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Editorial on the Research Topic 
Biogeosciences and Wine: The Management and Environmental Processes That Regulate the Terroir Effect in Space and Time

Viticultural terroir is formally defined by the International Organization of Vine and Wine (OIV, 2010) as “a concept which refers to an area in which collective knowledge of the interactions between the identifiable physical and biological environment and applied vitivinicultural practices develops, providing distinctive characteristics for the products originating from this area”. Though the OIV’s definition does mention neither the time perspective inherent with terroir shaping nor its facet of cultural inheritance, which are important aspects, the study of terroir includes multidisciplinary approaches accounting for soil, geomorphology, morphometry, climate, as well as vineyard management, grapevine genotypes, historical know-how, and experiments, in addition to oenological practices (Deloire et al., 2005; Van Leeuwen and Seguin, 2006; Vaudour et al., 2015). However, time-rooted scientific questions about sustainability, the resilience of the vineyard system (Vaudour et al., 2017; Bonfante et al., 2018; Costantini et al., 2018), efficiency, and traceability have recently emerged. This Research Topic groups several innovative studies about these key issues and the approaches that were carried out for studying the terroir as a complex system, especially under climate change.
In the opinion paper, Brillante et al. critically examine the improper but popular use of the terroir concept, rejecting an implicit sensorial superiority for terroir wines and suggesting future directions for science in this field, with a focus on viticulture zoning. The authors stress the importance of characterizing and understanding the spatial variability of vineyards and the effects on grapevine physiology and grape composition independently from the price range of wines and connect the bio-physical study of terroir to precision viticulture.
The perspective from White summarizes the actual knowledge about the effects of soil characteristics on the grapevine, and then wine, concluding that most of these relationships are dependent on individual grape cultivars and individual sites. Therefore, site-specific studies, are needed to comprehend the soil effect on the specific wine. Soil health and microorganisms are the focus of the review from Lazcano et al., collecting the main results of studies on sustainable management practices, namely cover cropping and composting, in vineyards. The authors propose to include in the “terroir concept”, the dynamic aspects of soil health driven by soil organic matter and soil biota which may influence vine performance, and potentially affect wine quality. The paper of Mocali et al. moves one step forward in this direction, with the results from a case study in Chianti Classico (Italy) where two near plots, within a single vineyard, showed very similar soil physical and chemical features, but different wines. The authors were able to link wine composition to sulfur-oxidation genes in the soil and to highlight the potential role of sulfur metabolism as determining co-factor in the vineyard-scale variation of grape characteristics.
Such site-specific approach is also supported by the paper of Yu and Kurtural. The authors report a case study of mapping grapevine stem water potential (Ψstem) and soil apparent electrical conductivity (ECa) within a vineyard in California. They found a good relationship between the spatial variability of ECa and Ψstem and they tested selective grape harvest in two statistically different zones of the vineyard. The two zones produced wines characterized by different amounts and quality of anthocyanins. Similar results were also reported by the paper of Yu et al., which describes a two-year case of study in a different area and also assesses the effects of vineyard variability on wine composition. An alternative method to map grapevine water stress and delineate homogeneous zones for selective harvest is proposed by Brillante et al. The authors use the carbon stable isotope composition (δ13C) of grape juice at harvest to capture the spatial variability of physiological response at the vineyard scale and then compare the efficacy of separating grape composition with this zoning technique respect to zoning obtained with traditional measurements (pressure chamber) and modern sensors (soil ECa, canopy reflectance). This article also shows tight correlations between Ψstem, leaf gas exchange, and δ13C across multiple varieties and vineyard regions.
Vineyard variability is generally investigated at the soil and plant level, but Bois et al. present a very original paper on mapping rainfall variability at a local scale using a dense rain-gauge network composed of 45 sensors over a 28 km2 area. They used the rainfall data as an input variable in a soil water balance model to understand the impact of rainfall variability on water available to plants and showed how local rainfall might contribute to change in grapevine water status as large as 50% of the simulated regional water balance spatial variability. Considering the relevance of understanding the effect of climate change on terroir systems, De Resseguir et al. present a very high-resolution mapping of temperature at the local scale (19,233 ha) across six different seasons. Their maps show an amplitude of up to 10°C in a given day, and 320 degree days in the Winkler index in the Bordeaux area. They complement these maps with phenological observations to inform strategies for adaptation of plant material and cultural practices to local temperature variability and change. Relationships between temperature and grapevine phenology are also investigated by Merrill et al., with a focus on assessing the effect of high temperatures during flowering in a controlled-environment experiment with 50 varieties. Their research is combined with a review of the studies of controlled warming on winegrape varieties.
Another important aspect investigated in this RT is the use of plant biostimulants, addressed in the paper of Cirillo et al. These authors studied this rising and environmentally friendly practice on Vitis vinifera L. cv ‘Aglianico’ in southern Italy, investigating the possibility to apply a biostimulant derived from tropical plant extracts to improve the defenses of grapevine. Biostimulants mitigate possible negative effects of reducing the use of chemicals suitable for pest and disease management. Foliar applications of biostimulant appeared to induce a different response depending on the environmental factors and on the oxychloride copper dose distributed.
This RT also includes a research paper by Tescione et al. on the use of Sr isotopic ratio (87Sr/86Sr) as a geochemical tracer of white wines. The paper shows that the 87Sr/86Sr isotopic ratio of the geological substratum and soil is preserved in the must, and then in the wine, with no contribution given by the addition of bentonite and yeast using during the white wine-making process. Therefore it can be a promising method to trace the geographic provenance of white wines.
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There is an extensive literature on the role of soil physicochemical factors such as rate of water supply, N supply and soil temperature in wine terroir expression, especially for dry-grown vines. Other recent literature invokes the possibility of unique strains of the natural yeast Saccharomyces cerevisiae influencing must fermentations to produce distinctive aroma profiles in wines. Others suggest that the composition of the soil microbiome at particular sites can influence vine growth, fruit composition and wine characteristics to create a microbial terroir. Because terroir is a multifactor concept, no general quantitative relationships between one or more soil properties and the distinctive characteristics of wine from a particular site have been identified; rather a unique combination of soil factor values interacts with local climate, grape variety, vintage, canopy management, and winemaker technique to determine a site’s terroir. However, with modern methods of sensing spatially referenced values of environmental and other variables at high resolution, terroirs can be mapped. This provides a platform for monitoring terroirs over time and recording how they respond to changes in environmental factors or to manipulations in the vineyard and winery.

Keywords: soil physics, soil chemistry, soil microbiome, soil variability, climate change, wine terroir


INTRODUCTION

Wine terroir is a multifaceted concept that is recognized as embodying three broad categories of factors (Barham, 2003):


1.Natural factors that are associated with the environment (sometimes called “endowments”).

2.Human factors – involving the use of techniques in the vineyard and winery that are confined to a particular region (sometimes referred to as “technologies”).

3.Historical factors – reflecting widespread public knowledge of the wine coming from a region and recognition that this has been a long tradition.



Because terroir is such a broad concept, in this article I shall restrict my comments to the first category of factors. This is consistent with the view of van Leeuwen et al. (2016) that terroir is an ecosystem concept primarily incorporating the vine’s interaction with its environment, a view shared by many scientists (e.g., Matthews, 2016) and respected wine writers (e.g., Goode, 2014; Hunt, 2015). With respect to the natural resources of a site, van Leeuwen and Seguin (2006) identified climate, soil and vine cultivar as the key factors that interact to determine the terroir. Although van Leeuwen et al. (2004) concluded, from a multi-season study in Bordeaux vineyards, that climate had the most significant effect on grape properties, van Leeuwen and de Rességuier (2018) acknowledged a specific effect of soil in terroir expression. While recognizing the complexity of the interactions determining terroir, in this article I aim to update my review of the soil component (White et al., 2007), focusing on soil properties as they affect vine phenology and the consequential effects on the composition of grapes that are converted into wine. In so doing, I argue, along with van Leeuwen and de Rességuier (2018), that the recognition of terroir must be based on a wine’s sensory characteristics that are consistently evident over a considerable period of time. Note that this requirement implicitly embraces the other two terroir categories suggested by Barham (2003); that is, an historical tradition that rests not only on consumer perceptions but also on the consistency of winemaking techniques.



CONCEPTS OF TERROIR

Amongst soil scientists, the concept of terroir most commonly accepted is that championed by the Bordeaux school (the Institut des Sciences de la Vigne et du Vin) (e.g., Seguin, 1986; van Leeuwen et al., 2004; van Leeuwen and Seguin, 2006; van Leeuwen and de Rességuier, 2018). In this, terroir is identified as an ecophysiological concept whereby a wine’s sensory characteristics are related to the geographical origin of the wine. Two important consequences flow from this concept – first, that the appreciation of a wine’s terroir depends on the consumers of the wine, whether they be experienced tasters or individuals not concerned with the origin of the product, only its enjoyment. Secondly, as Seguin (ibid.) explained, the geographical “fingerprint” of a wine explicitly or implicitly invokes the influence of many factors, which he listed as:


•Climatic conditions.

•The heat and light conditions of the vine’s microclimate resulting from the particular training system.

•The cultivar and rootstock.

•The yield.

•Topography.

•Soil properties, including the water supply and mineral nutrition, especially of nitrogen (N).

•The “ecogeopedological milieu.”



To this, Seguin (ibid.) added technological factors relating to winemaking techniques and conservation of the wines. Aside from the technological factors, this long list of ecophysiological factors is a fertile field for researchers to investigate which, if any, of these factors alone or in combination is definitive in determining the terroir of a wine from within a vineyard block, or an individual vineyard, or a region. Seguin did not mention soil biological factors, except as may be covered by the term “ecogeopedological milieu.” However, the influence of the soil microbiome leading to the concept of a microbial terroir has received considerable attention in recent years, as is discussed later (Gilbert et al., 2014).

At the time of writing, Seguin (ibid.) discussed wine produced from vineyards in Bordeaux appellations with little reference to the scale at which resource factors might vary. However, the issue of scale became important as the terroir concept was extended to other French regions, and globally. For example, Vaudour et al. (2015) reviewed the tools available for rapid proximal- and remote-sensing of soil properties, coupled with the storage and manipulative power of geographic information systems, to map viticultural terroirs at a range of scales. Proffitt et al. (2006) demonstrated how the systematic analysis of spatial variability within Australian vineyards could be used not only to define terroirs, if that was a vigneron’s objective, but also how this knowledge could be used to direct soil and canopy management, pest and disease control and selective harvesting. van Leeuwen et al. (2010), in describing methods for viticultural zoning based on soil properties, emphasized the importance of having clear objectives whether they be the demarcation of production areas, or adaptation of management practices to soil type, or protection of viticultural landscapes. Predictably, the precision of zoning and hence the reliability of the information provided increases with scale, but so does the cost. Nevertheless, as Vaudour et al. (2015) have noted, terroir maps at an appropriate scale can be updated and hence used to monitor changes in the underlying variables in response, for example, to climate change. The information provided can then inform changes in viticultural management practices to offset or at least ameliorate the effects of such change.



PHYSICOCHEMICAL FACTORS – WATER, NITROGEN AND TEMPERATURE

van Leeuwen and de Rességuier (2018) have argued, from many detailed studies in dry-grown French vineyards, that water and nitrogen supply to the vines, as well as soil temperature, are the major soil determinants of the terroir effect. These authors discuss how moderate soil water deficits are necessary to produce high quality wines, especially for red varieties. They describe how this condition can be achieved through under-drainage in wet clay soils, by appropriate choice of variety/rootstock, or choice of vine training system in dry regions, or by deficit irrigation where irrigation is practised. Also discussed is how a controlled N supply prevents excessive vegetative growth, but that sufficient N must be supplied to generate adequate Yeast Available N in the fruit and promote the synthesis of flavor and aroma compounds (especially in white wines) (Choné et al., 2001). With respect to soil temperature, the authors state that optimal terroir expression depends on the timing of grape ripeness toward the end of a season. Although the timing of ripeness is mainly driven by air temperature, they argue that soil temperature, which can be affected by the nature of the soil surface, as well as land slope and aspect, is also important.

The implicit conclusion to be drawn from this analysis is that the action of these factors, singly or in combination, is sufficiently different among different sites for the wines produced at any one site to express a distinctive terroir. Van Leeuwen and de Rességuier’s (ibid.) stated that once the key soil factors have been quantified, vignerons can choose their planting material and management practices accordingly, to optimize the terroir expression of a site. Among the management practices identified, they acknowledged that irrigation may be necessary in dry areas to obtain economically sustainable yields, but stated that “only deficit irrigation …. is compatible with terroir expression.” However, this opinion reflects the Bordeaux school’s emphasis on soil water deficits and the rate of water supply as the predominant factors in a terroir effect, which is not necessarily borne out by research in irrigated vineyards. For example, Bramley et al. (2011) studied the grape and wine characteristics of a Cabernet Sauvignon vineyard in the Murray Valley, Australia (mean annual rainfall 289 mm), which received up to 5 ML/ha/year of irrigation from 2004 to 2007. In this vineyard of 8.2 ha, which was not deficit-irrigated, zones of high and low yield were consistently identified that produced wines with different sensory properties (color and phenolics), the causes of which could not be established. However, the authors deemed that these differences could reflect a terroir difference due to biophysical characteristics of the site other than water supply. A similar conclusion was reached in a study of irrigated Shiraz vines in the Grampians region, Victoria, Australia, as discussed below (Bramley et al., 2017).

Many vignerons have an empirical knowledge of the robustness, or otherwise, of the relationships between particular soil properties at a site and the composition of the grapes produced and wines made: what is lacking in most cases is a quantitative understanding of these relationships. For both dry-grown and irrigated vineyards, key questions to be asked are:


•What is the critical soil water content (or water potential) corresponding to a desirable stress level in the vines – at what point in the vine’s phenology and for how long is this applicable and how are these criteria affected by soil water-holding capacity and depth?

•Can the optimum soil N supply during growth be defined in terms of soil mineral N available in the whole soil profile at bud burst, or in terms of soil organic N, or potentially mineralizable N (measured by laboratory incubation), which is found to be correlated with soil organic N (White et al., 2008)?

•What is the optimum range for soil temperature to express a site’s terroir? Although van Leeuwen and de Rességuier (ibid.) cited the “ideal window” for ripeness to be March in the southern hemisphere and between 10 September and 15 October in the northern hemisphere, they gave no soil temperature criteria.

•Are there specific soil chemical or biological properties responsible for a terroir effect at a given site?



Because soil properties interact with many other environmental properties to determine vine growth and fruit composition, it is likely there is no generally applicable answer to these questions: rather the critical combination of factor values will depend on the grape variety (sometimes the clone) and vintage (Bodin and Morlat, 2006), canopy management (Kliewer and Weaver, 1971), and soil type (van Leeuwen et al., 2009), and therefore be different from site to site. This conclusion reinforces the concept that a distinctive wine terroir reflects the uniqueness of the interaction of variables at a given site.



PHYSICOCHEMICAL FACTORS – SOIL NUTRIENTS

In his seminal 1986 paper, Seguin wrote at the time that “it is impossible to establish any correlation between wine quality and the soil content of any nutrient element.” (Seguin believed that the expression of terroir and wine quality were interdependent). van Leeuwen and de Rességuier (2018) reiterated this view. Nevertheless, Seguin (ibid.) also offered the somewhat contradictory notion that soils of the Premier Grand Cru Classé (First Growths) in Bordeaux were generally nutritionally “richer” than soils producing lesser wines, not because they were naturally that way, but because the vineyard owners had nurtured these soils over many years.

Subsequent to Seguin’s statement about the role of nutrients, a range of sophisticated analytical techniques have been developed for measuring the content of nutrient elements and many non-essential elements in soil. Vaudour et al. (2015) reviewed examples of the use of selected methods for relating wine composition to soil or parent rock composition, from which it may be concluded that these methods have value for determining the provenance of a wine. However, even though in many cases authors invoked the concept of terroir (e.g., Imre et al., 2012; Tarr et al., 2013), their results did not reveal any relationship between a wine of distinctive character and the supply of an element in soil, whether it be an essential nutrient or otherwise. In the context of vine uptake, three main problems persist for the successful quantification of such a relationship:


•Variations in the bio-availability of a nutrient, as controlled by soil processes such as precipitation/dissolution, sorption/desorption, buffering, mass flow (influenced by water flow), diffusion and microbiological transformations.

•Variations in the demand for a nutrient created by the growing vine and the selectivity for individual elements imposed at the absorbing root surface and in translocation within the plant.

•The influence of local climate fluctuations on the aforesaid bio-availability and demand factors.





OTHER QUESTIONS

In addition to the questions raised above, arising from our lack of quantitative knowledge of soil property–terroir relationships, Seguin’s comment about Bordeaux First Growths begs the question – to what extent can the many variations in vineyard management modify a site’s terroir (this is discussed further under ‘Microbiological factors)? Moreover, assuming one or more quantitative soil–terroir relationships can be demonstrated for a given site, how independent are such relationships of vintage variations caused by climatic variations from one season to another? A study of the distinctive character of Shiraz grapes in the Grampians region of Victoria provides a partial answer to this question. Although not specifically focused on soil properties, Scarlett et al. (2014) and Bramley et al. (2017) found that the variation within a single vineyard in the concentration of rotundone, a grape compound responsible for the pepper aroma of some Shiraz wines (Jeffery et al., 2009), was spatially structured and closely related to the topography of the land. This effect was most likely due to the influence of aspect and slope on variations in ambient temperature and/or the amount of incident solar radiation received (Zhang et al., 2015). The pattern of variation was the same for three consecutive vintages, even though the mean rotundone concentration differed 40–fold between vintages. Thus, the terroir effect in the studied vineyard appeared to be temporally stable. Gupta et al. (2019) have investigated this vineyard further to determine whether differences in any soil properties, especially the structural composition of the microbiome, might be associated with the rotundone variations, as discussed later.

Finally, there is the question of how climate change might affect the recognized terroir of many famous vineyards in iconic wine-growing regions. Hannah et al. (2013) derived ensemble mean temperature projections for the year 2050 for world wine regions, based on 17 Global Circulation Models and two Representative Concentration Pathways. They forecast that the suitability of current viticultural areas would decrease by 17–85%, depending on the region. van Leeuwen et al. (2013) disputed this forecast, citing examples of premier regions in France and Germany that were sustaining high-quality viticulture in spite of higher temperatures. They pointed to methodological flaws in the climate modeling, which used uncapped Growing Degree Days (GDD), underestimated varietal tolerances of higher temperatures and relied on a monthly time-step in calculating GDD. Irrespective of questions about the modeling, the projected decreases in suitable area in some regions were so large that some viticultural changes must occur, even though as van Leeuwen et al. (ibid.) stated, growers are adapting through changed management to higher temperatures and greater water stress. However, these authors also referred to the “evolution of consumer’s preferences,” which suggests that terroir expression is as much in the nose and taste of the consumer as it is in the natural endowments of a vineyard.



MICROBIOLOGICAL FACTORS

Microbial terroir is a recent concept based on the idea there is a unique composition of the microbial population (the soil microbiome) at a site. The existence of diverse populations of microorganisms associated with grapevines in the rhizosphere and as endophytes and epiphytes has been known for some time, and the possible influence of particular populations on wine metabolites has been explored (reviewed by Liu et al., 2019). However, with the development of advanced genetic-based techniques, such as next generation sequencing, the focus of the research has been on (1) the uniqueness of the natural yeast population present in the soil and on various plant parts, and how this influences the array of compounds synthesized during fermentation, and (2) the uniqueness of the suite of microorganisms found in the soil and also on plant parts, which influence the sensory properties of the fruit and wine.

