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Abstract

:

Biodiversity is an increasingly important aspect of wine production. The assessment of agro-ecosystem biodiversity is highly complex due to the heterogeneity of the elements involved in the evaluation. For this reason, wine companies have expressed a need for a decision support system (DSS) capable of dealing with this complexity, integrating assessments referring to the whole production system within a single tool. In this study a DSS developed for wine sector biodiversity management assessment is introduced. The DSS, called BIOPASS®, is made up of different sections relating to three compartments in the winemaking process (the soil, the vine and wine). Assessment of the physical, chemical and biological components of soil is a key element of the DSS. We investigate the relationship between biological soil quality (represented by the QBS-ar index), environmental conditions and the type of farming (organic or conventional). 70 soil samples were analysed in different Italian viticultural contexts. The model highlighted the relationships between QBS-ar and meteorological variables (air temperature and precipitation) as well as a positive relationship with organic farming systems. These results provide useful information for understanding agroecosystem biodiversity and will be integrated within the DSS for assessment of soil quality.
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1. Introduction


Despite increasing interest in biodiversity in the agricultural sector and the tools that have been developed to investigate this subject [1,2,3] for the wine sector, aspects involving agroecosystem biodiversity and its functional role in relation to vines, must and wine are difficult to understand and manipulate. This is a result of the complexity of the dynamics of the biotic community in agroecosystems in relation to the environment and agricultural practices [4]. Biodiversity is defined by Millennium Ecosystem Assessment (MEA) as “the variability between living organisms and the ecological complexes of which they are part (terrestrial, marine and other aquatic systems); counting species diversity, between species and ecosystems” [5].



Monitoring biodiversity in agroecosystems requires one to make reference to a large number of indicators instead of a single one [6] to better understand complex system dynamics such as the ones characterizing winemaking systems. Decision support systems (DSSs) are useful tools for making possible the assessment of biodiversity in agroecosystems and the integration of biodiversity indicators. The importance of DSSs in agriculture is widely recognised [7,8], and also for the wine sector a large number of DSSs have been developed in the last few years, although these are mostly dedicated to pest and disease management [9,10,11,12], or to vinification management [5,6,13]. Despite their importance, DSSs are poorly considered as easy and affordable tools for assessing biodiversity in the field of wine, meeting the needs of the agricultural sector, as underlined by Doran and Zeiss [14].



Physical, chemical and biological soil quality play a key role for ecosystem sustainability that has been known for a long time [15,16,17]. In this paper we show how soil biological quality is monitored and assessed as a component of a multidimensional sustainability assessment tool developed for the winemaking sector activity. The tool is a DSS that provides composite indicators for three dimensions: (1) company biodiversity, (2) company sustainability, and (3) soil quality.



Soil biological diversity is one of the most sensitive component of agroecosystem biodiversity to environmental stress and farming, and then it can provide useful indication about the impact of farm and soil management practices. The increasing interest in soil biodiversity motivated the need of developing methods for its investigation in vineyard. Several studies have been carried out in vineyard on soil microbial diversity [18,19], earthworm [20], nematode and microarthropod communities as soil quality bioindicators [19,21,22]. The main results obtained from these studies have highlighted a positive effect of organic farming management on microarthropod populations [21,22], as well as an effect of age of planting and meteorological conditions. For example Costantini et al. [19] identified a positive relationship between rainfall occurred between winter-spring period (from January to April) and microarthropod abundance in an old Italian vineyard. The same authors were able to identify a positive relationship between temperatures and biological diversity. Studies carried out in other agricultural sectors have already highlighted the effect of seasonality on soil microarthropod communities [23,24,25,26]. Indications are generally given about the relationship between edaphic micro-arthropods and soil moisture conditions [19,27,28], but there are few studies that specifically identify the relationship between meteorological conditions and edaphic biodiversity [29]. Other studies have been focused on the assessment of the effect of organic and conventional farming on edaphic biodiversity [22,30,31,32,33,34], although only some of them are referred to vineyard context [22,30]. Further investigations are however required to identify clear patterns describing the relationships between soil biodiversity and environmental and management variables [35] and well as to better explore characteristics of methodologies and indexes proposed for soil biodiversity assessment.



