameters of the two soil profiles (P1, vineyard soil under the C treatment and P2, vineyard soil under the OMN treatment), where CL denotes clay loam, and the denominations of the soil horizons were determined according to the International Society of Soil Science and reported following the “Keys to Soil Taxonomy” [35].
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Profile

	
Profile P1

	
Profile P2






	
Horizon denomination

	
Ap2

	
Bk

	
BC

	
Ap1

	
Bw1

	
Bw2




	
Horizon depth

	
10–35 cm

	
35–55 cm

	
55–100 cm

	
0–25 cm

	
25–60 cm

	
60–80 cm




	
Sand (%)

	
32

	
37

	
24

	
34

	
31

	
38




	
Silt (%)

	
35

	
35

	
39

	
28

	
35

	
27




	
Clay (%)

	
33

	
28

	
37

	
38

	
34

	
35




	
Textural class

	
CL

	
CL

	
CL

	
CL

	
CL

	
CL











 





Table 3. Chemical parameters of the two soil profiles (P1, vineyard soil under the C treatment and P2, vineyard soil under the OMN treatment), where the denominations of the soil horizons were determined according to the International Society of Soil Science and reported following the “Keys to Soil Taxonomy” [35].
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Profile

	
Profile P1

	
Profile P2






	
Horizon denomination

	
Ap2

	
Bk

	
BC

	
Ap1

	
Bw1

	
Bw2




	
Horizon depth

	
10–35 cm

	
35–55 cm

	
55–100 cm

	
0–25 cm

	
25–60 cm

	
60–80 cm




	
pH

	
8.4

	
8.4

	
8.5

	
8.3

	
8.3

	
8.3




	
Organic matter (%)

	
0.66

	
0.39

	
0.33

	
1.25

	
0.92

	
0.66




	
CSC (meq/100 g)

	
24.19

	
20.35

	
28.48

	
29.98

	
26.04

	
27.25




	
Total N (%)

	
0.046

	
0.03

	
0.026

	
0.079

	
0.062

	
0.046











 





Table 4. Physical–hydrological results from the undisturbed soil samples (P1, vineyard soil under the C treatment and P2, vineyard soil under the OMN treatment).
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Horizon/Sample

	
Saturation

	
Moisture Content by Volume % pF

	
Available Water Capacity

	
Air Capacity

	
Total Porosity %

	
60%

	
Porosity > 0.2 Microns %

	
Apparent Density in gr/cm3




	
pF2

	
pF2.5

	
pF3

	
pF4.2






	
P1/50

	
45.5

	
38.5

	
35.5

	
32

	
20

	
18.5

	
6.9

	
45.5

	
27.3

	
25.4

	
1.6




	
P1/80

	
44.8

	
36.3

	
36.3

	
33.7

	
23.9

	
14.2

	
6.7

	
44.8

	
26.9

	
21

	
1.5




	
P2/30

	
45

	
38.6

	
36.9

	
34.6

	
24.5

	
14.1

	
6.4

	
45

	
27

	
20.5

	
1.5




	
P2/75

	
45.2

	
38.6

	
38.6

	
34.4

	
23.8

	
14.7

	
6.6

	
45.2

	
27.1

	
21.3

	
1.6











 





Table 5. Correlation matrix of the Pearson correlation coefficients.
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	Soil Variables
	Saturation
	pF2
	pF2.5
	pF3
	pF4.2
	Available Water Capacity (AWC) (%)
	Air Capacity (AC) (%)
	Total Porosity (TP)

(%)
	Porosity > 0.2 Microns (%)
	Bulk Density (BD) (gr/cm3)
	Sand (%)
	Silt (%)
	Clay (%)
	pH
	Soil Organic Content (SOC) (%)
	CEC (meq/100 g)
	Total Nitrogen (TN) (%)





	Saturation
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	pF2
	0.699
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	pF2.5
	−0.172
	0.299
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	pF3
	−0.659
	0.027
	0.764
	1
	
	
	
	
	
	
	
	
	
	
	
	
	



	pF4.2
	−0.839
	−0.236
	0.621
	0.962
	1
	
	
	
	
	
	
	
	
	
	
	
	



	Available Water Capacity (AWC) (%)
	0.884
	0.334
	−0.582
	−0.931
	−0.995
	1
	
	
	
	
	
	
	
	
	
	
	



	Air Capacity (AC) (%)
	0.563
	−0.198
	−0.566
	−0.928
	−0.872
	0.820
	1
	
	
	
	
	
	
	
	
	
	



	Total Porosity (TP) (%)
	1.000
	0.699
	−0.172
	−0.659
	−0.839
	0.884
	0.563
	1
	
	
	
	
	
	
	
	
	



	Porosity > 0.2 microns (%)
	0.858
	0.271
	−0.599
	−0.952
	−0.999
	0.997
	0.858
	0.858
	1
	
	
	
	
	
	
	
	



	Bulk Density (BD) (gr/cm3)
	0.870
	0.560
	0.198
	−0.464
	−0.646
	0.674
	0.555
	0.870
	0.665
	1
	
	
	
	
	
	
	



	Sand
	0.873
	0.870
	0.320
	−0.225
	−0.477
	0.547
	0.198
	0.873
	0.508
	0.894
	1
	
	
	
	
	
	



	Silt
	−0.421
	−0.677
	−0.821
	−0.320
	−0.084
	0.022
	0.191
	−0.421
	0.053
	−0.688
	−0.800
	1
	
	
	
	
	



	Clay
	−0.908
	−0.569
	0.533
	0.790
	0.904
	−0.941
	−0.579
	−0.908
	−0.915
	−0.596
	−0.627
	0.034
	1
	
	
	
	



	pH
	−0.321
	−0.890
	−0.629
	−0.479
	−0.229
	0.128
	0.585
	−0.321
	0.193
	−0.302
	−0.674
	0.761
	0.135
	1
	
	
	



	Soil Organic Content (SOC) (%)
	−0.109
	0.631
	0.515
	0.712
	0.550
	−0.461
	−0.880
	−0.109
	−0.523
	−0.213
	0.229
	−0.406
	0.146
	−0.867
	1
	
	



	CEC (meq/100 g)
	−0.881
	−0.512
	0.593
	0.822
	0.917
	−0.948
	−0.606
	−0.881
	−0.926
	−0.556
	−0.570
	−0.036
	0.997
	0.070
	0.191
	1
	



	Total Nitrogen (TN) (%)
	−0.102
	0.636
	0.507
	0.705
	0.542
	−0.453
	−0.876
	−0.102
	−0.515
	−0.211
	0.232
	−0.403
	0.136
	−0.868
	1.000
	0.181
	1







Values in bold are different from 0 at significance alpha level of 0.05.
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