Noting that strains of Saccharomyces cerevisiae outcompeted other yeast strains during the later stages of alcoholic fermentation, Goddard (2010) reported that the natural populations of S. cerevisiae in New Zealand soils were genetically distinct from those found internationally. Subsequently, Knight et al. (2015) identified sub-populations of these organisms residing in each of six major New Zealand wine regions. They used a representative genotype from each regional sub-population to ferment Sauvignon Blanc juice and found there were differences in the aroma and flavor of the wines produced. The authors argued that their results showed there was a quantifiable microbial contribution to terroir, acknowledging that they could not say anything about the temporal stability of these results. The latter proviso is important because, given the potential transfer of the organisms through insects, for example, the suite of S. cerevisiae strains in a vineyard or sub-region in any 1 year may differ from that in other years. This requires further study to confirm the significance of a yeast contribution to microbial terroir.

The research of Bokulich et al. (2013) and others supports the hypothesis that soil microbial composition and activity are linked with wine terroir. For example, Burns et al. (2015) studied the structure of the soil microbial communities in 19 vineyards selected from sub-appellations of the Napa Valley American Viticultural Area (AVA). These sub-appellations, originally delineated by qualitative assessment of climatic, topographic and edaphic features (including soil), were found to have different soil microbial communities. However, the authors were undecided as to whether the differences were merely correlated with the AVA features, or the microbiota had a direct effect on vine growth and fruit properties. Similarly, Zarraonaindia et al. (2015) showed that the majority of bacterial communities associated with vine parts (leaves, flowers, fruit, and roots) were highly localized and reflective of the corresponding soil populations. Bokulich et al. (2016) provided a further link in the chain by showing that the microbial “fingerprint” derived from the vineyard and winery was reflected in the fermentations and correlated with the chemical composition of the finished wines. Nevertheless, as the authors indicate, correlation is not causation and more research is needed to link one or more functional characteristics of the soil microbiome to a specific sensory property of the finished wines. Gupta et al. (2019) (ibid.) reached a similar conclusion after they found distinct differences in the microbial communities in soils supporting high and low rotundone concentrations in the Grampians, Victoria; however, they could not assign any specific function to the few microbial taxa/groups that accounted for these differences.

Another group of soil microorganisms that have been extensively studied is the arbuscular mycorrhizal fungi (AMF), common symbionts with grapevines. Although much is known about the effect of AMF on nutrient uptake, especially phosphorus, zinc and copper (Schreiner, 2005), little is known about the creation of a recognized wine terror through an AMF–vine cultivar symbiosis. For example, based on experiments with a specific clone of Tempranillo inoculated with a commercial AMF inoculum (a mixture of five species), Torres et al. (2019) speculated that infection with AMF might enhance the amino acid content of the grapes, which may in turn affect the aromatic characteristics of the wine.



CONCLUSION

Although factors influencing terroir such as soil water supply, N availability and soil temperature have been extensively reported in the literature, we still lack quantitative information on these relationships for individual grape cultivars at individual sites. Similarly, whereas the relationships between an existing soil microbiome, including the yeast S. cerevisiae, and vine phenology and grape composition have been explored in a variety of environments, quantitative relationships between a species or group of microorganisms and wine sensory properties have yet to be revealed. Gilbert et al. (2014) (ibid.) speculated that, with the modern genomic tools of microbial ecology, we may develop a mechanistic understanding of the practices that vignerons have used for centuries, even to the point where the soil microbiome could be manipulated to improve soil quality and wine terroir. Similarly, looking to the future, Vaudour et al. (2015) suggested that knowledge of the microbial genome could indicate how a soil could be manipulated by probiotics designed to select suitable bacterial species, which could improve soil quality and crop productivity. Echoing this speculation, Gupta et al. (2019) (ibid.) suggested that with such an understanding, a vineyard could be managed to achieve specific grape and wine attributes, for example, by inoculation with specific organisms and/or by particular management practices. Perhaps in the future a test of this speculation might involve characterizing the soil microbiome of long-established biodynamic vineyards compared with organic and conventional-managed vineyards in the same environment, to determine whether (a) significant differences existed and if so, were they were stable over time, and (b) were any differences reflected in the character of the wine.

Given that our knowledge of the quantitative relationships between any of a site’s natural endowments – physicochemical or microbiological above or below ground – and wine terroir is still in an exploratory stage, wine writers, sommeliers and vignerons will continue to rely on historical tradition and their sensory perceptions to define a wine’s “sense of place.” Nevertheless, as Ballantyne et al. (2019) pointed out, based on the views of experienced winemakers in three regions of the world, terroir is not a fixed concept, but is evolving under the influence of consumer preferences (van Leeuwen et al., 2013) and the impact of climate change on the functioning of the natural site and regional endowments.
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The majority of the wine grapes are grown in Mediterranean climates, where water is the determining factor for grapevine physiology and berry chemistry. At the vineyard scale, plant water status is variable due to the variability in many environmental factors. In this study, we investigated the ecophysiological variability of an irrigated Cabernet Sauvignon (Vitis vinifera L.) vineyard. We used equidistant grid sampling to assess the spatial variations of the plants and soil, including plant water status by stem water potential (Ψstem), leaf gas exchange, and on-site soil analysis. We also measured soil electrical conductivity (EC) by proximal sensing at two depths [0.75 – 1.5 m (sub soil); 0 – 0.75 m (top soil)]. Ψstem integrals were calculated to represent the season-long plant water status. On the base of realized Ψstem integrals, the vineyard was delineated into two functional homogeneous zones (fHZs) with one severely water stressed zone and one moderately water stressed zone. Sub soil EC was directly related to Ψstem (r2 = 0.56) and gs (r2 = 0.39) when the soil was proximally sensed at harvest in 2018. Although the same trend was evident in 2019 we could not deduce a direct relationship. The fruits from the two fHZs were harvested differentially. Comparing the two fHZs, there was no significant difference in juice total soluble solids or pH. The severely water stressed zone showed significantly higher malvidin and total anthocyanins on a dry skin weight basis, but lower peonidin, malvidin on a per berry basis in 2018. In 2019, there were more quercetin and total flavonols per berry in the severely water stressed zone. Overall, this study provided fundamental knowledge of the viability of managing spatial variability by delineating vineyard into distinct zones based on plant water status, and the potentiality of proximally sensed soil EC in the spatial assessment of plant water status and the supporting of vineyard management.

Keywords: plant water status, soil electrical conductivity, spatial variability, selective harvest, anthocyanins, precision viticulture


INTRODUCTION

Plant water status is one of the major drivers affecting grapevine physiology (Smart and Coombe, 1983), and is a determinant of grape berry chemistry (Martínez-Lüscher et al., 2014a). When soil water availability cannot fully meet the needs of plant growth and development, it becomes an abiotic stressor of the plants. Many physiological processes are affected when plants undergo water stress. The overall plant growth will be induced into reproductive maturity and dormancy as opposed to vegetative growth by the upregulation in abscisic acid synthesis (Chaves et al., 2010; Tombesi et al., 2015; Bonfante et al., 2017). For grapevines specifically, water stress was shown to influence canopy development, canopy microclimate, yield, and berry composition (Santesteban et al., 2011; Escalona et al., 2015). It would decrease leaf stomatal conductance and net carbon assimilation, leading to a decline in photosynthetic output. By various agronomic practices, water stress can be controlled within a mild to moderate range in red skinned wine grape cultivars. This may have beneficial effects on berry chemistry because water stress would suppress the grapevine vegetative growth being as a competing process for limiting photosynthetic resources (Intrigliolo and Castel, 2010). The assimilated carbohydrates are then repartitioned into berries and thus increasing total soluble solids (TSS) in the berries under moderate water stress, favoring the reproductive growth of the grapevines.

Vineyard systems are not uniform due to the existing spatial variability in growing site topography and soil characteristics (Brillante et al., 2017). Furthermore, cultural practices are usually applied uniformly without taking into account the spatial variability in vineyards. Besides, the complexity in vineyard systems makes it challenging to individualize each of the existing spatial variability for making management decisions. More often than not this leads to variability in grape composition at harvest, where the composition of the final wine would be compromised (Bramley, 2005). Thus, there is a need for a more comprehensive and precise approach to assess, monitor, and manage these variabilities by treating the vineyard as a whole system.

Proximal sensing in precision viticulture may be used to assess and monitor the spatial and temporal variability to fulfill this need (Matese et al., 2015). In a vineyard, under the same climate condition, the processes involved in the soil-plant continuum and the atmosphere system are strictly influenced by the soil spatial variability. These would unavoidably lead to a spatial variability in plant water status and berry composition (Brillante et al., 2014, 2018; Tardaguila et al., 2018). Assessing soil has been investigated in previous precision viticulture studies (Gómez-Míguez et al., 2007; Costantini et al., 2010; Bonfante et al., 2011; Brillante et al., 2017). Electrical conductivity (EC) (or its reciprocal electrical resistivity) was used to assess many soil variables as it acts as a function of soil physical and chemical properties, such as soil texture, moisture content, solute concentration, and temperature (Bushman and Mehalick, 1989; Bittelli, 2011). Proximal soil sensing is rapid and non-invasive, which can be utilized as a tool for soil assessments. Many studies have implemented electromagnetic induction (EMI) sensing in their data acquisition methods besides some other approaches such as ground-penetrating radar (GPR), and time domain reflectometry (TDR). This approach was shown the capability to capture the integrated effect of soil moisture, soil salinity and soil texture, and their spatial and temporal variability with a relatively high temporal resolution and promptness in data acquisition (Hardie and Doyle, 2012; Brillante et al., 2014; Su et al., 2014). The ability to assess soil properties and plant water status more rapidly by proximal sensing is beneficial in commercial vineyards because it can provide the possibility to monitor and manage the spatial variability in soil responsively, that may further minimize the variations in final berry composition and wine chemistry (Brillante et al., 2018). Additionally, due to the significance of plant water status on berry chemistry, it is possible to evaluate the berry chemical composition once the relationship between soil electromagnetic properties and plant water status is determined.

For wine grape cultivars, flavonoid compounds constitute the most abundant class of berry secondary metabolites. They are critical in determining organoleptic properties in wine, such as color, flavor, mouth-feel, and also aging potential (Lorrain et al., 2013). The biosynthesis of these compounds are responsive to plant water status, where moderate water stress usually resulted in upregulation in flavonoid biosynthesis (Castellarin et al., 2007a). Managed water stress can contribute to a higher ratio of tri-hydroxylated over di-hydroxylated flavonoids due to the up-regulation of flavonoid 3′5′-hydroxylases (F3′5′H) (Castellarin et al., 2007b), which would enhance the compound stability against degradation (Liu et al., 2018). However, the higher concentration of flavonoids observed under water stress may be due to berry dehydration rather than alteration of flavonoid biosynthesis (Hardie and Doyle, 2012). Based on the captured variability in vineyards, vineyard delineation can be utilized to minimize the variability between zones pairing with targeted agronomic practices (González-Fernández et al., 2017). Selective harvest is one example of these practices when fruits are picked differentially, or segregated into various batches prior to the fermentation for producing wine with different rankings or characteristics (Bramley et al., 2011b; Priori et al., 2019). This approach can coalesce the variable ripening stages that may occur within the vineyard, where the relatively unripe fruits would be imparting unripe characteristics in the final wines (Parr et al., 2007). The variability in grape productivity and composition will always be present to a certain extent within vineyards. However, some prevailing faulty characters due to the uneven ripeness stages resulting from the heterogeneity in vineyards may impair quality, yielding undesired sensory properties in the final products (Kontoudakis et al., 2011). Hence, it is necessary to be able to minimize the variability within vineyards to achieve relatively the same maturity for vinification, and selective harvest can provide a direct way to satisfy this purpose.

Based on these previous studies, the objectives of this study were to investigate the variability observed in soil EC, and how it is translated into the variability in plant water status. Subsequently, this study investigated the relationship between proximal soil sensing and grape berry chemistry to bridge the gap between available sensing technologies and advanced chemical analysis methods. We also investigated whether the selective harvest approach, by delineating vineyard into different management zones based on plant water status, would minimize the variability in grape berry chemistry; and whether this zoning can be directed by proximal soil sensing, specifically by soil EC.



MATERIALS AND METHODS


Vineyard Site, Plant Materials, and Weather

This study was conducted in a commercial vineyard with Cabernet Sauvignon grafted on 3309C (V. riparia × V. rupestris) in 2018 and 2019. This vineyard was located in Oakville, Napa County, California, United States. Grapevines were planted at 1.5 m × 2.0 m (vine × row), and trained as a bi-lateral cordon on a single high wire. The vineyard was pruned mechanically to a spur height of 100 mm with no further canopy management in 2018, and treated with mechanical shoot removal at E-L stage 17 to meet production demands. Irrigation was applied with a drip irrigation system with two 2L/h emitters at each plant, starting at fruit-set to harvest to replace 50% of crop evapotranspiration demand (ETc).

Weather data at the research site during the growing season was obtained from the California Irrigation Management Information System (CIMIS) station #77, in Oakville, CA which was 200 m away from the research site. Precipitation and reference evapotranspiration data were acquired to direct irrigation scheduling during the growing season. Applied irrigation amounts were calculated as the product of calculated crop coefficient and reference evapotranspiration. The crop coefficient was calculated as reported by Williams and Ayars (2005). Air temperature was acquired from the station for growing degree days (GDD) calculation.



Experimental Design

We used an equidistant 30 m × 30 m grid to sample and collect on-site measurements which contained 14 experimental units with 3 vines in each experimental unit. Geolocations of each center vine within each experimental unit were recorded with GPS unit (Yuma 2, Trimble Inc., Sunnyvale, CA, United States) connected to a Trimble Pro 6T DGNSS receiver (Trimble Inc., Sunnyvale, CA, United States) for further GIS analysis (Figure 1).


[image: image]

FIGURE 1. Map of the experimental block with 14 experimental units marked, red triangles illustrate the locations of the middle vine among the three vines in each experimental unit. “MHW” is the abbreviation for “mechanical high wire”, as named for the experimental block.




Soil Property Assessment

Soil samples were taken on at field capacity from the two depths in the 14 experimental units, corresponding to the two depths that proximal soil sensing was conducted. Soil total organic matter (OM) and soil texture were measured according to the soil analysis methods in the North American Proficiency Testing (NAPT) program, Western states section. OM was measured by loss on ignition method (S – 9.10), soil texture was acquired by hydrometer analysis (S – 14.10). Soil gravel content was determined by section 26 in USDA Handbook No. 60 (Diagnosis and Improvement of Saline and Alkali Soils).

The instrument used for assessing bulk soil electrical conductivity was EM38-MKII (Geonics Ltd., Mississauga, ON, Canada) used in both vertical dipole mode and horizontal dipole mode to assess two depths [0.75 – 1.50 m (sub soil EC) and 0 – 0.75 m (top soil EC)] of measurements. The sensor of the instrument was calibrated according to the manufacturer’s instructions to minimize the errors before the survey. The instrument was placed on a PVC sled at an approximately 15 cm height above the ground, and pulled by an all-terrain vehicle along the inter-rows at a distance of about 0.5 m to avoid interference phenomena with the vehicle. The PVC sled made possible to keep the instrument at a constant distance from the soil surface, making data acquisition easier and more accurate. In both years, the soil EC measurements were assessed on the dates close to harvest, which occurred on 28 September 2018 and 20 September 2019.



Plant Water Status, Gas Exchange and Yield Component Assessment

Mid-day stem water potential (Ψstem) measurements were taken in 2018 and 2019 to assess plant water status. The measurements was assessed bi-weekly from 16 August 2018 and 29 May 2019. Three leaves in the shade were selected from the main shoot axis on the grapevines, and were concealed in pinch-sealed Mylar§ bags for about 2 h prior to the measurements in each experimental unit. A pressure chamber (Model 615D, PMS Instrument Company, Albany, OR, United States) was used to take the measurements. To summarize the temporal information assessed by Ψstem measurements, Ψstem integrals were calculated by using natural cubic splines (Myers, 1988). The sum of the values were divided by the number of the days between the first and the last measurements in each year to make the data comparable to each individual measurement.

In parallel with Ψstem measurements at mid-day, leaf gas exchange measurements were taken to assess leaf photosynthetic activities by using a portable infrared gas analyzer CIRAS-3 (PP Systems, Amesbury, MA, United States). The measurements were assessed bi-weekly from 16 August 2018 and 29 May 2019. Three sun-exposed leaves were selected from the main shoot axis in each experimental unit, and three readings were taken from each leaf. Gas exchange measurements were taken when the sunlight condition was close to saturating in both years (average PARi = 1713 ± 249 μmol m–2 s–1 in 2018, 1721 ± 206 μmol m–2 s–1 in 2019). The relative humidity was set at 40%, the reference CO2 concentration was set at 400 μmol CO2 mol–1 as the standard environmental condition setting in CIRAS-3. Net carbon assimilation rate (AN, μmol CO2 m–2 s–1) and stomatal conductance (gs, mmol H2O m–2 s–1) were obtained. Intrinsic water use efficiency (WUEi) was calculated as the proportion of AN over gs (μmol CO2 mmol–1 H2O). The gs integrals were calculated to represent the long-term stomatal responses.

Leaf area index (LAI) was measured to characterize grapevine canopy growth, and converted into leaf area on 16 August 2018 and 15 August 2019 by a smartphone based program, VitiCanopy, coupled with an iOS system (Apple Inc., Cupertino, CA, United States) (De Bei et al., 2016). The gap fraction threshold was set to 0.75, the extinction coefficient was set to 0.7, and sub-divisions were 25. A ‘selfie-stick’ was used for easy access to place the device about 75 cm underneath the canopy. The device was positioned with the maximum length of the screen being perpendicular to the cordon, and the cordon being at the middle of the screen according to the user’s instruction (De Bei et al., 2016). In each experimental unit, three images were taken to capture half canopy of each vine, and analyzed by the software. Total leaf areas were calculated based on both LAI values and unit ground area in each experimental unit, and then the leaf area to fruit ratio was calculated.

All clusters in each experimental unit were harvested, counted, and weighed on a single harvest day in both seasons (27 September 2018 and 23 September 2019). Yield components were then calculated for assessing cluster number per vine, average cluster weight, berry number per vine, and yield per vine. Single berry weight was calculated by averaging total berry weights by total berry numbers from the collected berry samples.



Berry Primary Metabolite Assessment

From each experimental unit 75 berries were randomly sampled, and were separated into two subsets with 55 berries and 20 berries individually. The set with 55 berries was used for berry primary metabolite analysis, including TSS, juice pH, titratable acidity (TA), and berry weight assessments. The set with 20 berries was for assessing dry berry skin weight and skin flavonoid contents.

Berry TSS was measured by a digital refractometer (Atago PR-32, Bellevue, WA, United States) and expressed as °Brix. Juice pH and TA were measured with an automated titrator (862 Compact TitroSampler, Metrohm, Switzerland) and expressed as g of tartaric acid per L of juice.