Among the methods applied to investigate soil biological quality, the “Qualità biologica del suolo” (QBS)-ar Index is one of the most frequently applied in the agricultural sector. This method, proposed by Parisi et al. [36], is based on the principle that the greater is the sensitivity of a soil arthropod taxon to variability and perturbation of soil conditions, the greater is the importance of the taxon as an indicator of soil quality. The QBS-ar Index has already been applied by various researchers to different contexts, such as urban and degraded ecosystems [37,38,39,40], forests [23,41,42] and agricultural environments [25,32,43]. QBS-ar applies the criterion of “biological forms” [44] to edaphic microarthropods: different species are grouped according to their morphological characteristics. The Eco-Morphologic Index (EMI) is then associated to each group on the basis of its level of adaptation to environmental conditions [36]. The QBS-ar Index allows to overcome problems related to analysis based on the number and richness of species [2,45,46] and to compare results obtained in different contexts [47]. Moreover QBS-ar Index is an easily to apply and understand index that positively responds to the need to identify easy and affordable tools for assessing biodiversity [14]. This index does not provide any information regarding the abundance of individuals of various species, focousing the analysis to soil arthropods, as reported by Yan et al. [48]. These authors have in fact developed the Abundance-based Fauna Index (FAI) which considers the diversity of the soil faunal community along with its functional traits, and the abundance of its members.



In this study we carried out in-depth analysis of edaphic biodiversity to provide useful information for the design and interpretation of soil biodiversity assessment, in order to improve the DSS. We investigated how environmental conditions (meteorological and pedological) and farming systems (organic compared to conventional farming) influence the composition of the soil arthropod community. With this aim a total of 70 QBS-ar indices were obtained in 2014, 2015 and 2016 from different organic and conventional Italian winemaking contexts. Experimental sites have been chosen among wine farming where the DSS were tested. Chemical soil analyses were carried out in each sampling point, to identify the possible relationship between the pedological and biological characteristics of the soils. Data from different meteorological stations close to the sampling points were collected.




2. Materials and Methods


2.1. The DSS


The DSS to which we refer in this paper (BIOPASS®, for further details see [49,50]), was developed to assess the sustainability of the wine production chain with a set of methodologies. The DSS defines a system in which three main compartments are described: soil, vines and wine, as shown in Figure 1. Specific input and output are identified for each compartment, as well as external drivers influencing the overall system. The input concerned management of the compartment and it was divided into two groups: (i) chemical, physical, mechanical and human related inputs; (ii) actions (e.g., agronomical practices). As regards the output, we considered (i) production outputs, such as agronomical characteristics, chemical characteristics of grapes and wine, sensory properties, and (ii) chemical-biological outputs, if considered to have an impact on the specific environmental context.



The DSS is made up of five modules for comprehensive evaluation of the wine company system:




	
Module 1 addresses the evaluation of structural biodiversity of the farm considered, using indices proposed by ISPRA, an Italian public research institute for environmental studies and protection [3];



	
Module 2 assesses the sustainability of the company. It evaluates how the production processes fulfil the requirements of good practice for wine company sustainability. The evaluation system is based on application of Section 8 of the GEAvite® protocol, as defined in Valenti et al. [51].



	
Module 3 evaluates structural and chemical soil quality. Visual soil assessment is based on the protocol proposed by FAO [52], and chemical soil analysis considers the most commonly measured chemical components (e.g., organic matter content, available phosphorous, potassium and magnesium, for further details see the Materials and Methods section).



	
Module 4 considers soil penetration capacity, which is assessed with static penetrometric measurements [53].