Extraction of Skin Flavonoid Compounds

Skin tissues were manually removed from the subset of 20 berries with a scalpel, separated from the seeds and pulps, and lyophilized (Centrivap Benchtop Centrifugal Vacuum Concentrator 7810014 equipped with Centrivap −105°C Cold Trap 7385020, Labconco, Kansas City, MO, United States). Dry skin weights were recorded after lyophilization, and then the skin tissues were powderized with a mixing mill (MM400, Retsch, Mammelzen, Germany). We used 50 mg (±5% deviation allowed) of dry skin powder and mixed with 1 mL of methanol:water:7 M hydrochloric acid (70:29:1) to initiate the extraction at 4°C for 24 h. Then, the extracts were centrifuged at 5,000 rpm for 15 min, and the supernatants were separated from the sediments, filtered by PTFE membrane filters (diameter: 13 mm, pore size: 0.45 μm, VWR, Seattle, WA, United States), and transferred into HPLC vials before injection.



Berry Skin Flavonoid Analysis

Skin anthocyanins and flavonols were analyzed by a reversed-phase HPLC (Agilent model 1260, Agilent Technologies, Santa Clara, CA, United States) consisting of a vacuum degasser, an autosampler, a quaternary pump, and a diode array detector with a column heater. A C18 reversed-phase HPLC column (LiChrosphere 100 RP-18, 4 × 520 mm2, 5 μm particle size, Agilent Technologies, Santa Clara, CA, United States) was used for the utilized method. The mobile phase flow rate was 0.5 mL min–1, and two mobile phases were used, which included solvent A = 5.5% aqueous formic acid; solvent B = 5.5% formic acid in acetonitrile. The HPLC flow gradient started with 91.5% A with 8.5% B, 87% A with 13% B at 25 min, 82% A with 18% B at 35 min, 62% A with 38% B at 70 min, 50% A with 50% B at 70.01 min, 30% A with 70% B at 75 min, 91.5% A with 8.5% B from 75.01 min to 90 min. The column temperature was maintained at 25°C. Detection of flavonols and anthocyanins was carried out by the diode array detector at 365 and 520 nm, respectively. A computer workstation with Agilent OpenLAB (Chemstation edition, version A.02.10) was used for chromatographic analysis.

All solvents used in this analysis were of HPLC grade, including acetonitrile, methanol, hydrochloric acid, formic acid purchased from Fisher Scientific (Santa Clara, CA, United States). Standards used for compound identification included malvidin 3-O-glucoside purchased from Extrasynthese (Genay, France), myricetin-3-O-glucuronide, myricetin 3-O-glucoside, quercetin 3-O-glucunoride, quercetin 3-O-galactoside, quercetin 3-O-glucoside, kaempferol 3-O-glucoside, isorhamnetin 3-O-glucoside, and syringetin 3-O-glucoside purchased from Sigma-Aldrich (St. Louis, MO, United States).



Statistical Analysis

Geostatistical analysis and kriging for soil EC were performed by using package gstat 1.1-6 (Pebesma, 2004). Due to the nature of proximal sensing, there were many outliers captured when assessing soil EC. The data were filtered by Tukey’s rule to remove outliers of soil EC either below the first quartile by 1.5 inter-quartile range, or above the third quartile by 1.5 inter-quartile range. To further remove the outliers, the data were filtered by the speed that the vehicle was driving, which was between 3.2 km per hour to 8 km per hour. Variograms were assessed by automap package 1.0-14 (Hiemstra, 2013), and fitted to perform kriging. The specific soil EC values were extracted from the location of each experimental unit, these EC values were further used to performance correlation analysis.

Kriging was performed in ArcGIS (version 10.6, Esri, Redlands, CA, United States) and k-means clustering was performed in R (RStudio, Inc., Boston, MA, United States) with package NbClust, v3.0 (Charrad et al., 2014). An ordinary kriging method was used since there was no trend observed in the vineyard. In 2018, a spherical semivariogram model was chosen with a major range of 70.963 m, a nugget of 0, and a partial sill of 0.039 after cross-validation. The cross-validation of the model showed a root mean square error (RMSE) of 0.132 MPa, an average standard error of 0.124 MPa. In 2019, the vineyard was delineated into two clusters as well. A spherical semivariogram model was chosen with a major range of 35.48 m, a nugget of 0, and a partial sill of 0.012 after cross-validation. The cross-validation of the model showed a root mean square error (RMSE) of 0.100 MPa, an average standard error of 0.100 MPa. k-means clustering analysis and the practical manageability were considered when delineating the vineyard. The vineyard was delineated into two clusters by k-means clustering based on Ψstem integrals based on its significant role in connecting soil to plant physiology, including a severely water stressed zone and a moderately water stressed zone. The separation described 70.8% in 2018 and 67.8% in 2019 of the variability in the plant water status according to the result of between sum of squares/total sum of squares. Based on this delineation, data from the experimental units finally grouped together according to their locations within each cluster for the statistical analysis comparing grapevine physiological and berry chemistry measurements.

Data were tested for normality by using Shapiro–Wilk’s test, and subjected to mean separation by using one-way ANOVA with the package “stats” in Rstudio (R Foundation for Statistical Computing, Vienna, Austria) (R Core Team, 2019). Significant statistical differences were determined when p-values acquired from ANOVA were of 0.05 or less. Linear regression analysis was performed by SigmaPlot 13.0 (Systat Software Inc., San Jose, CA, United States). The coefficient of determination between variables was calculated in linear regression analysis, p-values were acquired to present the significances of the linear fittings.




RESULTS


Weather and Soil EC at Experimental Site

During the execution of the experiment, the precipitations received during the 2 years were vastly different (Figure 2). The experiment site received 356.2 mm and 1132.1 mm precipitation (from the previous November to October when fruits were harvested) in 2018, and 2019 respectively. Of the total precipitations received 88.71% of them were received during the dormant season in 2018 (from previous November to April). In 2019, 91.98% of the precipitation received was during the dormant season. The precipitation during the growing season was very limited. The research site only received 0.5 mm in 2018 and 1.7 mm in 2019 during the study time in each year from June to September. GDD accumulation showed that in 2019, the heat accumulation was higher in the second year with 1668.9°C compared to 1521.7°C in 2018.


[image: image]

FIGURE 2. Weather data acquired from California Irrigation Management Information System (CIMIS) station (#77 Oakville, CA) and calculated growing degree days (GDD).


Soil EC was assessed at two different depths close to harvest in both years. In 2018, EC values in sub soil were generally lower with the lowest value at 0.07 dS/m in the southwestern section as well as the central section of the vineyard, the rest of the vineyard having higher EC with the maximum value of 0.56 dS/m (Figure 3A). Top soil EC values in the southwestern section of the vineyard in 2018 with 0.42 dS/m compared to 0.43 dSm in the rest of vineyard and did not vary appreciably in this year (Figure 3B). However, EC values in sub soil were lower only in the central section of the vineyard in 2019, showing the lowest value of 0.15 dS/m and highest of 0.34 dS/m in the rest of the vineyard (Figure 3C). A similar trend was evident in the top soil in 2019 compared to the first season, where lower EC values of 0.07 dS/m were observed in the southwestern section of the vineyard compared to 0.16 dS/m in the rest of the vineyard (Figure 3D).
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FIGURE 3. Interpolation maps of soil electrical conductivity (EC) in two depths assessed by EM38 in 2018 and 2019. (A) Sub soil EC in 2018, (B) top soil EC in 2018, (C) sub soil EC in 2019, and (D) top soil EC in 2019.




Plant Water Status, and Photosynthetic Activity

Ψstem was measured throughout both seasons, and the overall trend in long-term Ψstem was able to partially elucidate the trend seen in the soil EC maps. Two clusters were calculated within the vineyard to delineate the whole block based on Ψstem. A clear pattern was evident in 2018, where most of the southwestern section showed more negative Ψstem values than the rest of the vineyard (Figure 4A). In 2019, a larger area in the central section of the vineyard had more negative Ψstem values in the plants (Figure 4C). Comparing the clustering of both years, there was a 73.2% similarity between the two clusterings in 2018 and 2019 (Figures 4B,D).
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FIGURE 4. Interpolation maps of plant water status, presented as stem water potential (Ψstem), and k- means clustering maps, delineating the vineyard into two functional homogeneous zones (fHZs) in 2018 and 2019. (A) Ψstem kriging map in 2018, (B) k- means clustering of Ψstem integrals in 2018, (C) Ψstem kriging map in 2019, (D) k- means clustering of Ψstem integrals in 2019.


In 2018, Ψstem were consistently separated between the two fHZs (Figure 5A). The overall Ψstem values were consistent in 2018. However, there were exceptions to this trend on 20 September and 28 September due to the precipitation took place on 10 September and 23 September. The research site received 0.2 mm of precipitation during this period of time, causing Ψstem values to increase. In 2019, as the soil gradually dried, the Ψstem eventually became more negative throughout the season (Figure 5B). Between the two water status zones, Ψstem were also consistently separated in 2019, and a 0.27 MPa Ψstem difference was observed between these two fHZs in 2018, but a 0.18 MPa in 2019.
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FIGURE 5. Progression of stem water potential (Ψstem) between the two functional homogeneous zones (fHZs) in 2018 and 2019. Error bars represent standard deviation from the mean.


An was measured in both years, and the separation between the two water status zones was not evident (Figures 6A1,A2). In 2018, the differences in Ψstem transiently translated into An between the two water status zones. We saw differences on 16 August 2018, 15 August 2019, and 29 August 2019, where the moderately water stressed zone had significantly greater An. There was a drop in An and gs values on 15 August 2019 due to an extreme weather condition the plants were experiencing with an ambient air temperature of 40.89 ± 0.50°C and a leaf temperature of 45.02 ± 1.48°C. However, this extreme condition did not affect the separations in gas exchange between the two fHZs except it showed an opposite result in WUEi.
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FIGURE 6. Progression of leaf gas exchanges between the two functional homogeneous zones (fHZs) in 2018 and 2019. (A) net carbon assimilation, AN, (B) stomatal conductance, gs, (C) intrinsic water use efficiency, WUEi, (1) 2018, (2) 2019. Error bars represent standard deviation from the mean.


The moderately water stressed zone had greater gs when compared to the severely water stressed zone from 16 August to 2 September in 2018, but there was not difference on the other dates of that season (Figure 6B1). In 2019, the same differences between the two fHZs were observed only on 1 August and 15 August with moderately water stressed zone having higher gs values (Figure 6B2).

In contrast to the gs, WUEi was greater in the severely water stressed zone within the same period of time in 2018 (Figure 6C1). In 2019, WUEi was significantly higher in the severely water stressed zone on 1 August and 29 August (Figure 6C2). On 15 August 2019, the moderately water stressed zone transiently had higher WUEi than the severely water stressed zone.



Yield Components, Berry Composition, and Berry Skin Flavonoids

Yield components and berry primary metabolites were measured in both 2018 and 2019. In 2018, there was no difference observed in cluster number per vine, cluster weight, berry number per vine, or yield per vine between the two fHZs (Table 1). However, berry weight and berry skin weight were greater in the moderately water stressed zone compared to severely water stressed zone. There was no difference in leaf area, leaf area to fruit ratio between the two fHZs. The two fHZs had the same berry juice TSS, TA, and pH at harvest in 2018.


TABLE 1. Yield components and berry primary metabolites at harvest of Cabernet Sauvignon as separated by plant water status zoning in Oakville, CA in 2018 and 2019a.

[image: Table 1]In 2019, there was no difference in any of the yield components either (Table 1). The fruits showed a more advanced maturity in 2019 compared to the first season. However, there was no difference observed in berry primary metabolites between the two water status zones except TA. The moderately water stressed zone had higher TA than the severely water stressed zone.

Skin flavonols were not generally affected by the spatial variations of plant water status. However, there were differences observed between the two water status zones in the total quercetin and total flavonols on a per berry basis, where the severely water stressed zone had higher quercetin and total flavonols in 2019 (Table 2). There was no difference observed in any other flavonol derivatives.


TABLE 2. Grape berry skin flavonols and anthocyanins at harvest of a Cabernet Sauvignon vineyard as separated by plant water status zoning in Oakville, CA in 2018 and 2019a.

[image: Table 2]For skin anthocyanins, there was no difference observed in total delphinidin, cyanidin, or petunidin on neither per berry basis nor per mg dry skin matter basis in either year (Table 2). There was lower total peonidin content per berry in the severely water stressed zone. The most abundant anthocyanin derivative malvidin had a higher concentration in skin dry matter in the severely water stressed zone in 2018. However, this difference in malvidin was reversed when compared on a content per berry basis, where malvidin concentration was lower in skin dry matter in the severely water stressed zone. There was no significant differences observed in any of the anthocyanin derivatives in the second season.

In 2018, there was no difference in di-, tri- hydroxylated flavonols (Figure 7A). There was higher proportion of tri-hydroxylated anthocyanins in the severely water stressed zone compared to the other zone, but di-hydroxylated anthocyanin proportion was lower. In 2019, there were no differences between the two water status zones in either flavonol or anthocyanin hydroxylated forms (Figure 7B).
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FIGURE 7. Hydroxylation of flavonols and anthocyanins at harvest of a Cabernet Sauvignon vineyard as separated by plant water status zoning in Oakville, CA in (A) 2018 and (B) 2019.




Relationship Between Proximal Soil Sensing and Physiological Indicators

The relationships between Ψstem and soil EC were investigated in both years. Soil EC values increased when the plant water status was more positive (Figure 8). In 2018, there was a direct and positive relationship between sub soil EC and Ψstem integrals (Figure 8A1, r2 = 0.5552, p = 0.0035). A similar relationship was evident between top soil EC and Ψstem integrals in 2018, albeit not as strong as sub soil EC (Figure 8A2, r2 = 0.2913, p = 0.0569). In 2019, sub soil EC had a moderate linear correlation with Ψstem (Figure 8B1, r2 = 0.2199, p = 0.1241). There was only a weak linear correlation between top soil EC with Ψstem (Figure 8B2, r2 = 0.1071, p = 0.2751). These two correlations were not statistically significant in 2019.
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FIGURE 8. Relationship between stem water potential integrals (Ψstem) and soil electrical conductivity (ECa) in two soil depths assessed by EM38 in 2018 and 2019. (A) 2018, (B) 2019, (1) sub soil ECa (0.75 – 1.50 m), (2) top soil ECa (0 – 0.75 m).


The relationships between gs integrals and soil EC was also investigated. The soil EC values would increase when higher stomatal conductance was measured, but one exception was observed with top soil EC in 2019 (Figure 9). In 2018, gs integrals and sub soil EC were directly and positively related (Figure 9A1, r2 = 0.3895, p = 0.0226). Although the top soil EC and gs integrals showed a similar trend, they were not directly related (Figure 9A2, r2 = 0.0920, p = 0.3139). In 2019, sub soil EC displayed a similar trend with gs integrals, however, the relationship between them was not significant (Figure 9B1, r2 = 0.0976, p = 0.3229). The top soil EC was not related to gs integrals in 2019 (Figure 9B2, r2 = 0.1093, p = 0.2482).
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FIGURE 9. Relationships between stomatal conductance integrals (gs) and soil electrical conductivity (ECa) in two depths assessed by EM38 in 2018 and 2019. (A) 2018, (B) 2019, (1) sub soil ECa (0.75 – 1.50 m), (2) top soil ECa (0 – 0.75 m).





DISCUSSION


Soil Characteristics, Soil EC and Plant Water Status Relationships in Space

Soil texture can play a critical role in determining soil water holding capacity, total transpirable soil water, and plant water status (Pellegrino et al., 2005; Tramontini et al., 2013). The severely water stressed zone had higher a proportion of silt and clay (Table 3), but a lower proportion of sand and gravel at the depths of 0.75–1.5 m. It had been shown that sandy soil could contribute to more accessibility of soil water content to the plants than clay soil when only soil texture was considered in the scenario (Tramontini et al., 2013). We attributed this factor to one of the possible reasons why one water status zone was directed toward greater water stress in the plants than the other. However, the same study showed that having more gravels in soil would impose more water stressed conditions with more negative plant water potential and lower stomatal conductance. Our results contradicted this condition where the severely water stressed zone had less gravel proportion than the other zone. We attributed this to the finding that the proportion of gravel between the two fHZs not being different enough to allow this factor to affect water availability.


TABLE 3. Soil characteristics assessed at field capacity in 2019 of Cabernet Sauvignon as separated by plant water status zoning in Oakville, CAa.

[image: Table 3]Previous studies postulated that installing pressurized irrigation systems may ameliorate the natural spatial variability originating from the soil (Chaves et al., 2010; Rogiers et al., 2011). In our work, irrigation was scheduled and applied uniformly throughout the whole growing season in both years. Still, the plant water status was consistently separated between the two water status zones in both years. This aligned with some conclusions made from our previous work, and further corroborated that with uniform irrigation regimes, the plant water status within one vineyard would not necessarily be uniform (Verdugo-Vásquez et al., 2016; Brillante et al., 2017). Especially with extreme weather conditions being prevalent such as heat waves or more than three times of the normal precipitation amount falling on this vineyard, the spatial variability of the soil would still have a dominant effect on plant development and inevitably reveal the pre-existing various characteristics from the soil.

There were many factors that may alter water availability toward plants. Soil electrical properties can reflect many soil characteristics, including soil texture, soil water content, and soil salinity (Bushman and Mehalick, 1989; Bittelli, 2011; Brillante et al., 2015). This approach had already been applied for soil water content and salinity assessment (Brevik et al., 2006; Brunet et al., 2010; Peralta and Costa, 2013; Brillante et al., 2014). In previous studies, soil electrical properties combined with machine-learning algorithms, was utilized as a useful tool to assess plant available soil water (Brillante et al., 2015, 2016c). Also, it can be used as a baseline to immediately identify the variability in vineyard soils, which can direct soil survey with more focused sampling strategies (Bonfante et al., 2015). In our study, soil EC was assessed on the dates close to harvest to validate the possibility of a simple and direct correlations between soil EC and season long plant water status. Soil EC had a moderate to strong correlation with long-term plant water status Ψstem integrals in both sub and top soil in the first season. The same trend in these relationships were also observed in the second season even though the correlations were not statistically significant. Sub soil EC also showed a significant correlation with gs integrals in the first year, which had been closely associated with plant water status in previous studies (Costa et al., 2012; Brillante et al., 2017). According to previous research, different varieties responded to water stress differently in terms of controlling stomatal conductance (Rogiers et al., 2011; Pou et al., 2012). Many cultivars did not respond to plant water status as instantly as some others did since stomatal closure would be maintained by accumulated abscisic acid (ABA) under drought (Tombesi et al., 2015). Top soil EC showed a negative relationship with gs integrals, which did not correspond to the relationship between the two parameters in 2018, nor reflect the plant water status by Ψstem integrals observed in 2019. Previous research had suggested that ground-truthing the soil samples were necessary to interpret the soil EC assessment (Morari et al., 2009). Nevertheless, vineyard delineation based on soil electrical properties were still useful to identify the variability in the soil, and plant physiological and chemical properties derived from it (Bramley et al., 2011a; Tagarakis et al., 2013). These results provided the evidence that proximal sensing soil EC could be a plausible and manageable way to assess spatial variation of plant water status.

Due to the natural spatial variability within vineyards, the noticeable spatial non-uniformity in plant water status was reported previously (Brillante et al., 2016b, 2017). The spatial variability in plant water status stemmed from the highly variable soil characteristics within the vineyard according to previous studies (Grote et al., 2010; Taylor et al., 2010; Brillante et al., 2016b). In our previous work we reported that the spatial variability in plant water status altered the leaf gas exchange (Brillante et al., 2017). A more positive plant water status would increase the leaf stomatal conductance and also increase the net carbon assimilation until the plant reaches its photosynthetic capacity (Flexas et al., 2010; Costa et al., 2012). Although we measured and report these within the confines of study, they were not consistently evident in both years. We attributed this lack of consistency to the highly variable precipitations received at the research vineyard.