	
Module 5 addresses soil biodiversity, evaluating three major components of soil biota: earthworm presence and demographic structure, mycorrhizae presence, and soil arthropod biodiversity, through application of the QBS-ar index [36]. This paper focus on the latter component of module 5 with the aim of better understanding the environmental and agronomic influences on the QBS-ar index and then obtaining indication for improving the use of the DSS.









2.2. Study Sites


Soil data were collected in ten viticultural areas in Italy. A total of 70 soil samples were collected from 70 different vineyards (without replicates) over three years in 2014, 2015 and 2016. Sampling were performed in May (17%), June (74%), July (6%), and August (3%). All samples were analysed for QBS-ar and chemical characteristics of soil. The vineyards were located in 10 different Italian wine growing areas. In Figure 2 locations and number of samples collected in each wine-growing area are presented.



The soil farming practices were defined by each wine company, however there were criteria allowing their classification into two categories: organic farming, if they are compliant to European Regulation on Organic Farming (reg (CE) n° 834/2007; reg (CE) n° 889/2008 and subsequent modifications and integrations), and conventional farming (for all other cases without any specific environmental certification). In total, 56 samples were from organic vineyards and 14 from conventional vineyards. Organic vineyards were divided into different groups, on the basis of how long ago they had converted to organic production from conventional farming: 3 years or less, between 4 and 9 years, and 10 years or more.




2.3. Meteorological Data


To investigate the influence of temperature and rainfall on the QBS-ar the following variables were calculated for each soil sample, considering a period of 30 days before sampling:




	
Tmax_l: number of days in which the daily maximum temperature was below 20 °C;



	
Tmax_m: number of days in which the daily maximum temperature was between 20 °C and 30 °C;



	
Tmax_h: number of days in which the daily maximum temperature was above 30 °C;



	
Prec_t: total cumulative precipitation (mm);



	
Prec_l: low precipitation period, if cumulative rainfall was 13.50 mm or below;



	
Prec_m: medium precipitation period, if cumulative rainfall was between 13.50 mm and 186.51 mm;



	
Prec_h: high precipitation period, if cumulative rainfall was 186.51 mm or above.








The thresholds used to define the levels of precipitation (low, medium or high) were calculated based on the range defined by the mean ± 1.5*standard deviation of total cumulative precipitation. Values of total cumulative precipitation inside this range were classified as “Prec_m”, values lower than the lower bound of the range where classified as “Prec_l”, while values greater than the upper bound of the range were classified as “Prec_h”. Data were gather from 13 different meteorological stations (see Table 1). The soil sampling dates have been defined in order to avoid or minimize the possibility of overlapping the 30-day observation period of the meteorological variables for sites that refer to the same weather station.



Meteorological data were obtained from the meteorological service of the Brescia province for the Lombardy region and from the American NOAA Global Surface Summary of the Day (GSOD) dataset for all the other regions.




2.4. Chemical Characterisation of Soils


Characterisation of the soil chemistry involved consideration of: soil texture (sand, clay and loam content expressed in g/kg of soil), pH, cation exchange capacity (CSC expressed in cmoli(+)/kg of soil), total and active limestone (expressed in g CaCO3/kg of soil), organic matter content (expressed in g/kg of soil), available phosphorus (mg P2O5/kg of soil), available potassium (mg K2O/kg of soil) and magnesium (mg MgO/kg of soil).



Samples were taken at a depth of 0–20 cm (excluding the first cm of turfgrass) and mixed uniformly. The collected soil samples were air-dried, homogenized and passed through a 2 mm sieve for chemical analysis. Chemical analysis was performed by the Chemical Laboratory of the Fondazione Edmund Mach (San Michele all’Adige, Trento, Italy) according to the Italian regulation (DM 13/09/1999).