Yield Components

Plant water status had been reported to be one of the main factors affecting grapevine yield components in previous studies, where higher water stress could decrease berry weight, berry skin weight, and yield per vine (Castellarin et al., 2007a; Santesteban et al., 2011; Bonada et al., 2013). In our study, we measured less berry weight and berry skin weight in the severely water stressed zone in 2018, but not in 2019. However, the plant water status between the two fHZs were consistently separated in both years. Thus, the inconsistency might be due to the smaller difference in Ψstem integrals between the two fHZs in 2019, where 0.18 MPa was observed from the start of the season to harvest and 0.16 MPa from veraison to harvest (data not shown) compared to 0.27 MPa in 2018. This was also attributed to the great variation in precipitation received in both years as indicated by the significant Year effect presented herein. We observed no difference in yield per vine between two water status zones, which was also observed previously (Acevedo-Opazo et al., 2010; Brillante et al., 2017). A lacking of water stress severity, and the plant water statuses between the two fHZs were not significantly dissimilar could be the reason that no detrimental yield loss was observed in neither years.

In small plot trials water stress was effective in altering plant canopy development, and leaf area was directly related to canopy microclimate (Intrigliolo and Castel, 2010; Keller et al., 2016; Kraus et al., 2018). Previous studies had also shown that canopy microclimate had a determining role in altering berry chemistry biosynthesis (Cook et al., 2015; Yu et al., 2016). In our current work, we did not observe differences in leaf area even though the plant water status was consistently separated throughout the two seasons. Leaf area to fruit ratio was used to characterize the source-sink relationship (Kliewer and Dokoozlian, 2005; Zufferey et al., 2012). Previous research suggested that to reach the maximum level of maturity, a leaf area to fruit ratio between 0.8 to 1.2 m2/kg was required for a single-canopy trellis system (Kliewer and Dokoozlian, 2005). In our study, there was no difference of leaf area to fruit ration between two water status zones and the first year had overall leaf to fruit ratio lower than 0.8 m2/kg consistent with previous findings that mechanically managed vineyards in warm regions may ripen fruit to technological maturity at lower values (Kurtural et al., 2019).



Berry Primary Metabolisms

The severity of water stress in grapevine is a determining factor in directing berry primary metabolism according to previous studies (Basile et al., 2011; Santesteban et al., 2011). Moderate water stress could lead to a more advanced maturity, which would result in higher TSS and lower TA (Brillante et al., 2017). However, severe water stress may cause a delay in berry development (Korkutal et al., 2011; Martínez-Lüscher et al., 2015). There was no difference observed in any of the berry primary metabolites in either year, except TA in 2019. The difference in plant water status was not greatly different enough to solicit a difference in the berry maturity levels between the two fHZs. Likewise, previous research indicated that An was directly related to final TSS accumulation, where higher An led to higher TSS (Brillante et al., 2016a). However, our study did not give consistently evident separations in net carbon assimilation. In previous studies, TA reduction after veraison was usually used as an indicator of berry maturity aside from TSS accumulation (Dai et al., 2011). Even though both seasons did not have water stress great enough to alter the TSS accumulation, there was a greater advancement in berry maturity in 2019 compared to 2018. We attributed this to the greater GDD accumulation during 2019 as well as the greater amount of precipitation received. Furthermore, in the first year, leaf area to fruit ratio was lower than the lower limit of the 0.8 m2/kg requirement. This ‘over-cropping’ condition might have contributed to the lower TSS in the first year, causing the fruits had a less advanced development to reach the maximum level of maturity. Therefore, the difference observed in TA could be because the malate metabolism became more sensitive toward water stress at a more advanced ripening stage in 2019 (Cramer et al., 2007; Sweetman et al., 2014).



Berry Secondary Metabolisms – Skin Flavonoids

Water stress had been reported to have direct effects on both flavonoid biosynthesis, and flavonoid concentration due to berry dehydration (Castellarin et al., 2007a; Bondada and Shutthanandan, 2012; Brillante et al., 2017). Previous studies had shown that moderate water stress can enhance berry skin flavonoid accumulation as well as the concentration (Bucchetti et al., 2011; Martínez-Lüscher et al., 2014a). However, when the severity of water stress increased even further, the degradation of flavonoid compounds could be more pronounced (Brillante et al., 2017). According to previous research, anthocyanins were more sensitive toward water stress than flavonols (Castellarin et al., 2007a). It was also shown that flavonol accumulation could also be altered by different water deficit irrigation regimes (Zarrouk et al., 2012). However, some studies had pointed out that flavonols were more dominated by solar radiation than water stress, and they were particularly sensitive toward UV-B (Martínez-Lüscher et al., 2014a, b). In our study, higher quercetin and total flavonol content per berry were observed in the moderately water stressed zone. Although the leaf area comparisons within these two fHZs did not reveal a significant difference, we attribute the difference in flavonol profiles to spatial variability of soil water supply as corroborated in our recent work (Martínez-Lüscher et al., 2014b).

The increasing content of total skin anthocyanins with water stress in previous studies agreed with our results in 2018, where the fruits from the severely water stressed zone showed a higher total anthocyanin concentration in the skin tissues (Brillante et al., 2017). This effect was not observed on the content per berry basis. When compared between the two water status zones, moderate water stress led to higher peonidin, malvidin content per berry, yet severe water stress lead to higher malvidin and total skin anthocyanin concentration in skin dry matter. This discrepancy in the weight basis and per berry basis was observed in previous studies (Ginestar et al., 1998; Kennedy et al., 2002). It could be due to the enhanced anthocyanin concentration relative to the skin tissue masses, but less total amount of flavonoid compounds accumulated in each berry in 2018. We could not rule out that the severe water stress may had led toward a greater anthocyanins degradation, or the overall berry development was slightly slowed down like our yield component results presented, causing less flavonoids accumulated. Additionally, the second year showed an overall lower anthocyanin per mg dry skin basis compared to the first year. Previous research showed that an advanced maturity would initiate anthocyanin degradation (Brillante et al., 2017). After around 23°Brix, anthocyanin degradation (on both per g of berry mass basis and per berry basis) would be exacerbated (Martínez-Lüscher et al., 2017, 2019). However, the degradation might not be the only reason to thoroughly explain the phenomenon between these two years since anthocyanin content per berry was higher in 2019 compared to 2018. We observed greater berry skin weight but lower berry weight in 2019 than 2018. Thus, one possibility was that the effect of the advanced berry development on berry physical characteristics overrode the effect on berry skin chemical characteristics. The total anthocyanin content of the whole plant might be lower due to the degradation in 2019 than 2018, but the berry numbers were also lower as observed. The average anthocyanin content per berry can still be higher in 2019 than 2018.

As corroborated by previous studies, the severely water stressed zone had higher proportion of tri-hydroxylated and lower di-hydroxylated anthocyanins when compared to moderately water stressed zone (Castellarin et al., 2007b; Martínez-Lüscher et al., 2014a; Brillante et al., 2017). Previous work provided evidence that, F3′5′H can be upregulated in the flavonoid biosynthetic pathway with moderate water stress (Castellarin et al., 2007a), which would result in increasing hydroxylation level on the B-ring of flavonoid skeleton. Additionally, tri-hydroxylated anthocyanins were more stable against oxidation or degradation than di-hydroxylated forms (Mori et al., 2007), which could be another reason besides F3′5′H upregulation to have a higher proportion with severe water stress. Although the possibly affected transcription factors F3′H and F3′5′H were shared to produce both flavonols and anthocyanins in the same pathway branches, tri- or di-hydroxylated flavonols along were not disparate between the two fHZs in our study.




CONCLUSION

Recent precision viticulture studies had proposed that vineyard delineation can be a plausible approach to monitor and manage spatial variability present in the vineyard (Peralta and Costa, 2013; Tagarakis et al., 2013; González-Fernández et al., 2017). Being a critical physiological parameter, plant water status was able to successfully capture the spatial variability in the final berry chemistry in previous research (Brillante et al., 2017, 2018), and it was further studied in this specific study. Study presented here in provided evidence that the spatial variability within the vineyard can be apparent in plant physiology and berry chemistry. Moreover, our results provided evidence that proximal sensing of soil EC may be a useful tool to connect soil to plant water status, even further to berry primary and secondary chemistry as observed in recent research (Bonfante et al., 2015; Tardaguila et al., 2018; Priori et al., 2019). This fundamental knowledge can contribute to a greater linkage between available sensing technologies and quality-related chemical analysis in precision viticulture research (Matese et al., 2015). The promptness and efficiency of proximal sensing can be transformed into realistic utilization, which can be significantly beneficial in large-acreage vineyards.
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Climate is a major factor of the physical environment influencing terroir expression in viticulture. Thermal conditions strongly impact vine development and grape composition. Spatializing this parameter at local scale allows for more refined vineyard management. In this study, temperature variability was investigated over an area of 19,233 ha within the appellations of Saint-Émilion, Pomerol, and their satellites (Bordeaux, France). A network of 90 temperature sensors was deployed inside grapevine canopies of this area and temperatures were measured from 2012 through 2018. To determine the effect of temperature on vine development, the phenological stages (budbreak, flowering, and véraison) were recorded on 60 reference plots planted with Vitis vinifera L. cv. Merlot located near the temperature sensors. Results showed great spatial variability in temperature, especially minimum temperature, with an amplitude of up to 10°C on a given day. The spatial variability of the Winkler index measured in the canopy inside a given vintage was around 320 degree-days. This research explores the main factors affecting spatial variability in temperature, such as environmental factors and meteorological conditions. The impact of temperature on vine behavior was also analyzed. Observed phenological dates were compared to those estimated using the Grapevine Flowering Véraison model. Maps of temperatures and phenological observations were created over this area and provided a useful tool for improved adaptation of plant material and training systems to local temperature variability and change.

Keywords: climate, local scale, viticulture, spatial modeling, vine development, phenology, terroir


INTRODUCTION

Climate is a major factor of the physical environment influencing terroir expression in viticulture (van Leeuwen et al., 2004; Jones, 2018). Climate, and particularly temperature, determine to a large extent the growing areas well adapted for quality viticulture. Such areas are located mainly between the latitudes 30 and 50°N and 30 and 40°S, with average temperature ranging from 12 to 22°C across the growing season (Gladstones, 1992; Jones et al., 2012). Production of high quality wine grapes requires temperatures that allow ripening in a specific period of the year, ideally in September or early October in the northern hemisphere (van Leeuwen and Seguin, 2006). Extreme temperatures are not beneficial for vine development and grape quality. High temperatures (>35°C) can induce leaf or bunch damage, reduce photosynthesis, and decrease anthocyanin concentrations (Kriedemann and Smart, 1971; Spayd et al., 2002; Mori et al., 2007). Extreme negative temperatures (<-15°C) during winter are likely to cause permanent damage to wood and winter buds, possibly leading to vine death. Impact of negative winter temperatures depend on many parameters like genotype, environment, cultural practices, duration of frost exposure, and tissue hydration (Zabadal et al., 2007; Ferguson et al., 2014). Temperatures below −2.2°C after budbreak can damage young shoots and severely reduce production without, however, killing the vines (Poling, 2008; Dami et al., 2012).

Air temperature strongly impacts vine development and the timing of phenological stages (De Cortázar-Atauri et al., 2009; Parker et al., 2011, 2013, 2020; Chuine et al., 2013) and also grape composition (Mira and de Orduña, 2010). Sugar and acidity content at harvest are related to temperature (Coombe, 1987). This is also the case for secondary metabolites like anthocyanins, which increase with increased temperature up to a threshold and then decline (Spayd et al., 2002; Mori et al., 2007; Tarara et al., 2008). Temperature also impacts aromas and flavor precursors like metoxypyrazines (including IBMP; green pepper flavor), which decrease with higher temperature during the growing season (Falcão et al., 2007). Trimethyl dihydronapthalene (TDN; notes of kerosene), massoia lactone (dried figs and coconut flavors), and γ-nonalactone (cooked peaches flavor) concentrations, are higher in wines made from grapes ripened under warmer conditions (Marais et al., 1992; Pons et al., 2017) which is rather a negative effect on wine quality.

Considering that thermal conditions strongly impact vine development and grape composition, characterizing this parameter is highly important. Several temperature indicators were developed to characterize wine production areas. The Winkler and the Huglin indices (Winkler, 1974; Huglin and Schneider, 1998) or the Average Growing Season Temperature (Jones, 2006) are simple indicators based on the growing season air temperature and allow classification of wine producing areas. Depending on the objectives of climate zoning, it may be appropriate to use a multi-criteria approach (Tonietto and Carbonneau, 2004).

Climate varies temporally and spatially and the annual temporal variations impacting vine development and grape quality potential are considered part of the vintage effect (van Leeuwen et al., 2004; Ubalde et al., 2010). The spatial climate variability has an impact on grapevine variety distribution, vine training system, technical management, and wine styles (Gladstones, 2011). Climate can be reduced to several different scales from macroclimate to microclimate and these scales are inter-dependent (Hess, 1974; Neethling et al., 2019). The spatial variability of climate at a local scale can be highly important and in some cases even more so than variability at large scale, due the influence of local parameters like relief, human infrastructure, vegetation, or bodies of water (Quénol, 2014). The high local temperature variability also depends on the different energy transfer processes between the atmosphere and the surface, thus characterizing the energy balance. It is the ratio between energy input and losses that will determine the air temperature. The energy balance is strongly determined by surface characteristics and atmospheric conditions (solar radiation, cloud cover, wind conditions). The spatial variability of temperatures is higher in anticyclonic atmospheric situations (calm and clear skies) than in low pressure situations (cloudy skies and wind). Cloud cover and wind have a homogenizing effect on temperatures, which reduces the impact of surface characteristics (e.g., topography) on the spatial distribution of temperatures (Guyot, 1997). For these reasons, it is of interest to characterize climate at local scale in winegrowing areas.

The study of climate at local scales requires appropriate measurement networks and climate models. Climate has historically been studied at global and regional scales (continent, country, wide region) by using weather station data from national networks or simulated data from climate models. Weather stations only produce point data and the network mesh is not fine enough to study local climates. Over the past few years, many studies of applied climatology have required the installation of measurement networks at local scales and the development of modeling tools adapted to these scales (Joly et al., 2003; Stahl et al., 2006; Bonnefoy et al., 2013; Wu and Li, 2013; Quénol et al., 2017). Different types of models exist to represent climate at various scales. At the global scale, general circulation models (GCMs) are mainly used to build climate change scenarios that estimate trends in climate variables at low spatial resolution. Global climate models (GCMs) have a resolution of several tens to hundreds of kilometers (IPCC, 2013). Obviously, these types of models cannot take into account the influence of local effects related to surface characteristics. Downscaling methods are therefore used to integrate the effects of surface characteristics to increase the spatial resolution of the models (Daniels et al., 2012). Regional climate models (RCMs) are downscaled global climate models that aim to regionalize the outputs of global models by using nesting of model grids of increasing resolution (Rhoades et al., 2015). In viticulture research, regional climate models (RCMs) were used to produce climate maps at regional scales in Marlborough region in New Zealand (Sturman et al., 2017), in Stellenbosch winegrowing area in South Africa (Bonnardot and Cautenet, 2009), and in Burgundi (Xu et al., 2012). Recent technological development, including miniaturization of temperature sensors and shelters, development of weather stations, as well as the use of digital elevation models (DEMs), geographic information systems (GISs), geostatistics, linear, and non-linear regression modeling allow mapping of air temperatures across winegrowing areas at an even finer scale. Temperature variability was characterized at the regional scale by using weather station networks (Madelin and Beltrando, 2005; Bois, 2007; Cuccia, 2013). More recently, temperature variability was characterized at the local scale by using temperature sensor networks deployed in vineyards (Bonnardot et al., 2012; Bonnefoy, 2013; Le Roux et al., 2017a).

Precise knowledge of temperature distribution at high spatial resolution allows growers to optimize viticultural practices and selection of plant material according to the local conditions. This issue becomes even more strategic in a context of global warming, where growers need to adapt to spatial temperature variability and evolution over time. There is a wide consensus in the scientific community that the climate is changing (IPCC, 2013), and the recent increase of temperature has already affected vine development, advancing in particular the timing of phenological stages (Bock et al., 2011; Tomasi et al., 2011; Duchêne et al., 2012; van Leeuwen et al., 2019), and modifying grape composition resulting in higher levels of potential alcohol and reduced acidity (Duchêne and Schneider, 2005; van Leeuwen et al., 2019) and wine aromas (Pons et al., 2017).

Considering the evolution of climatic conditions and the objective to preserve quality potential and wine typicity, growers will have to adjust viticultural techniques such as leaf area to fruit weight ratio, timing of pruning, or modify rootstocks, cultivars, or clones (van Leeuwen and Destrac-Irvine, 2017).

In this context, temperature variability was investigated over an area of 19,233 ha within the appellations of Saint-Émilion, Pomerol and their satellites (Bordeaux, France) from 2012 through 2018. The objectives of this study are: (i) to analyze daily and seasonal spatial and temporal temperature variability at local scale, (ii) to create maps of temperature and agro-climatic indices through spatial modeling, (iii) to assess environmental factors impacting spatial temperature variability, (iv) to assess the impact of temperature on vine development and grape composition at ripeness by means of a phenological model, and (v) to create maps of the occurrence of phenological stages.



MATERIALS AND METHODS


Study Area

Saint-Émilion, Pomerol, and their satellite appellations are located in the eastern part of the Bordeaux area, on the right bank of the Dordogne River, about 40 km of the town of Bordeaux (Figure 1). This area principally produces red wine and the main varieties grown are Vitis vinifera L. cv. Merlot (approximately 75%), V. vinifera L. cv. Cabernet franc (approximately 16%), and V. vinifera L. cv. Cabernet-Sauvignon (approximately 8%) (Cocks et al., 2014). Most vineyards are planted at densities between 5000 and 6000 vines per hectare. Vines are Guyot pruned and the training system is vertical shoot positioning (VSP trellis). For vineyard floor management, cover crop is widely used in particular on hillside vineyards to prevent erosion.
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FIGURE 1. Location of temperature sensors and the weather station on a digital elevation model (IGN, National Geographical Institution, France).


This area is characterized by several large tertiary (Paleogene) limestone plateaus at approximately 100 m in altitude, shaped by the erosion of the rivers which flow south (Dordogne) and north-west (Isle) of the study site. On the valley floors, gravelly and sandy soils have developed on quaternary alluvium (van Leeuwen et al., 1989). Relief was characterized by an altitude between 2 and 107 m, slopes up to 45% and various exposures.

Climate is oceanic and temperate (Köppen and Geiger, 1954). Total yearly rainfall is 788mm ± 132.9, and the mean annual temperature is 13.9°C ± 0.5 (Data: Meteo France weather station of Saint-Émilion, average 1995–2018). Rainfall is well distributed all along the year but slightly lower in the summer (Figure 2).
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FIGURE 2. Annual distribution of temperature and rainfall from 2012 to 2018, in comparison to historical period (1995–2018), from the Saint-Émilion Météo-France weather station.