2.5. Soil biological Quality Evaluation (QBS-ar)


For this survey, a cubic sample of soil (with a side length of 12 cm) was collected at each site, at the same depth described for chemical soil analyses. The sample was placed in a Berlese–Tullgren funnel and under a 100 W incandescent bulb, the soil was warmed until complete dehydration. Small invertebrates tend to migrate away from the light and take refuge in the damp part of the soil sample (the bottom), then abandoning the soil and dropping into the cavity of the tunnel, from where they slip into a preserving solution.



Division into biological forms was carried out in relation to the characteristics of adaptation to the soil, which makes it possible to associate each systematic group with a numerical value defined as the “Ecomorphological Index” (EMI): the higher the EMI value, the higher the number of morphological characteristics linked to adaptation to the soil. The EMI value ranges from 1 to 20 [36].



For some systematic groups there is a uniform level of adaptation to edaphic life for various species; in this case assignment of a single EMI value is envisaged. Vice versa, for species with different adaptation to soil, increasing EMI values are assigned according to increased adaptation (e.g., no wings, no eyes, etc.). If several biological forms are recognised in a group and therefore different EMI values are attributed, only the highest EMI value is considered for calculation of the QBS-ar, which represents the maximum degree of adaptation to life in the soil shown by the group under examination. Calculation of the QBS-ar index value is obtained from the sum of the EMI values attributed to each systematic group. QBS values can vary from a minimum of 0 to a maximum of 349.




2.6. Statistical Analysis


To analyse the linear relationships between the selected explanatory variables (regressors) and the QBS-ar, a multiple linear regression model (MLR) with a stepwise approach [54] was applied. We adopted a bidirectional stepwise method, i.e., an automatic procedure to select the best set of explanatory variables in a large set of potential regressors that could explain the variance of the dependent variable. At each iteration of the algorithm, the decision to insert or to delete a regressor was based on minimisation of the Akaike Information Criteria (AIC) [55]. The full model to be tested with a stepwise regression model considered the following variables as regressors: type of farming (organic or conventional), years of organic farming, pH, soil texture, total limestone, active limestone, soil organic matter, available phosphorus, available potassium, available magnesium, Tmax_l, Tmax_m, Tmax_h, Prec_t, Prec_l, Prec_m and Prec_h. The final model adopted was made up of the subset of regressors resulting statistically significant, based on the stepwise procedure. Statistical analysis was performed using R software (version 3.5.3), MASS package [54].





3. Results


The analysed dataset is made up of 70 observations. Surveys were performed from May 2014 to June 2016. The descriptive statistics for explained variables included in the full model are shown in Table 2.



The distribution of all soil parameters showed high variability, due to the extensive heterogeneity characterising the study sites. Considering the reference period (30 days before each soil sampling), the mean number of days in which the daily maximum temperature was between 20 and 30°C was 24.51 ± 3.17 per site. Total precipitation ranged between 0 and 190.6 mm in the reference period. Only 1 observation recorded cumulative rainfall of less than 13.50 mm (Prec_l), in 59 sites cumulative rainfall was between 13.5 and 186.51 mm (Prec_m) and 10 observations recorded cumulative rainfall of over 186.51 mm (Prec_h).



The mean QBS-ar value in the dataset was 92.29 ± 40.32 (QBS-ar values ranging between 28 and 193). The different arthropod biological groups identified and their EMI values are shown in Table 3. The distribution of groups identified ranges between 3 and 14 (the mean value is 7).



3.1. Statistical Model


The results of the bidirectional stepwise linear regression model are shown in Table 4. All the estimated coefficients are statistically significant (p-value 0.1), except the estimated coefficient of Tmax_l, though this regressor was selected by the stepwise procedure. The adjusted R-squared value was 0.1945.




3.2. Relationship with Farming Systems


As shown in Table 4, the model applied identified a positive relationship between QBS-ar and organic farming systems. In Figure 3, we have plotted the distribution of QBS-ar according to farming systems. The QBS-ar median value is higher for organic farming than for conventional farming, although its distribution is characterised by greater variability compared to conventional systems.