Temperature Monitoring


A Dense Network of Temperature Sensors

In order to characterize temperature variability over this area of 19,233 ha, including 12,200 ha of vineyards, a network of 90 temperature sensors was deployed at the end of 2011. This represents a density of one sensor for 214 ha. At this local scale, it is important to take into account the topography (exposure, slope, elevation), the latitude and longitude, and also local parameters, such as rivers and urban areas, which can potentially influence spatial distribution of temperature (Figure 1). Temperature sensors and data loggers were distributed to cover as much as possible the variability of these local parameters.

The data loggers used in this project from 2012 to 2015 are Tinytag Talk2-TK-4023 (Gemini Data Loggers, United Kingdom). From 2016 to 2018, automatic data recovery was achieved by using the LoRa technology, with new data loggers developed by OrbiWise company (Geneva, Switzerland). The thermistor probes used throughout the project from 2012 to 2018 were PB-5005-0M6 (Gemini Data Loggers, United Kingdom). The data loggers were set up on vine posts in the vineyard plots in order to measure temperature as close as possible to the vines. The probes were installed inside solar radiation shields (Type RS3), at a height of 1.2 m close to the vegetation. To reduce measurement errors due to vegetation located just around the solar radiation shields, vine shoots were regularly removed during the vegetative period (Madelin et al., 2014).

The data loggers recorded both minimum (Tn) and maximum (Tx) hourly temperatures. For data treatment, daily temperatures are used in this study. The daily minimum temperature corresponds to the extreme minimum temperature between the day before at 6 pm and the day at 7 pm, and the maximum temperature corresponds to the extreme maximum temperature between the day at 6 am and the day after at 7 am. Average daily temperature was computed as (Tn + Tx)/2. Theoretical accuracy of the data logger is 0.4°C and to reduce measurement uncertainties, two thermistor probes were installed in every solar shield starting in 2017. This allows detecting deviation and erroneous temperatures due to sensor problems.

From 2012 to 2017, the quality of the minimum and maximum temperatures was graphically analyzed by plotting the daily data of all the sensors. Outliers and deviations were visually detected and eliminated of the data base. A good specific knowledge of field conditions was taken into consideration as not to delete extreme data recorded by specific sensors.

Since 2017, and due to the large number of data generated by the two probes installed in each solar radiation shield, a new methodology was used to streamline data processing. The absolute deviation from median was calculated for each sensor on each day. Then, the median absolute deviation (MAD) and its lower and upper bounds were calculated (Leys et al., 2013). MAD was multiplied by a constant (1.4826) linked to the assumption of normality of the data, to avoid the errors induced by outliers (Rousseeuw and Croux, 1993). Initial data were deleted if they were higher than the upper bound or lower than the lower bound calculated for each day. When no significant differences are observed, daily temperatures of both probes were averaged. This methodology was completed by plotting final data to visually detect remaining outliers and by controlling deleted data by comparing it to the initial data recorded by both probes.

For spatial modeling, outlier data were not recreated. For all other treatments, missing data were replaced, except when too much data was missing. If a temperature sensor has less than 30% missing data over the year and less than 20% over the growing season (April 1–September 30), then the data are recreated. For all days where the sensor produced values, deviation is calculated compared to the average of all other sensors of the network. This coefficient is subsequently applied to recreate daily missing data.



Weather Station

Meteorological data from the weather station of Météo-France, located in the Saint-Émilion area (Figure 1) were used to regionally characterize the studied years (2012–2018) (Figure 2). To compare the temperatures registered by this weather station and those recorded by the Tinytag data loggers located in vine parcels close to the canopy, a Tinytag data logger was set up in a vineyard plot at 4 meters distance to this weather station at the end of 2015.



Bioclimatic Indices

The Winkler degree day summation (Winkler, 1974) was used in this study, as it is well adapted to study the influence of temperature on vine development. This index is based on the sum of mean temperatures above 10°C, from 1 April to 31 October. Because temperatures were measured inside the canopy in this project, and not in a weather station as in Winkler (1974), this index is referred to a canopy Winkler index (CWI) (de Rességuier et al., 2018). CWI is based on the same formula as the Winkler index, the difference is due to the location where temperatures were recorded.

The GFV model (Parker et al., 2011, 2013) was created to simulate the occurrence of mid-flowering and mid-véraison from temperature data for a wide range of grape varieties. This model is based on a sum of daily mean temperatures above 0°C cumulated from the 60th day of the year (DOY). The date of mid-flowering and mid-véraison are determined when the thermal sum reaches a threshold value specific for each grapevine variety. The threshold values for Merlot are 1269 degree-days for mid-flowering and 2636 degree-days for mid-véraison, respectively (Parker et al., 2013). The dates that these threshold values were reached for flowering and véraison were calculated with data from the 90 temperature sensors. Results were compared to real phenology observations from 2012 through 2018 (excluding 2017 when a spring frost event severely damaged vine vegetation over the area).




Vine Development Monitoring

To determine the impact of spatial temperature variability on vine development, the major phenological stages (mid-budbreak, mid-flowering, and mid-véraison) were measured for Merlot from 2013 through 2018 on blocks of 20 vines each at 60 locations near temperature sensors. Only 17 such blocks were surveyed during the 2012 vintage when the project was under development. The specific day when 50 percent of vine organs reached stage “C” for budbreak, stage “I” for flowering and stage “M” for véraison was recorded (Baggiolini, 1952; Destrac-Irvine et al., 2019). The 2017 vintage was excluded from the data analysis, because of frost damage which affected 80% of the reference plots.

Grape maturity dynamics were monitored on 18 blocks chosen to be representative of the thermal variability identified inside the study site. Every week, starting at véraison, grape berries were sampled and major grape metabolites were measured (Destrac et al., 2015). Maturity, which is highly dependent on winegrower decisions and intended wine style, is a phenological stage not easy to assess. Hence, the day when sugar content in grape berries reached 200 g/L was used as a proxy to characterize a theoretical maturity in order to compare the plots.



Environmental Co-variables

Spatial temperature variability at the local scale is influenced by topography-related parameters (Carrega, 1994; Beltrando, 2000; Scherrer and Körner, 2011; Quénol and Bonnardot, 2014). A digital elevation model (DEM) provided by National Geographical Institution (IGN, France), with a 25 m horizontal resolution and 1 m vertical resolution, was used to produce raster layers of elevation, slope, and exposure by using the Spatial Analyst Tools from ArcGis software (ESRI, 92195 Meudon, France). Exposure was separated into two components (north/south and east/west) (Bonnefoy, 2013). Given the size of the study area (17 km∗18 km), the latitude and the longitude were also calculated from ArcGis software and taken into account as variables. Pixel values of all these environmental variables were extracted at the location of each temperature sensor.



Statistical Analyses

The effect of environmental parameters (elevation, slope, north/south exposure, east/west exposure, latitude, longitude) on minimum temperatures on 13 March 2012 and 7 April 2012 were investigated by multiple linear regressions.

Average daily mean, minimum, and maximum temperatures over the growing season, CWI, and phenological observations were represented annually by using boxplot graph set up with the package ggplot2 from R software. Daily thermal amplitude on minimum and maximum temperature (years taken together) were represented monthly by using boxplot graph. In the boxplot representation, outliers are represented as dots. They correspond to observations whose values are higher than the value of the third quartile plus 1.5 times the interquartile interval, or less than the value of the first quartile minus 1.5 times the interquartile range.

Average daily mean, minimum, and maximum temperatures over the growing season and CWI were compared per year using a one-way ANOVA. Daily thermal amplitude on minimum and maximum temperature were compared per month using a one-way ANOVA. The data normality was checked using Kolmogorov–Smirnov one-sample tests and homoscedasticity using Bartlett’s test. When a significant effect of year on temperature was found, multiple comparisons were conducted to test differences between each year using Tukey’s HSD test (R package agricolae).

The effect of environmental parameters on minimum and maximum average daily temperatures and on CWI were analyzed by using linear mixed models (Pinheiro and Bates, 2000), where elevation, slope, north/south exposure, east/west exposure, latitude, and longitude are considered as fixed effects. Year was considered as a random effect accounting for replicates. Two-way interactions between elevation, slope, north/south exposure, and east/west exposure were measured. All analyses were carried out in R version 3.3.1 (R Core Team, 2016) using packages nlme and car.

Daily maps of minimum and maximum temperatures were created using support vector regression model (Le Roux et al., 2017a). Support vector regression is achieved by machine learning (Cortes and Vapnik, 1995) to estimate complex relationship between dependent variables and a series of predictors. The principle is based on automatic identification of a number of N support vectors (issued from data) between which the non-linear regression function will be estimated through a kernel K (here we used the Gaussian kernel). More complete details of the model and map production are provided in Le Roux et al. (2017a).

From pixels of subsequent daily maps created by the model, estimated dates of mid-flowering and mid-veraison were obtained by implementing the GFV model. A map of these phenological stage dates was produced each year and subsequently averaged over study period.

The root-mean-square error (RMSE) was used to compare mid-flowering and mid-véraison observations from each year (2012–18) with the mid-flowering and mid-véraison dates modeled using the GFV model and from maps produced from modeled mid-flowering and mid-véraison dates.




RESULTS


Temperature Variability (2012–2018)


Daily Temperature Amplitude Analysis

The spatial daily amplitude of minimum and maximum temperature (i.e., the difference between the highest and lowest minimum and highest and lowest maximum temperature) over the study area was analyzed from 2012 through 2018. Figure 3 represents the daily amplitudes per month (average of all years).
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FIGURE 3. Monthly boxplots of the daily thermal amplitude for (A) minimum and (B) maximum temperature over the site from 2012 through 2018.


Spatial amplitude of minimum temperatures (average of 3.9°C ± 1.7, Figure 3A) is greater than for maximum temperature (average of 3.2°C ± 0.9, Figure 3B). The amplitude of minimum temperatures can reach 9.8°C on specific days, and the large size of the boxplot reveals important variations of amplitude from day to day (from 1 to 10°C).

Boxplot sizes of daily amplitude of maximum temperature are smaller, which indicated less variation from day to day, except some specific days (outlier points of the graph) (Figure 3B). Daily amplitude of maximum temperature presents also a seasonal effect, with greatest amplitude from June to October (a and b ANOVA groups).

The spatial structure of temperatures can be very different from day to day due to the weather, the atmospheric circulation, and the effects of the morphological features and land properties. In general, the spatial variability of temperatures is greater in atmospheric situations with clear skies and light winds. During clear sky days, more solar radiation reaches the surfaces and provokes higher levels of heating. During the night, clear sky induces stronger cooling due to greater long wave radiation emitted from surfaces. The distribution of minimum temperatures on 13 March 2012 was chosen as an example to illustrate the distribution of temperatures during an anticyclonic day, with clear sky conditions and no wind (Figure 4A). This weather type leads to large amplitude of minimum temperatures, by promoting cold air to flow into valleys and plains accentuated by long wave radiation emitted from surface. A minimum temperature amplitude of 9.2°C was recorded on this day, and relief is well correlated to this spatial distribution with coolest temperatures in the lowest parts of the valleys and warmest temperatures at the top of the hills on the limestone plateaus. Statistical analysis using multiple linear regressions of the minimum temperature of all the sensors against environmental parameters found elevation to be the most significant. Elevation positively explained 51.7% of the variance and latitude negatively explained 4.2%, for a total of 59% of the variance overall explained by the model. Conversely, a very different spatial minimum temperature distribution was observed on 7 April 2012, which was a cloudy atmospheric depression day with no wind (Figure 4B). This weather type reduces spatial thermal amplitude, which was restricted to only 1.1°C over the area. However, relief plays an important role on the minimum temperature distribution. During this day, 66% of the variance is negatively explained by elevation, 2.7% and 2.5% of the variance is positively explained by the east/west exposure and by longitude, respectively, and 1.5% of the variance is negatively explained by north/south exposure, with a total of 76% of the overall variance explained by the multiple linear regression model.
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FIGURE 4. Maps of minimum temperature of 13 March (A) and 7 April (B) 2012.


The effects of topography and other local factors are also combined with larger scale factors related to synoptic conditions (Planchon et al., 2015). The atmospheric circulation strongly influenced by the Atlantic Ocean generates a longitudinal gradient with higher temperatures over the western part of the site (Le Roux, 2017).



Temperature Variability Over the Vegetative Season

Average daily mean, minimum, and maximum temperatures were analyzed during the growing season, from 1 April to 30 September during seven consecutive years (2012–2018) (Figure 5).
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FIGURE 5. Boxplots of mean (Tm), minimum (Tn), and maximum (Tx) average daily temperatures over the growing season (from 1 April to 30 September) from 2012 through 2018. Different letters indicate significant differences between years (at P < 0.05).


The average mean temperature is around 19.1°C ± 0.6 (with a mean amplitude of 1.5°C ± 0.2) and shows a marked vintage effect: 2018 is the warmest and 2013 the coolest year.

The intra-annual spatial variability, which corresponds to the range of temperatures between the coldest and the warmest sensor, is greater for minimum temperatures (2.6°C ± 0.3 in average over the seven vintages) than for maximum temperatures (2.1°C ± 0.3 in average).

The inter-annual (temporal) variability is greater for mean and maximum temperatures than for minimum temperatures. The multiple comparisons performed after the ANOVA found only three groups for the minimum temperatures in comparison to six and seven groups for the mean and maximum temperatures, respectively. Hence, at this site, the vintage effect is mainly driven by variations in maximum temperatures.



Canopy Winkler Index

In order to improve the characterization of temperature variability, the canopy Winkler degree-days summation was calculated for each sensor in each year (Figure 6).
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FIGURE 6. Boxplots of canopy Winkler index from 2012 through 2018. Different letters indicate significant differences between years (at P < 0.05).


An important vintage effect was highlighted with 2018 being the warmest and 2013 the coolest vintages, with CWI of 2041 degree-days ± 72.6 and 1735 degree-days ± 55.4, respectively. The spatial amplitude was also substantial, with an average of 320 degree-days ± 41.7 over the 7 years studied.




Temperatures Modeling


Spatial Modeling of Daily Temperatures

Minimum and maximum temperature maps were created for every day of the period under study (2012–2018). Figure 7 represents the spatial temperature distribution of 2 days with extreme conditions. 7 March 2015 was an anticyclonic day with clear weather without wind and rain, where temperatures dropped below 0°C in the areas most sensitive to cold air accumulation. 19 July 2016 was characterized by warm and dry weather, where the maximum temperatures of some areas located in the western and eastern parts of this area exceeded 40°C.
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FIGURE 7. Spatial distribution of minimum temperature on 7 March 2015 (A) and of maximum temperature on 19 July 2016 (B).




Spatial Distribution of Minimum and Maximum Temperatures During the Vegetative Season

Daily maps of minimum and maximum temperature were integrated over the growing season for each year. Independently of the vintage effect, a recurring spatial structure was shown (Le Roux et al., 2017b). It was therefore decided to average temperature maps over the duration of the study to quantify the temperature distribution for the purpose of producing a temperature zoning.

The analysis of the average minimum and maximum temperature maps over the study area shows a high spatial variability at this scale. For minimum temperatures, the sectors with the highest altitudes (limestone plateaus of Saint-Émilion, Montagne, Puisseguin, and Lussac), as well as those on south exposed slopes, correspond to the highest minimum temperatures (Figure 8A). Conversely, the lowest sectors (the Dordogne alluvial plain and the bottoms of the valleys) are associated with the lowest temperatures. The western part of the area (Libourne, Pomerol, Lalande-de-Pomerol) did not follow this distribution and minimum temperatures are slightly above average, while the altitudes are relatively low and the slopes close to zero.
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FIGURE 8. Spatial distribution of average (A) minimum and (B) maximum temperatures during the growing season (1 April to 30 September) from 2012 through 2018.


For the spatial distribution of maximum temperatures, the opposite spatial pattern is observed: the warmest temperatures are recorded at low altitudes and coolest temperatures at high altitudes. High maximum temperatures are also recorded in the western part of the area (appellations Pomerol, Lalande de Pomerol, and the commune of Libourne, Figure 8B). The spatial thermal amplitude of the mean maximum temperatures is smaller compared to the minimum temperatures.

Finally, the areas with the greatest thermal amplitude between minimum and maximum temperatures are located at the bottom of the hills while the parcels located in the highest positions show smaller thermal amplitude.



Spatial Distribution of Canopy Winkler Index

The spatial distribution of the CWI (Figure 9) shows a spatial structure which is linked to the relief. The limestone plateau of Saint-Émilion and its south facing slopes are the warmest parts of the area. The north-east of the area is the coldest sector. The Dordogne alluvial plain and the bottom of the valleys are cooler. Another warm part of the region, not specifically linked to the topography, is the western part of the area around the town of Libourne, including Pomerol and Lalande dePomerol.
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FIGURE 9. Spatial distribution of average Canopy Winkler Index (2012–2018).




Environmental Factors Explaining Temperature Distribution

A statistical analysis was implemented to select the geomorphological co-variables which drive temperature distribution (Table 1). The main factors impacting minimum temperature over the vegetative season are elevation, longitude, slope, and latitude. Tn increased with elevation and the percentage of slope, and decreased from west to east and from south to north. Significant, but less important effects were found for exposure variables. The effect of elevation was, however, contingent on slope, and exposure parameters. For example, the negative coefficient parameter estimate for the interaction between elevation and slope indicated that the increase of minimum temperature with elevation is stronger in very steep vineyards than in parcels with low declivity.


TABLE 1. Summary of Linear Mixed-Models testing the effect of elevation, slope, exposure, latitude, and longitude on maximum temperature, minimum temperature, and Canopy Winkler index.

[image: Table 1]
Regarding maximum temperatures, the main effect is elevation. Tx decreased with elevation and increased with percentage of slope. The effect of elevation was, however, contingent on slope, on south/north exposure, and on west/east exposure. Regarding the interaction between elevation and west/east exposure, the positive coefficient suggested that the effect of elevation on maximum temperatures was lower in east facing parcels.

Canopy Winkler index increased with elevation, slope, and decreased with north/south exposure, longitude, and latitude. The effect of elevation was concomitant with slope. The negative coefficient parameter for the interaction showed that the increase of CWI with elevation was higher in steep vineyards than for parcels with low declivity.




Relationship Between Vine Development and Temperature


Phenological Observations

Phenology monitoring revealed the importance of the vintage effect: the warmer meteorological conditions of 2018 and 2015 advanced the timing of phenological stages compared to the cool year 2013 (Figure 10). The duration of phenophases between the phenological stages was variable from year to year. Some vintages, like 2016, can have an early budbreak due to high temperatures during the beginning of the year followed by a late flowering and véraison, because of relatively lower temperatures later in the growing season (Figure 2).
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FIGURE 10. Boxplots of observed phenological stages from 2012 through 2018.


The intra-annual variability was highlighted in this study. An average window of about 19 days ± 7.7 was recorded for budbreak, 9 days ± 2.9 for flowering, 13 days ± 4.5 for véraison, and 25 days ± 11.3 for theoretical maturity (200 g/L of sugar content). The standard deviation showed more variation between years for budbreak and maturity, which is due to meteorological conditions affecting duration during these phenophases. For example, the maturity of the 2013 vintage was impacted by the poor ripening conditions that led to a delay in maturity. The 2012 budbreak was also affected by the cool temperatures at the beginning of the year and the rainy weather in April, which increased the duration of this stage.