The stepwise procedure did not select the number of years of organic farming as significant in describing the variability of QBS-ar.




3.3. Relationship with Meteorological Variables


The statistically significant relationships between QBS-ar and meteorological variables identified by the stepwise regression model can be summarised as follows:




	
High daily maximum temperatures (Temp_h) were negatively related to the QBS-ar value, i.e., the number of days when the maximum daily temperature exceeded 30 °C in the 30 days before sample collection increased the QBS-ar value;



	
Total cumulative precipitation (Prec_t) was positive related to QBS-ar, i.e., an increase in total precipitation increased the estimated QBS-ar value.








The model also shows that high precipitation (Prec_h) was negatively related to QBS-ar, i.e., each mm of rainfall accumulated in the 30 days preceding the soil sampling decreased the estimated QBS-ar value by 40.78 points. The relationships highlighted in these two areas are represented graphically in Figure 4.



The stepwise procedure selected low daily maximum temperatures (lower than 20 °C) as a significant regressor explaining QBS-ar variance, but estimation of the regression coefficient of the bidirectional stepwise linear regression model was not statistically significant.




3.4. Relationship with Pedological Variables


The model applied did not identify any significant relationship between QBS-ar and pedological variables. This may be related to the fact that the nexus between soil characteristics and QBS-ar was not linear, or mean that some dynamics explaining this nexus were captured by meteorological and management variables.





4. Discussion and Conclusions


The mean QBS-ar index value in our dataset was 92.29 ± 40.32, in agreement with previous studies observing a mean QBS-ar value of 91 for agricultural land [56]. As regards the range of values in the index, in the literature a range of between 40 and 204 has been identified, depending on the year of sampling and the age of vineyards [19], while other authors have recorded a range of between 98 and 203 depending on farming systems [22]. In our dataset, the QBS-ar values ranged from 28 to 193.



The results of the linear regression model showed a positive relationship between QBS-ar and organic farming, which is supported by previous studies identifying the same behaviour in different contexts [28,33].



Important relationships between meteorological conditions in the 30 day period before soil sampling and the QBS-ar index were observed. A positive linear relationship with cumulative precipitation and a negative relationship with high temperature (≥30 °C) and high precipitation (>186.51 mm) were highlighted.



The effect of precipitation on the QBS-ar index is however known, as Parisi et al. [28] suggests collecting QBS-ar samples when soil moisture ranges between 40% and 80% of field capacity. Other studies reported a positive effect of rainfall on microarthropod abundance [19] always in relation to soil moisture conditions. Moreover, the seasonal variability of soil fauna has already been observed by other authors [23,24,25,26], although Neave and Fox [26] related this behaviour to mechanical and physical soil modifications rather than meteorological effects. Effect of temperature have been less investigated even if Costantini et al. highlight a positive relationship between biological diversity and temperature.



Microarthropods are very sensitive to the variations of edaphic microhabitat in which they are living (soil pores). Thermal variations and water content of this microhabitat are then factors that generate avoiding behaviours because this creates stress in the transpiration and leads to anoxic conditions due to the saturation of soil pores. In the same way, in presence of limited water contents of the soil, a stress due to water loss occurs. Vertical migrations take then place in the direction of higher depth where variations are more mitigated [29]. This behaviour may be related to the ability of soil organisms to migrate along the soil profile, to avoid stress conditions, and then not being found in the analysed soil sample [29,57,58]. This suggests that the sampling design must taking into account the depth of the different samplings collection. This is also aimed to verify the hypothesis of “vertical migration” as adaptive mechanism to stress conditions. Besides the migratory behaviour, variations in the abundance of microarthropods may also be attributed to the mortality increase, that stress conditions can generate [59].



The relationship between meteorological conditions and QBS-ar identified in this paper helps to go beyond the seasonality effect. The identification of a clear link between QBS-ar and the level of precipitation and temperature makes it possible to improve the accuracy of the analysis, highlighting differences within the same season, or between the different years of observations.