The Timing of Mid-Flowering and Mid-Véraison Modeled by Means of the GFV Model

The GFV model was developed to predict the timing of flowering and véraison for a wide range of grapevine varieties. One of the objectives of this study was to produce occurrence maps of mid-flowering and mid-véraison dates by using the GFV model. To do so, the prediction accuracy of the GFV model for Merlot at this local scale needed to be validated first.


Temperature data correction

The GVF model was developed with data collected at regular weather stations. Data recorded by the Tinytag thermistor probe installed inside the vegetation were matched with the temperatures of the Météo-France weather station in order to compare the recorded temperatures.

Temperatures registered by both systems are different for minimum and maximum temperatures (Figure 11). The gap on minimum temperatures (average of −0.2°C ± 0.3) is less important compared to maximum temperatures (average of 1.2°C ± 0.7). A seasonal effect was also observed for maximum temperatures with greater differences during the vegetative season.
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FIGURE 11. Comparison between temperatures recorded by Tinytag thermistor probe and the weather station of Saint-Émilion on daily minimum and maximum temperatures from 2016 through 2018.


Considering these differences, it appeared necessary to correct the data collected with the Tinytag data loggers in order to use the published GFV model parameters. A linear correction was shown to be satisfactory for minimum and maximum temperatures (Figures 12A,B).
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FIGURE 12. Relationships between minimum temperatures measured by Tinytag thermistor probe and weather station (A) and relationship between maximum temperatures measured by Tinytag thermistor probe and weather station (B). Data cover 2016–2018.


The daily minimum and maximum temperature data recorded by Tinytag data loggers from 2012 to 2018 were corrected using these linear models in order to validate the GFV model.



Validation of GFV model

The GFV model was used to simulate the occurrence of mid-flowering and the mid-véraison for Merlot from corrected data of the 90 temperature sensors. Results were compared to the phenological observations to validate the performance of the GFV model at the scale of this site.

Figure 13 represents the differences between the observation and the GFV prediction for mid-flowering (A) and mid-véraison (B). The GFV model performed well at this local scale, with an accuracy of 4 days for mid-flowering including the 2013 vintage, which presents less precise results. Similar results were found for mid-véraison, the majority of the prediction errors are lower than 5 days, with an exception for the 2013 vintage. 2013 is a particular vintage with a very fresh and rainy beginning of the year (Figure 2). Flowering was affected by these adverse meteorological conditions, inducing poor fertilization which provoked coulure and millerandage and heterogeneous maturity. Storms in late July and early August provided unlimited water supply to the vines, causing continued vegetative growth and late and untypical ripening conditions.
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FIGURE 13. Differences between observed and predicted dates by using the GFV model for mid-flowering (A) and mid-véraison (B) from 2012 through 2018.


Root-mean-square error was calculated for each year and phenological stage. Average RMSE (Table 2) is 2.2 days for flowering and 3.6 days for véraison, which shows that the GFV model is able to predict flowering and véraison with great accuracy at this scale. By comparison, RMSE of the GFV model for Merlot published in Parker et al. (2013) was 5.6 days for flowering and 6.6 days for véraison.


TABLE 2. RMSE calculated to compare mid-flowering and mid-véraison observations for each year (2012–18) with mid-flowering and mid-véraison dates modeled using corrected temperature data and from maps produced using modeled mid-flowering and mid-véraison dates.
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Spatial modeling of the timing of mid-flowering and mid-véraison (2012–2018)

Maps of spatial distribution of the occurrence of mid-flowering and mid-véraison stages averaged over the period 2012–2018 were created by using the daily maps of corrected temperature and the parameters of GFV model for Merlot (Figures 14A,B).
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FIGURE 14. Maps of the average modeled occurrences of (A) mid-flowering and (B) mid-véraison stages (2012–2018) for Merlot.


The spatial structure of the maps of both stages is similar and in adequacy with the spatial structure of CWI. The limestone plateaus, the south facing slopes, and the western part of the area have the earliest phenology overall. The northern and eastern part of the area, as well as the bottom of the valley (especially those located in the north eastern part of the area) show delayed phenology. The largest amplitude was found for the véraison stage, which is similar to the results from phenology monitoring (Figure 10). However, the spatial modeling reduces the amplitude across the area, compared to real observations from 9 to 6 days for mid-flowering dates and 13 to 9 days for mid-véraison dates.



Validation of phenological maps

To validate the phenology maps, an extraction of the pixel value at the location of each temperature sensor was carried out for each year, for flowering and véraison. Results were compared to phenology observations. The average RMSE is 2.3 days ± 0.7 for flowering and 3.5 days ± 1.5 for véraison, which corresponds to a similar result for observations of flowering and véraison compared to modeled flowering and véraison dates calculated directly using temperature data collected with the thermistor probes (Table 2). Hence, no accuracy loss was detected with the spatial modeling procedure.






DISCUSSION


Spatio-Temporal Temperature Analysis

Based on a large unprecedented dataset obtained by a high density network of temperature observations, important spatial amplitude of seasonal temperatures over this area was observed. An average of 320 degree-days of amplitude over the 7 years studied was found for CWI.

This study also underlines large spatial amplitude on minimum temperatures during the vegetative season and great inter-annual variation of maximum temperatures, which impacts the vintage effect. Hence, spatial temperature variability was more driven by minimum temperatures, while temporal (i.e., year-to-year) temperature variability was more driven by maximum temperatures. Previous studies investigating temperatures at the vineyard scale have also shown great spatial temperature variability (Quénol et al., 2004; Bonnardot et al., 2012; Bonnefoy, 2013; Cuccia, 2013). These studies highlighted the impact of relief or local parameters such as water bodies on temperature distribution. This study shows not only the impact of relief, but also latitude and longitude. It confirms that great spatial thermal amplitude at local scale is well connected with local environment, as was also shown by Quénol et al. (2014) and Neethling et al. (2019).

Daily temperature analysis showed large spatial amplitude, especially on minimum temperatures. Spatial structure varies from day to day depending on the weather type, which confirms findings of other studies at the local scale (Madelin and Beltrando, 2005). The distribution of temperatures varies according to the atmospheric situation. Lower scale temperatures are also dependent on higher climatic scales. To explain the distribution of daily temperatures, it is necessary to study synoptic situations and their consequences on temperature distributions at the local scale. A preliminary study, based on data from this network over the period 2012–2015, showed an influence of weather types (Cantat et al., 2012) and atmospheric circulation patterns (Hess and Brezowsky, 1952) on the spatial and temporal daily variability (Eveno et al., 2016). This methodology was previously used is several studies to identify spatial climate variability (Douvinet et al., 2009; Planchon et al., 2009). Preliminary results in our study site show that great amplitude on minimum and maximum temperatures seems to result from northwest/north circulation, but also that warm weather induces great daily spatial amplitude on minimum temperature. These results need to be confirmed over the duration of the project with the use of appropriate statistical tools.

Another approach to assess the impact of weather conditions on spatial temperature variability is to classify daily temperature maps based on statistical criteria. In a second step, synoptic atmospheric conditions (wind direction and atmospheric pressure) of each cluster can be determined. This approach was tested on the 2014 data of this study site (Le Roux et al., 2017b). A classification in nine nodes of the spatial distribution of temperature was obtained. To determine the average daily atmospheric conditions of each node, the outputs of the regional model (Weather Research and Forecasting) were used. Spatial variability of temperatures was analyzed according to the atmospheric situation and allowed a better understanding of the results regarding the distribution of the temperatures over the study area. This approach was, however, carried out for only 1 year, and needs to be conducted over a longer period of time to confirm the observed relationships with increased statistical power.

In the future, it will be interesting to combine these two different approaches to better understand the influence of the weather type and the atmospheric situation on spatial temperature distribution at the local scale.



Relationships Between Vine Development and Temperature

It is well established that temperature is a major driver of plant phenology (Chuine et al., 2013). Most studies assessing the relationship between temperatures and phenology are based on point data (i.e., data obtained in specific locations). Spatial modeling of phenological stages has been implemented, but only at large scale (Fraga et al., 2016; Sgubin et al., 2018). Our aim was to produce local scale maps of the occurrence of phenological stages. To do so, our spatial temperature modeling was coupled to phenology modeling. A high number of phenology observations were used as a validation dataset.

The GFV model (Parker et al., 2011) used to assess mid-flowering and mid-véraison dates was developed with data collected by regular weather stations. In this study, temperature data were recorded by Tinytag thermistor probes installed inside the vegetation. Hence, it was necessary to compare obtained data with temperatures recorded by a regular weather station. Temperatures registered by both systems are different for minimum and maximum temperatures. This result underlines influences of the local environment (vine parcel, canopy), but also an impact of intrinsic characteristics of measurement equipment (type of sensor, solar shield) on recorded temperatures. In order to use the published GFV model parameters (Parker et al., 2013) on the data collected with the Tinytag data loggers, temperatures collected in this study were corrected by means of a linear regression.

Several hundred real phenology observations allowed validation of the GFV model at this scale (RMSE = 2.2 and 3.6 days for mid-flowering and mid-véraison, respectively). Model performances were poorer in 2013, when unfavorable meteorological conditions during flowering induced fertilization problems (RMSE = 4.7 and 7.6 days for mid-flowering and mid-véraison, respectively). By coupling GFV and temperature models, maps of flowering and véraison were created and validated over this study area. These maps are highly accurate, as shown by comparing modeled phenology dates extracted from the maps with phenology observations (RMSE = 2.3 and 3.5 days for mid-flowering and mid-véraison, respectively). To improve precision, it would be interesting to develop site-specific phenology models, based on phenological observations and temperature data obtained over this area.

The GFV model performs well in current meteorological conditions, but it may be less accurate under much warmer conditions, because it is not capped for extreme temperatures. In a context of climate warming, and considering that phenology is the first biological indicator of climate change (Menzel et al., 2006), it will be interesting to also test models like the one created by Wang and Engel (1998), which identifies an optimal temperature and a critical threshold temperature above which plant development is stopped. This type of model is certainly more accurate to project phenology evolution over this site in extreme scenarios of climate change (RPC 8.5, end on the century).

To evaluate the impact of climate change on vine development, several studies were carried out in different areas (Cuccia, 2013; De Cortázar-Atauri et al., 2017; Alikadic et al., 2019). Coupling temperature projections under various climate change scenarios (IPCC, 2013) with spatial phenology modeling developed in this study will allow the creation of maps projecting phenological stages over this site.



Comparing Amplitude of Temperature and Phenology Observations With Amplitude of Temperature and Phenology on Maps Obtained by Spatial Modeling

In our dataset, amplitude (i.e., the difference recorded by the coldest and warmest sensors) is 2.6°C for Tn, 2.1°C for Tx and 320 degree-days for CWI (average 2012–2018). On the maps obtained by spatial modeling, this amplitude is very similar for Tn with 2.5°C but is reduced to 0.8°C for Tx and 251 degree-days for CWI (average 2012–2018). Similar reduction is shown for phenological stages (from 9 to 6 days for mid-flowering dates and 13 to 9 days for mid-véraison dates).

The spatial modeling of the minimum temperature over the vegetative season is very accurate and the temperature ranges and the amplitudes are very close to the recorded temperatures. On the other hand, there is a sharp reduction of modeled amplitudes of maximum temperature. Visualization of the measured maximum temperature distribution over the different growing seasons (Figure 5) shows that the amplitudes are often extended by extreme points, which is not the case for the minimum temperature distribution. Extreme points on maximum temperature are often located in valleys close to vegetation like trees or hedges. Regarding the extreme coldest maximum temperatures, they are often located in higher elevation areas where environmental parameters favor air circulation and consequently temperature reduction.

The few extreme points influencing the large measured amplitude of maximum vegetative season temperature over the study area represent only a small weight in the spatial modeling and explain this reduction of amplitude after spatial modeling. The maximum temperature can be influenced by specific local environments like vegetation or wind, which are not taken into account in the modeling because they are not well represented. At this scale of modeling, and taking into account latitude/longitude and the relief parameters as co-variables, extreme points are prevented from having an important impact on spatial modeling.

It can be assumed that this amplitude reduction on the modeled maximum temperatures induced subsequently the loss of amplitude on the modeled CWI, which is created from compilation of daily modeled maps of Tn and Tx.

The reduction of amplitude of modeled phenology, compared to observed phenology, can result from decreased modeled temperature amplitude. Specific plant responses induced by factors other than temperature, like plant water or mineral status, plant age, clone or root-stock can, however, also impacted measured amplitude. These biotic and abiotic factors are not taken into account by the phenology models used in this research.



Relationships Between Day–Night Temperature Amplitude and Wine Quality

High temperature amplitude (i.e., differences between day and night) during grape ripening is often considered to be a wine quality enhancing factor. This idea is frequently developed in popular wine books, and thermal amplitude during grape ripening is sometimes included in climatic characterization of wine producing areas (among other references see Montes et al., 2012). It is thought to increase secondary metabolites (phenolic compounds and aromas) in grapes and wines, although scientific evidence on this topic is scarce and somewhat contradictory. In one of the earlier references, Kliewer and Torres (1972) found that high anthocyanin accumulation in grape berries was related to low thermal amplitude. In contradiction with this, Mori et al. (2007) showed that, for a given day temperature, anthocyanins in grapes were higher when night temperature was low (i.e., in the case of higher day–night thermal amplitude). Regarding other phenolic compounds, Kliewer and Torres (1972) did not find a strong temperature amplitude effect on flavonols and so did Cohen et al. (2012) on proanthocyanidins. Over our study site, we found low temperature amplitudes on the limestone plateaus, where some of the finest wines of the area are produced, and high temperature amplitude in the valleys, known for producing entry level wine quality. This observation does not support the idea that high temperature amplitude is associated to high wine quality. Similar results were found by Bois et al. (2018) who recorded low day–night temperature amplitude in the Médoc area close to the Gironde Estuary (Bordeaux, France), where some of the finest Bordeaux wines are produced. Hence, inside the Bordeaux production area, high day–night temperature amplitude does not seem to be associated to high wine quality. More research is, however, required on this topic. Thermal amplitude is related to elevation and the proximity of water bodies, and so is soil distribution. It is possible that, in the case of the Bordeaux area, the effect of soil type overrules a potential impact of thermal amplitude. It is also possible that, independently from thermal amplitude, lower maximum temperatures promote grape quality potential: high temperatures induce cooked fruit aromas which are not associated with premium wine quality (Allamy et al., 2017; Pons et al., 2017).



Terroir Characterization at Local Scale for a Better Adaptation of Current and Future Technical Management Strategies

Terroir is a concept based on the observation that wine quality and typicity are impacted by the physical and biological environment (van Leeuwen and Seguin, 2006). Major factors of the terroir effect are climate and soil (van Leeuwen et al., 2004; Bodin and Morlat, 2006; Morlat and Bodin, 2006; Jones, 2018). Terroir zoning is important for winegrowers in order to optimize the potential of their terroir by adapting plant material (rootstock and variety), training system, vineyard floor management, and harvest decisions to local climate and soil conditions (Reynolds et al., 2007; Vaudour et al., 2015; van Leeuwen and de Rességuier, 2018). Detailed soil maps are available for many winegrowing regions, including this study area (van Leeuwen et al., 1989; Swinchatt et al., 2018).

A previous study over the Bordeaux area produced temperature maps at 50 m of resolution (Bois, 2007; Bois et al., 2018). The results presented in our study increase the resolution of temperature mapping in a specific area of the Bordeaux wine region. To obtain this high resolution (25 m), a non-linear spatial model was developed based on the temperature data recorded by a high density temperature sensor network scale (Le Roux et al., 2017a). Maps of the different temperature indicators and agro-climatic indices, as well as maps of phenological stages, were produced in this research over the duration of the project and are well adapted to be used by large estates or cooperative cellars. These maps, and knowledge of local parameters involved in spatial temperature distribution, will help wine growers to better adapt plant material and viticultural practices. It will also allow them to determine harvest dates with increased precision. At very local scale, however, landscape features such as hedges or trees can influence temperature distribution (Quénol et al., 2014). These parameters have not been taken into account in our models. Hence, the interpretation of the temperature maps in these particular environments needs to be done with caution.

Climate change is heavily impacting viticulture (Schultz, 2000; Fraga et al., 2012; Hannah et al., 2013) and growers need to adapt to changing climatic conditions in order to continue the production of quality wines at economically sustainable yields (van Leeuwen and Destrac-Irvine, 2017). These adaptations include plant material (Duchêne, 2016), training systems (van Leeuwen et al., 2019), and pest management (Bois et al., 2017). In this context of climate change, it is also critical to better understand current climate, in order to establish a baseline for work on future adaptation.

Extreme weather events, such as frost or heat waves, can impact plant development and cause damage on vine organs (including grape berries) and alter wine quality and typicity. Daily maps of temperature distribution produced in this study can be used to better understand the spatial distribution of these extreme weather events as was done previously for frost event in Champagne and in South Africa (Madelin and Beltrando, 2005; Bonnardot et al., 2012). These maps could be used to define the most sensitive parcels in order to implement adaptations, or to optimize the location of systems like wind turbines for spring frost protection.

In the future, it will be interesting to combine temperature projections under various climate change scenarios (IPCC, 2013) with temperature model developed at the local scale (Le Roux et al., 2017a) in order to improve the accurate of the projections and to help winegrowers to anticipate adaptation.




CONCLUSION

In this study, temperature variability was investigated at a vineyard scale over an area of 19,233 ha within the appellations of Saint-Émilion, Pomerol, and their satellites (Bordeaux, France). Results show a great spatial and temporal variability in temperature. The main factors driving this spatial temperature distribution, including environmental features and meteorological conditions, are explored. Impact of temperature on vine phenology was investigated by means of the coupling of spatial temperature models with phenology models. Local-scale maps of temperature and corresponding occurrence of phenological stages were created over this area. These maps allow improved adaptation of plant material and training systems to local temperature variability over the area. It is also a useful tool for adaptation of plant material and viticultural practices in the context of climate change.
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The quality of the vineyard soils has a direct impact on grapes and wine quality and represents a key component of the “Terroir concept.” However, information on the impact of soil microbiota on grapevine plants and wine quality are generally lacking. In fact, over the last few years most of the attempts made to correlate soil microbial communities and wine quality were limited by overlooking both the functional traits of soil microbiota and the spatial variability of vineyards soils. In this work, we used a functional gene microarray approach (GeoChip) and soil enzymatic analyses to assess the soil microbial community functional potential related to the different wine quality. In order to minimize the soil variability, this work was conducted at a “within-vineyard” scale, comparing two similar soils (BRO11 and BRO12) previously identified with respect to pedological and hydrological properties within a single vineyard in Central Tuscany and that yielded highly contrasting wine quality upon cultivation of the same Sangiovese cultivar (BRO12 exhibited the higher quality). Our results showed an enrichment of Actinobacteria in BRO12, whereas Alfa- and Gamma-Proteobacteria were more abundant in BRO11, where an enrichment of bacteria involved in N fixation and denitrification occurred. Overall, the GeoChip output revealed a greater biological activity in BRO11 but a significant enrichment of sulfur-oxidation genes in BRO12 compared to BRO11 soil, where a higher level of arylsulfatase activity was also detected. Moreover, the low content of sulfates and available nitrogen found in BRO12 suggested that the reduced availability of sulfates for vine plants might limit the reduced glutathione (GSH) synthesis, which plays an important role in aroma protection in musts and wines. In conclusion, in addition to nitrogen availability, we propose that soil microbial sulfur metabolism may also play a key role in shaping plant physiology, grapes and wine quality. Overall, these results support the existence of a “microbial functional terroir” effect as a determining factor in vineyard-scale variation among wine grapes.

Keywords: microbial terroir, sulfur cycling, wine quality, soil biodiversity, GeoChip


INTRODUCTION

The relationship between soil and crop quality has been studied intensively over the past several decades, especially with respect to grapes used in wine production (Seguin, 1986; Vaudour, 2002; Deloire et al., 2005). The quality of wine is largely determined by grapes but a number of factors, such as grapes variety and vine rootstock, water availability, climate, soil properties, and viticultural-oenological practices directly affect grape quality at harvest (OIV, 2010). The interactions among such factors over time determine the “Terroir concept,” an interactive ecosystem which define a specific vineyard site with unique features that give wine grapes their distinctive character (van Leeuwen and Seguin, 2006). Although many studies have demonstrated that soil chemical, physical and hydrological features can strongly affect wine peculiarities (van Leeuwen et al., 2004; Vaudour et al., 2015), the potential contribution of soil microbiota has until recently been overlooked (Bokulich et al., 2014; Gilbert et al., 2014; Knight et al., 2015; Garofalo et al., 2016; Miura et al., 2017). In fact, whereas the uniqueness of the microbiota present typically on the skins of the fruit, and how this influences the compounds produced during fermentation, is a well-accepted concept (Barata et al., 2012; Felder et al., 2012; Bokulich et al., 2014, 2016; Capozzi et al., 2015; Knight et al., 2015; Jara et al., 2016; Mezzasalma et al., 2017), the uniqueness of the microbial community structure found in the soil and/or associated to various plant parts which influence the flavor, color, and quality of the fruit and wine is not clearly established (Gilbert et al., 2014). In the last few years several authors tried to support the “microbial terroir” concept suggesting that soil microbiome may affect wine quality (Burns et al., 2015; Zarraonaindia et al., 2015; Bokulich et al., 2016; Belda et al., 2017; Vadakattu et al., 2019). However, the results generally highlighted distinct microbial communities correlated to different vineyards but without finding any direct effect on vine growth, fruit properties, or wine quality. In fact, as the authors indicate, “correlation is not causation” and more research is needed to link specific microbial functions to one or more sensory features of wines. Moreover, most of such studies have been conducted on different vineyards or soils located in different areas, thus providing severe limitations for the assignment of any soil microbial taxa/groups associated to a specific vine plant. In fact, it is well-known that microbial community structure and biogeography change with environmental variations and are primarily controlled by edaphic features (Fierer and Jackson, 2006; Kuramae et al., 2012; Burns et al., 2015; Li et al., 2019). Thus, in order to assess the role of soil microbial diversity and functions in determining grape and wine quality, it is essential to minimize the environmental variability and conduct the research at a within-vineyard scale, in the same soil or among similar soils.

Thus, in this study we selected two experimental plots within the same vineyard in Chianti municipality (Tuscany, Italy), corresponding to subareas with highly similar soils, called BRO11, and BRO12. Remarkably, although their similarity, BRO11 and BRO12 soils gave rise to grape and wines that differ in their quality (Costantini et al., 2013).

This experimental field thus provided a means to examine the microbial community properties of two highly similar soils giving rise to wine grapes of disparate quality, thereby potentially providing a means to examine how soil microbial community structure and functions are related to grapevine performance and wine quality. Here, we hypothesized that soil microbial functions are different in these two plots that might exert a key role in shaping the grapevine performance and wine quality. To test this hypothesis, we (i) determined the soil properties, compared the (ii) microbial functional diversity and major metabolic pathways using microbial function microarray (Geochip 3.0), and (iii) soil enzyme activity involved in C, N, and P cycles in plots BRO11 and BRO12. Results are discussed with respect to the potential factors effecting microbial communities in these soils, potential links between microbial community properties and final grape and wine quality and the general notion of a microbial terroir concept.



MATERIALS AND METHODS


Description of the Study Area

The selected vineyard is located in the Brolio farm (lat: 43.384°, long: 11.436°), which belongs to the Barone Ricasoli estate, one of the most important wineries of the Chianti Classico wine-area, in Gaiole in Chianti municipality (Tuscany region, Italy). The vineyard was established in 2000, after weak slope re-shaping and deep plowing to a depth of 0.8–1.0 m. The grape cultivar was Sangiovese, which is the main variety of Chianti Classico and other red wines of central Italy. Plant density was 6,250 plants/ha (2.0 × 0.8 m) and the rootstock was 420A.

This vineyard has been the subject of previous research projects aimed to determine the relationships between soil and wine quality, in which a total of 3 + 3 years of mapping and monitoring activities on grapevines and soils have been undertaken. Some results of research activities relating to water and nitrogen nutrition were already published by Costantini et al. (2013), whereas other results on geophysical investigation were published by Martini et al. (2013) and Braschi et al. (2018). The depositional sequence started in the bottom by clayey deposits, some tens of meters thick, characterized by small lignite lenses and gypsum crystals, overlying by sandy-gravelly deposits of beach environment, for an average thickness, determined by geophysical analysis (Martini et al., 2013), of about 10 meters. The erosion during Quaternary period brought the clayey deposits on the surface only along valley and in the lower part of the slope. In this vineyard, about 70% of the total surface is characterized by sandy-gravelly marine deposits, whereas the lower part of the slope (<310 m a.s.l.) shows clayey deposits on the surface or buried by shallow (20–30 cm) deposits of sands, recently sedimented for colluviation from the slope.

The two plots selected for this study, BRO11 and BRO12, were about 80 m apart on a single vineyard row in the same soil typological unit (Figure 1 and Figure S1), and developed on marine sands and conglomerates dating back to 4.5 million years B.P. (Early Pliocene period). Both soils have sandy loam texture, moderate calcium carbonate content (60–150 g·kg−1), subalkaline pH (8.2–8.4), and low organic carbon (2.3–6.5 g·kg−1). The soil moisture monitoring of the 0–70 cm evidenced a very similar water availability among the two soils (Costantini et al., 2013). BRO12 has little higher content of sand (about +10%) and coarse fragments (about +10%), as well as slightly lower organic carbon (about −4 g·kg−1) and available water capacity (AWC, −10 mm·m−1).


[image: Figure 1]
FIGURE 1. Pictures of the studied vineyard (from North to Southward) and soil profiles of BRO11 and BRO12 plots.


Despite the high similarity of the two soils, the grapevines response in the two plots were different, as reported in the previous paper (Costantini et al., 2013). Briefly, the ratio between the carbon isotopes 13C/12C (δ13C) found in the wines demonstrated higher grapevine water stress during summer in BRO11 than in BRO12. However, BRO12 produced lower grape yield/plant during experimental years (2008/'09/'10), which on average was about 1 kg/plant vs. 1.6 kg/plant of BRO11. On the other hand, the grapes of BRO12 showed a small increase of the average sugar content (23.2 °Brix, instead 22.2 °Brix of BRO11), extractable polyphenols (1,883 vs. 1,638 mg·l−1) and significantly (p < 0.05) higher total anthocyanins (1,500 vs. 1,316 mg ·l−1, data available only for 2008 and 2009). The overall wine quality was determined by means of the “Vine Performance of Sangiovese” (VPS) index (Bucelli et al., 2010), which showed a higher VPS value (VPS = 81) in BRO12 than in BRO11 (VPS = 62) over the three vintages.



Pedological Survey and Soil Sampling

In order to assess the soil spatial homogeneity across the vineyard, the experimental field was surveyed in greater detail by the use of soil proximal sensors, namely electromagnetic induction sensor (EM38- Mk2, Geonics Ltd., Canada) and gamma-ray spectroscopy (The Mole, Soil Company, The Netherlands), able to provide a cheap, non-invasive, and rapid mapping of the soil apparent electric conductivity (ECa) and soil stoniness and mineralogy, respectively (Priori et al., 2013, 2014). The maps obtained by proximal soil sensing defined the homogeneity of the study area and allowed to select the sampling points within two homogeneous plots. At the harvest, three sub-plots (replicates) of the two soils were then laid out along the same vineyard row, at about 5 m from each other. Five soil sub-samples were collected at the same distance from the plants (about 50 cm across the row), at 0–30 cm depth and accurately mixed together in a unique sample for each sub-plot (about 1 kg each). Soil samples were air-dried at room temperature and sieved at 2 mm before being stored at −30°C for the subsequent GeoChip and enzymatic analysis.

In the same vineyard row, two soil profiles (BRO11 and BRO12) were dug until a depth of about 1.3 m, and described by following the international guidelines for soil description (Jahn et al., 2006). For laboratory physical and chemical analysis, each soil horizon of the soil profiles was collected, air-dried and 2.0 mm sieved; the resulting sample was then stored at room temperature before being analyzed.



Soil Chemical and Physical Analyses

Soil texture was determined by a X-ray/sedimentation throughout a Micromeritics Sedigraph III analyser, according to Andrenelli et al. (2013). Total soil organic carbon (SOC) and nitrogen (TN) were determined by dry combustion using a ThermoFlash 2000 CN soil analyzer, after removing the carbonates with HCl 10%. The total equivalent CaCO3 was calculated as the difference of total C between the untreated soil (mineral C + organic C) and the HCl-treated soil (organic C). The active lime was determined using the Drouineau method in accordance with Loeppert and Suarez (1996). The soil pH was measured potentiometrically in a 1:2.5 soil–water suspension. The soil cation exchange capacity (CEC) and the exchange bases were determined with the BaCl2-triethanolamine (pH 8.2) method, whereas the amount of Ca, Mg, K, and Na in the extracts were quantified by flame atomic absorption spectrometry (Agilent SpectrAA 220FS spectrometer) (Gessa and Ciavatta, 2000). Finally, the total SO4-S was determined by turbidimetric assay according with the standard method for water-soluble sulfate in soil proposed by the ASTM International (2015).



DNA Extraction, Purification, and Whole Genome Amplification

The total DNA was extracted from a 5 g soil sample using a procedure including freezing, grinding and thawing samples in liquid nitrogen (3 times), and treatment with sodium dodecyl sulfate (SDS) and cetyl-trimethylammonium bromide (CTAB) for cell lysis and DNA extraction, respectively, in accordance with Richard et al. (2001). The DNA was then purified with the Promega Wizard DNA Clean-Up System (Madison, WI, USA), in accordance with the manufacturer's instruction. Then, the DNA quality was assessed by gel electrophoresis (1% agarose), stained with 0.5 μg/mL ethidium bromide solution. Both quantity and quality of the DNA samples were carefully checked by means of a Nanodrop Lite spectrophotometer (Thermo Fisher Scientific). Only DNA samples with concentration exceeding 8.5 ng μl−1 and 260/280 ratio between 1.5 and 1.9 were considered viable for subsequent processing, according to van Nostrand et al. (2010a). In order to reach the amount and the quality of DNA requested for the Geochip analysis, a whole genome amplification was carried out on 100 ng DNA using the Templiphi Amplification kit (GE Healthcare Life Sciences, Piscataway, NJ) with the following modifications: 0.1 μmol/L spermidine and 260 ng/μL single stranded DNA binding protein (Single Stranded DNA Binding Protein, SSB) were added to enhance the amplification efficiency and representativeness (van Nostrand et al., 2010b). The final DNA samples were then stored at −80°C until further analysis.



GeoChipTM Hybridization and Analysis

GeoChipTM 3.0 was used for DNA hybridization. It is a functional gene array containing approximately 28,000 DNA probes targeting 292 functional gene families involved in most of the main soil processes, such as: carbon (C), nitrogen (N), phosphate (P), and sulfur (S) cycling, energy metabolism, antibiotic resistance, metal resistance, and organic contaminant degradation. Moreover, the DNA gyrase (gyrB) gene is included in the GeoChip v.3.0, and it is useful for comparing microbial community structure across a broad range of taxonomic levels (He et al., 2010a; Lu et al., 2012). Hybridization and subsequent analysis of the DNA samples were carried out by the Institute for Environmental Genomics (IEG) at the University of Oklahoma (USA), as previously described (van Nostrand et al., 2010a). Briefly, 2.5 μg DNA was labeled for fluorescence with Cy5 (GE Healthcare) and the entire processing pipeline was conducted as previously described (Zhang et al., 2006). After hybridization, microarrays were scanned (NimbleGen MS200 Microarray Scanner, Madison, WI, USA) and the signal intensities were quantified using the customized pipeline at IEG (http://ieg.ou.edu/microarray), as described previously (He et al., 2010b). Spots with a signal to-noise ratio (SNR) <2.0 were removed, and a signal intensity 2,000 was considered as threshold value. The raw signal was then log-transformed and normalized, and its relative abundance was calculated in each sample using internal and external standards (Li et al., 2014). Alpha-diversity was determined using Shannon–Wiener index (H), Simpson index (1/D), and Simpson evenness (E). The shared (overlapped) genes between all samples were calculated by dividing the number of overlapping genes by the total genes present in both samples. The BRO11/BRO12 ratio was calculated by dividing the difference occurring among BRO11 and BRO12 unique values and their sum. The entire dataset was submitted to the public repository “Gene Expression Omnibus (GEO) of the NCBI and it is available at the following link: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE146289.”



Soil Enzyme Assays

The following enzymatic activities related to C, N, P, S cycles were determined on BRO11 and BRO12 soils: β-glucosidase (gluc), leucine aminopeptidase (leu), pyrophosphatase (pyro), alkaline phosphomonoesterase (alkP), phosphodiesterase (bis-P), and arylsulphatase (aryS). An heteromolecular exchange procedure was used to desorb enzymes from soil, and the subsequent extraction was carried out through a bead-beating step, in accordance with Cowie et al. (2013). Briefly, 400 mg of moist soil plus 1.4 mL of 30 gL−1 lysozyme solution as desorbent, plus 0.4 mL glass beads (<100 μm) and 0.4 mL ceramic beads were put in a 2-mL Eppendorf tube. Tubes were bead-beating for 180 s at 30 strokes s−1 (Retsch MM400 beating mill) and followed by centrifugation at 20,000 g for 5 min. Afterwards, enzyme activities were quantified by fluorometric assay and results were expressed as nanomoles of fluorophore per gram of soil (dry basis) per hour. Fluorophore was 4-methyl-umbelliferone for β-glucosidase, phosphodiesterase, pyrophosphatase, alkaline phosphomonoesterase, and arylsulphatase, whereas 7-amino-4-methyl coumarine was used for leucine aminopeptidase. The double-stranded DNA (dsDNA) was determined as a measure of soil microbial biomass, as previously reported (Fornasier et al., 2014). The procedure was the same as for enzymes, but the extraction buffer was 0.12 M, pH 7.8 Na-phosphate buffer and bead-beating lasted 120 s. The dsDNA was then quantified by fluorimetry on microplate, without any further purification, using PicoGreen (Life Technologies). The assay was performed according to the manufacturer's instructions, and results were recorded by a microplate reader (Synergy HT, Bio-Tek). All the measurements were done in duplicate.



Statistical Analyses

The overall GeoChip 3.0 data were analyzed and processed at the Institute for Environmental Genomics, University of Oklahoma (http://ieg.ou.edu/). Preprocessed data were then used for further analysis. Functional gene diversity was calculated using Simpson's 1/D, Shannon-Weiner's H′, and evenness. Multivariate detrended correspondence analysis (DCA) of the GeoChip data was used for comparing the different functional gene communities (Zhou et al., 2008). Hierarchical cluster analysis was carried out with Gene Cluster (v. 3.0) and visualized with TreeView on group genes on the basis of the expression pattern (Eisen et al., 1998). Only probes detected in at least 2 out of 3 replicates of each soil sample were considered as positive, regardless the intensity of the signal, and analyzed as binary (0/1) data. Then, the total abundance of each gene category (calculated as the sum of the detected genes for the gene category or family) was used for ANOVA analysis and for determining the BRO11/BRO12 ratio, which was calculated according to the following formula: BRO11/BRO12 ratio = (N11–N12)/(N11+N12) where N11 and N12 are the number of the unique genes detected in BRO11 and BRO12, respectively. SIMPER dissimilarity index was also calculated for the main relevant gene groups. It gives the average percent contribution of the different taxa/genes to the dissimilarity among samples in a Bray-Curtis dissimilarity matrix. Analysis of variance (one-way ANOVA) was used to assess the differences among soil chemical-physical properties (Tukey's test), the functional microbial communities detected by both Geochip and the enzymatic assays. A significance value of p < 0.05 was adopted for all comparisons to estimate the statistical difference between the two sites. All the statistical analyses were performed by PAST software v.3.26 (Hammer et al., 2001).




RESULTS


Soil Pedological Survey and Chemical-Physical Analysis

The maps obtained by the interpolation of EM38-MK2 proximal sensor (ECa1 0–75 cm, map not reported; ECa2 0–150 cm, Figure 2) showed very similar apparent electrical conductivity between BRO11 (ECa2 = 22 mS/m) and BRO12 (ECa2=18 mS/m). These values were coherent with the slight difference in clay content between the sites (Table 1). The results of gamma-ray spectroscopy, summarized in Figure 2 with map of gamma-ray total counts (TC), confirmed the homogeneity of the topsoil in terms of mineralogy and texture within the area between BRO11 and BRO12 with values between 400 and 420 Bq·kg−1. The chemical-physical analysis of the soil profiles showed an overall higher fertility in BRO11, in terms of SOC, total nitrogen, CEC, Ca, K, Mg, and total sulfates (Table 1 and Table S1).


[image: Figure 2]
FIGURE 2. Maps obtained by soil proximal sensing. (a) Contour lines of elevation (m a.s.l.); (b) apparent electrical conductivity for a soil depth of about 0–150 cm (ECa2) measured by EM38-Mk2 and interpolated by ordinary kriging; (c) total counts of gamma-rays emitted from the topsoil (about 0–30 cm).



Table 1. Main soil physical and chemical properties.
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Overview of the Detected Gene Diversity

The examined samples showed a different number of total detected genes, ranging from 16,688 (BRO12c) to 20,732 (BRO11b) (Table S2), showing unique and overlapping genes. In general, soils from BRO11 revealed an average gene number about 12% higher than in BRO12 (Figure 3A).


[image: Figure 3]
FIGURE 3. (A) Number of total detected genes by GeoChip analysis. Different letters indicates significant differences of the variable means between the BRO11 and BRO12 soil samples (p < 0.05); (B) detrended corresponding analysis (DCA) of the overall genes detected by GeoChip 3.0.


DCA of all detected genes categories showed that the samples from the BRO11 and BRO12 soils were clearly separated along axis 1 (Figure 3B). Moreover, BRO11 samples exhibited a high variability along axis 2. Such variability is likely related to the differences occurring among the different gene categories. Moreover, BRO11 and BRO12 samples exhibited different microbial community structure, as shown by the results of both unique and shared (overlapped) genes determined by the phylogenetic marker gyrB (Table 2). Thus, to better define the microorganisms involved in soil carbon and nitrogen cycling as well as other key soil processes, selected gene groups were further analyzed.