The results described give useful indications for wine sector operators, providing them with some fundamental rules regarding arthropod dynamics in vineyard soil. In relation to the large number of observations considered and the variability of the geographical context observed, the DSS applied to wine sector biodiversity can be improved with indicators increasing knowledge about the timing of sampling and viticulture farming management assessment. Further research is needed to increase understanding of the meteorological relationship observed and the relationship between vineyard management and the biological quality of soil.
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Figure 1. Diagram of the wine production chain. Input and actions (blue boxes), and production output (black boxes) are shown for each component, in addition to chemical and biological output (orange boxes). 
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Figure 2. Map of locations of different wine growing areas where samples has been collected. For Franciacorta DOCG a deeper level of detail is shown in relation to the high number of vineyards investigated. 
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Figure 3. Boxplot of QBS-ar distribution according to farming system. 
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Figure 4. QBS-ar value distribution in relation to total cumulative precipitation values. 
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Table 1. Location of meteorological stations.
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Location

	
Region

	
Latitude (Geographical Coordinates)

	
Longitude (Geographical Coordinates)

	
Altitude-m a.s.l.






	
Ancona

	
Marche

	
43.617

	
13.517

	
103




	
Udine/Campoformido

	
Friuli Venezia Giulia

	
46.033

	
13.183

	
94




	
Cuneo Levaldigi

	
Piedmont

	
44.533

	
7.617

	
386




	
Novi Ligure

	
44.767

	
8.783

	
187




	
Piacenza

	
Emilia Romagna

	
44.913

	
9.723

	
139




	
Modena

	
44.65

	
10.95

	
33




	
Arezzo

	
Tuscany

	
43.467

	
11.85

	
249




	
Sciacca

	
Sicily

	
37.517

	
13.083

	
125




	
Gela

	
37.083

	
14.217

	
33




	
Monticelli

	
Lombardy

	
45.622

	
10.091

	
230




	
Corte Franca

	
45.633

	
10.021

	
220




	
Erbusco

	
45.592

	
9.972

	
215




	
Rodengo Saiano

	
45.596

	
10.124

	
160
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Table 2. Descriptive statistics for quantitative variables in the dataset.
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	Unit of Measure
	Mean ± SD*
	Median (Q25–Q75)
	Min
	Max





	QBS-ar
	
	92.29 ± 40.32
	84.00 (59.25–127.75)
	28.00
	193.00



	Years of organic farming
	
	4.11 ± 5.02
	2 (1.00–7.00)
	0.00
	20.00



	pH
	
	7.33 ± 0.89
	7.75 (6.63–8.00)
	5.30
	8.40



	Active limestone
	(g CaCO3/kg)
	31.70 ± 41.96
	12.50 (0.00–57.00)
	0.00
	130.00



	Soil organic matter
	(g/kg)
	21.66 ± 9.31
	21.00 (15.00–27.75)
	5.00
	42.00



	Assimilable phosphorus
	(mg P2O5/kg)
	34.40 ± 23.99
	27.00 (17.00–47.50)
	5.00
	94.00



	Exchangeable potassium
	(mg K2O/kg)
	191.10 ± 118.11
	156.00 (114.20–219.50)
	60
	747.00



	Exchangeable magnesium
	(mg MgO/kg)
	362.50 ± 310.82
	259.50 (159.00–433.50)
	72
	1585.00



	Tmax_l
	
	3.00 ± 2.63
	2.00 (1.00–6.00)
	0.00
	8.00



	Tmax_m
	
	24.51 ± 3.17
	24.00 (22.25–27.00)
	16.00
	30.00



	Tmax_h
	
	2.49 ± 3.46
	1 (0–4)
	0.00
	14.00



	Prec_t
	
	100.01 ± 57.67
	79.50 (51.00–153.10)
	0.00
	190.60







*SD: standard deviation, Q25: first quantile of distribution, Q75: third quantile of distribution.
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