Table 2. Total microbial taxonomy (gyrB) detected in BRO11 and BRO12 soils.
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Phylogenetic Structure of Soil Microbial Communities

The gyrB-based phylogenetic results showed the Proteobacteria phyla as the dominant group, accounting for over 56.6% (262 out of 463) of all the detected genes (Table 2), followed by Actinobacteria (14.7%) and Firmicutes (9.3%). Genes from Cyanobacteria (2.8%), Archaea (2.2%), Bacteroides (2.2%), Chlorobi (1.7%), and other (10.5%) were also detected. As shown in Table 2, Epsilon- and Beta-Proteobacteria had the most overlapped genes (100 and 93.3%, respectively), while Alpha- and Gamma-Proteobacteria had the fewest values (80.2 and 80%, respectively). In fact, the abundance of Alpha- and Gamma-Proteobacteria was significantly higher in BRO11 than in BRO12 (+22.4%, p < 0.05 and +18.2%, p < 0.001, respectively), as well as Firmicutes (+7.7%, p < 0.05). Conversely, Actinobacteria showed a significant enrichment in BRO12 compared to BRO11 (+4.9%, p < 0.05). Moreover, considering the overall abundance of each category, the Simper dissimilarity values indicated Alfa-Proteobacteria (31.7%), Gamma-Proteobacteria (20.7%), and Firmicutes (11.7%) as the highest diverse samples which showed the highest contribution to the overall bacterial diversity between BRO11 and BRO12 sites. Similar results were obtained by calculating the BRO11/BRO12 ratio on the unique genes, except for Alpha-Proteobacteria which exhibited the highest value (0.92). However, as the total number of the genes belonging to the different phylogenetic groups may vary considerably, the contribution of the unique and overlapping genes of BRO11 and BRO12 to the Simper dissimilarity index in all detected genes might be different. For example, the value of the BRO11/BRO12 ratio for Actinobacteria (0.27) is quite lower than for Alpha-Proteobacteria (0.92), indicating that the phylogenetic diversity within Alpha-Proteobacteria bacterial group may be higher than in Actinobacteria, despite the Simper dissimilarity values.

As expected, in general BRO11 showed a higher number of unique genes than BRO12. Interestingly, BRO12 soil showed a higher number of detected genes retrieved from Actinobacteria compared to BRO11 (7 vs. 4), including organisms such as Micrococcus luteus NCTC 2665, Mycetocola lacteus, Saccharopolyspora erythraea NRRL 2338, Rhodococcus zopfii, Gordonia bronchialis, and Rubrobacter xylanophilus DSM 9941.

On the other hand, BRO11 exhibited a higher number of unique genes belonging to Alpha-Proteobacteria (most of which belonging to Rhodobacter, Rhodospirillum, Bradyrhizobium, Jannaschia, Roseobacter, and Methylobacterium genera) and Gamma-Proteobacteria (most of which belonging to Shewanella, Alcanivorax, Enterobacter, and Pseudomonas). Remarkably, among Gamma-Proteobacteria, BRO12 showed higher presence of Acidithiobacillus ferrooxidans ATCC 23270 than BRO11.

Interestingly, among Firmicutes an enrichment in Sulfobacillus thermosulfidooxidans sp. and Anoxybacillus flavithermus WK1 was detected in BRO11 and BRO12, respectively.



Analysis of the Functional Gene Categories

The number of total detected functional genes was 24,676. Among these, 2,164 were involved in C degradation, 537 in C fixation, 37 in methane oxidation, 35 in methane production, 15 in acetogenesis, 856 in denitrification, 284 in nitrification, 255 in nitrogen fixation, 134 in assimilatory N reduction, 130 in dissimilatory N reduction, 271 in ammonification, 3 anammox, 973 in sulfur cycling, 342 in phosphorus cycling, 5,892 in organic compound remediation, 5,036 in stress process, 258 in energy process, 5,649 in metal resistance, 889 in antibiotic resistance, 858 in fungi-related activities, 1,165 in pathogens and virus, and 261 in other categories. The results revealing the most relevant differences are indicated in Figure 4.
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FIGURE 4. Results of metagenomic analysis of soils BRO11 and BRO12 by means of Geochip 3.0. The total number of the detected functional genes is reported for each gene category. Asterisks indicate significant differences of the variable means between BRO11 and BRO12 genes (*p < 0.05; **p < 0.01; and ***p < 0.001).


For each category, detected genes were analyzed by hierarchical clustering (not shown). Among the gene categories involved in biogeochemical cycles, genes related to carbon and nitrogen cycles were the most abundant. Considering that BRO11 samples showed about 12% more genes than BRO12, it is not surprising that most of the gene categories display significant higher values in BRO11 than in BRO12. Thus, besides C and N gene categories, we specifically focused the analyses on functional genes categories that highlighted contrasting patterns among BRO11 and BRO12 compared the overall distribution (i.e., sulfide oxidation category).

Carbon cycling is one of the most important and complex microbial-driven process occurring in soils. Here, a total of 2,788 genes involved in carbon cycling were detected, of which 2,164 were related to carbon degradation and 1,800 were shared between BRO11 and BRO12 soils. Overall, BRO11 showed the highest number of detected unique genes (267) compared to BRO12 (97). Among all the detected genes, carbon degradation is the most important gene category and includes several sub-categories specific for distinct organic substrates. As expected, BRO11 showed a greater number of total genes involved in C degradation than BRO12 (+8.9%, p < 0.05). In particular, the higher differences occurred in cellulose (+11.5%, p < 0.01), lignin (+12.6%, p < 0.01), chitin (+12.8%, p < 0.05), and starch (+8.6%, p < 0.05) sub-categories (Table 3). However, most of the genes of such sub-categories were shared among the two vineyards: starch (456/543), cellulose (159/190), hemicellulose (285/337), chitin (262/336), lignin (176/211), and pectin (12/16) (Table 3). Furthermore, the key enzymes involved in C fixation (CODH, pcc, rubisco, adB) are shared among the two vineyards and did not show any statistical difference.


Table 3. The detected gene probes involved in carbon, nitrogen, and sulfur cycling and their main sub-categories.
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Considering the nitrogen cycle, as already observed for C degradation, BRO11 soils displayed a greater number of total genes involved in N cycle than BRO12 (+15.8%, p < 0.05). A total of 1912 gene probes involved in nitrogen fixation (255), denitrification (856), nitrification (277), dissimilatory N reduction (130), assimilatory N reduction (134), ammonification (257), and anaerobic ammonium oxidation (3) were detected in BRO11 and BRO12 soils and most of them (79.5%) resulted overlapping (Table 3). Interestingly, the least shared gene number among BRO11 and BRO12 was detected in assimilatory (nirA and nirB) N reduction gene sub-category, which showed the higher statistical difference (+33.3%, p < 0.01 and +28.6%, p = 0.001, respectively; Table 3). Significant differences between BRO11 and BRO12 occurred also in nitrogen fixation and denitrification sub-categories, which are considered among the most important processes in nitrogen cycling. In the first case, the majority of nifH genes (83.5%) were shared among BRO11 and BRO12, and sub-category exhibited the highest BRO11/BRO12 ratio value (0.76), indicating that most of the unique nifH genes were found in BRO11 soils (+14.7%, p < 0.01). Similarly, some of the genes involved in denitrification such as nirK and nirS were more abundant in BRO11 soils (+9.8%, p < 0.05 and +13.1%, p < 0.05, respectively; Table 3). Moreover, also the total number of nifH and nirA genes resulted significantly higher in BRO11 than in BRO12 (+24.2%, p = 0.002 and +36.3%, p = 0.001, respectively). On the other hand, most of the functional genes involved in denitrification were shared among BRO11 and BRO12 (718/856). Among them, nirK and nirS genes provided the highest values of BRO11/BRO12 ratio (0.59 and 0.67, respectively), while narG, norB, and nosZ had lower values (0.40, 0.33, and 0.33, respectively). Interestingly, nirK and nirS were more represented in BRO11 than in BRO12 site (+24.0% and +16.5%, respectively; p < 0.05)Despite the low values of both Simper dissimilarity index and BRO11/BRO12 ratio, genes involved in ammonification (amoA) are significantly more abundant in BRO11 (+14.5%; p < 0.05).

No significant differences occurred in the other nitrogen sub-categories.

Among all the other gene categories included in Geochip 3.0, the most interesting results have been found in the sulfur cycling (Table 3). Most of the detected genes (826/973) in this category were shared among BRO11 and BRO12, and mainly related to sulfate and sulfite reduction processes (aprA, APS_AprAB, dsrA, dsrB, cysJ, sir). Hierarchical clustering analysis highlighted two groups of genes with contrasting values among BRO11 and BRO12. As shown in Figure 5, four different patterns were observed (indicated with letters A, B, C, and D): green and red color indicates all the detected genes with signal intensity below and above the average value calculated for this category, respectively. Thus, pattern A includes genes with high signal intensity in BRO11 and BRO12 soils, whereas pattern D includes genes with low signal intensity in both of them. Most of the detected genes clustered in group B were dsrA and dsrB and exhibited higher intensity in BRO11 compared to BRO12. On the other hand, in group C the highest signal intensity was provided by genes cysJ and, in minor extent, fccAB, dsrA, dsr B, and sox in BRO12 (Figure 5). Remarkably, an overrepresentation of genes involved in sulfate reduction was observed in BRO11, including aprA gene which encodes the subunit A of the adenylylsulfate reductase (EC 1.8.99.2, K00394), and dsrA and dsrB genes encoding subunits A and B of the sulfate reductase (EC 1.8.99.3, K11180, and K11181). As also indicated by the highest Simper value and BRO11/BRO12 ratio, dsrA gene was significantly more represented in BRO11 than in BRO12 (+21.4%, p < 0.001). Nevertheless, BRO12 exhibited an unusual high number of fccAB (+29.9%, p < 0.01) and sqr (+40%, p < 0.05) genes involved in sulfide oxidation compared to BRO11.
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FIGURE 5. Clustering analysis of sulfur cycling related genes detected using GeoChip 3.0. The figure was generated using CLUSTER and visualized in TREEVIEW. Green and red colors indicate signal intensities respectively below and above the average value of the hybridization signal intensity. The samples from different soils (BRO11 and BRO12) were reported in triplicate. Four different gene patterns were observed and indicated by letters A, B, C, D.




Enzymatic Analyses

In general, BRO11 soils showed higher enzymatic activities than BRO12 (Figure 6). The activity of alkaline phosphatase (alkP) showed the highest values (180 pmol/g soil), whereas the lowest were found for arylsulfatase (8 pmol/g soil). With this regard, the higher arylsulfatase activity ratio revealed that, among the considered enzymes the arylsulfatase is the most present in BRO11. This result is consistent with the higher sulfate content in the Ap horizon of the BRO11 soil (7.26 ppm) compared to BRO12 (6.22 ppm).
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FIGURE 6. (A) Enzymatic activities detected in BRO11 and BRO12 soils and the amount of dsDNA extracted with the same procedure used for enzymes. Asterisk indicates significant differences of the variable means between BRO11 and BRO12 genes (p < 0.05); (B) the activity ratio among BRO11/BRO12 values indicate the relative enzymatic activity and dsDNA amount in the two soils. (C) Total amount of the dsDNA extracted from BRO11 and BRO12 soils. Asterisks indicate significant differences of the variable means between BRO11 and BRO12 sites (*p < 0.05; and ***p < 0.001).


The total amount of dsDNA extracted from the two soil with the same procedure used for enzymes was significantly different. Specifically, the extraction yield of the DNA varied among 1.8–15 μg/g soil in BRO11, while it was < 0.2 in all the BRO12 samples. This data is consistent with the higher gene number detected in BRO11.





DISCUSSION

In the present study, we examined the microbial communities of similar soils giving rise to wines of highly disparate qualities to assess the relevance of the “microbial terroir” concept.

Thus, to figure out the role of soil microbiota and its functions in determining grape and wine quality, it was essential to minimize the environmental variability by conducting research at a within-vineyard scale, to compare microbial features among really similar soils. It does not just mean to select soils belonging to the same “soil type” category, according with the IUSS taxonomy, but it is necessary a preliminary pedological survey to assess the spatial soil heterogeneity to support soil sampling. In fact, the high spatial and temporal heterogeneity of most of soil properties and processes may vary from nano- to macroscales. For example, the physical and chemical properties might change even within soils of the same IUSS class, and the of input of labile organic compounds released by roots creates microbial hotspots over short periods of time (Kuzyakov and Blagodatskaya, 2015). Such differences in terms of soil structure, pH, nutrients availability, etc. may strongly affect the soil microbiota, both in terms of diversity and function (Fierer and Jackson, 2006; Kuramae et al., 2012; Yan et al., 2019). Nevertheless, to date most of the studies conducted to assess any correlation between soil microbiota and grapevine health and wine quality have been carried out on different sites or soils, regardless of soil heterogeneity. For example, a previous study about the composition of the soil microbiota in 19 vineyards selected from sub-appellations of the GI Napa Valley AVA, an American Viticultural Area located in California, USA has found different soil microbial community structures (Burns et al., 2015). However, the authors could not state whether the differences were merely correlated with the AVA features or if the microbiota had a direct effect on vine health and/or grape quality. Bokulich et al. (2016) showed that the wine grape-associated microbiota correlate with vineyard and pedoclimatic conditions and suggested that the grape microbiome was reflected in the fermentations thus influencing the wine qualitative traits. Similarly, another study reported that most of the bacterial communities associated with vine plants exhibited patterns highly reflective of the surrounding native soil microbiota, thus highlighting the importance of both local soil pedoclimatic factors and vineyard management in shaping their composition and structure (Zarraonaindia et al., 2015). Recently, a similar conclusion was reported by Vadakattu et al. (2019), who showed how distinct soil bacterial and fungal communities were correlated to the aroma of Shiraz grapes within the same vineyard in the Grampians region of Victoria (Australia); however, they could not detect any specific functional trait of the microbial members that accounted for these differences.

As a first study of this type, here we investigated the functional diversity of soil microbiota occurring at within-vineyard scale, after surveying soils with proximal sensors on BRO11 and BRO12 sites and confirming that such soils were very similar and spatially homogeneous, especially in the Ap horizon (0–40 cm), where soil samples for microbiological analyses were collected. Although this approach allowed us to minimize the soil variability and to link the microbial community structure and functions with grape and wine quality, the fact that we compared only two plots within the same vineyard (although with replications within the sections of the field) might represent also a limitation. In fact, more analyses should be carried out on a higher number of vineyards to make these data more robust. Another limitation might be related to the small differences in soil parameters of BRO11 and BRO12, which are similar but not identical (see Table 1 and Table S1), that might also directly affect grape quality. For example, the sand content of BRO11 is lower than in BRO12. Similarly, CaCO3, total nitrogen, total sulfate, and SOC availability in BRO12 soil were much lower than in BRO11. Moreover, in our previous research conducted on such soils to monitor the water stress over 3 years (2008-′09-′10), we found out that the grapevine water stress, determined by means of the ratio occurring among the two stable carbon isotopes 13C/12C (δ13C), was moderately higher in BRO11 despite the soil moisture monitoring provided similar results in both the profiles (Costantini et al., 2013). A possible explanation to the lower grapevine water stress of BRO12 is the shallower limit between sandy deposits, very permeable, and the underlying clayey deposits, characterized by slow water permeability. This boundary is suitable for the formation of a temporary water table or for higher soil moisture, also during dry season. According to the electrical resistivity tomography (ERT), reported by the study of Martini et al. (2013), this limit is about 10 m deep in the area of BRO11 and about 4–5 m in BRO12. Although it is unlikely that vine rooting system in BRO12 reach the water table at 4 meters depth, it is possible that the subsoil remains more humid than in BRO11. In any case, such scenario should not significantly affect the microbial community structure and activity in the topsoil, at 0–30 cm depth.

The GeoChip 3.0 microarray analyses revealed that the average gene number detected in BRO11 was about 12% higher than in BRO12. This might be likely due to the higher SOC content and the higher native dsDNA content in BRO11 soil. However, although most of the detected genes were shared among the two soils, in general they presented a different gene pattern distribution, highlighting distinct microbial traits among BRO11 and BRO12 soils. Thus, we have focused our attention mainly on the statistically significant differences occurring among the two soils and the unique phylogenetic and functional features associated to BRO11 or BRO12.

The phylogenetic structure of the microbial community based upon gyrB revealed an enrichment of bacterial taxa belonging to Actinobacteria in BRO12, whereas an increase of Alfa- and Gamma-Proteobacteria occurred in BRO11 soils. Among Actinobacteria, some of the detected taxa such as Rubrobacter xylanophilus DSM 9941 and Mycobacterium smegmatis str, MC2 155 are known to accumulate and synthetize trehalose, an organic compound able to protect bacteria from several environmental stress such as heat, salinity, oxidation, radiation, and desiccation (Nobre et al., 2008). Interestingly, threalose was reported to play as both a thermoprotectant and a precursor of critical cell wall metabolites. Thus, as many bacteria were shown to use trehalose as major organic osmoprotectant and/or thermoprotectant (Woodruff et al., 2004), we speculate that the enrichment of bacteria such as Rubrobacter xylanophilus DSM 9941 and Mycobacterium smegmatis str, MC2 155 might be related to the higher water and desiccation stress conditions found in BRO12 compared to BRO11.

On the other hand, among the bacterial taxa belonging to Alpha-Proteobacteria, most of the unique organisms detected in BRO11 belonged to Rhodobacter (i.e., R. sphaeroides and R. capsulatus) and Rhodospirillum (i.e., R. centenum and R. rubrum) genera or to Rhizobiales order (i.e., Bradyrhizobium, Mesorhizobium, and Methylobacterium genera) which are known to be involved in nitrogen-fixation process (Masepohl et al., 2002; Zhang et al., 2005; Carvalho et al., 2010), thus promoting the nitrogen availability in BRO11 compared to BRO12 soil.

Interestingly, most of the microbial taxa exclusively detected in BRO11 soil and belonging to Gamma-Proteobacteria have been reported to display extracellular electron transfer metabolism they can use under strictly anaerobic or microaerophilic conditions (i.e., Shewanella sp., Alcanivorax sp., Enterobacter sp., etc.) as well as Geobacter sulfurreducens among Delta-Proteobacteria. Such peculiar features have been reported to be potentially interesting for biotechnological purposes (Logan, 2009), but also as key mechanisms for the humification of soil organic matter (Mocali et al., 2013). Hence, their enrichment in BRO11 soil might indicate more reducing conditions than in BRO12. The higher presence of Acidithiobacillus ferrooxidans in BRO12 is likely related to its ability to oxidize iron and various reduced inorganic sulfur compounds as energy sources, thus promoting the bioleaching and the extraction of such metals from soil. More specifically, despite its ability to use sulfur as substrate to form thiosulfate S2[image: image] thus promoting sulfur oxidation, the Sox multienzyme-complex is absent in A. ferrooxidans (Janosch et al., 2015). It worth mentioning the enrichment in Sulfobacillus thermosulfidooxidans sp. in BRO11, a thermophilic and facultative anaerobe bacteria related to Firmicutes and capable of reversible oxidation of sulfur-containing compounds. Interestingly, S. thermosulfidooxidans displays similar functional properties than A. ferrooxidans, which strongly suggests that they may share the similar niche. However, the model of sulfur oxidation in S. thermosulfidooxidans has some different characteristics from the sulfur oxidation of A. ferrooxidans. In fact, it was reported that the genes involved in direct or indirect sulfite oxidation pathway are missing in S. thermosulfidooxidans whereas in A. ferrooxidans sulfites may be converted to adenosine-5′-phosphosulphate (APS) and then oxidized to sulfate via an indirect pathway controlled by APS reductase (Guo et al., 2014).

Regarding the carbon cycle, the main significant differences between BRO11 and BRO12 occurred among the genes involved in C degradation. In general, more than 80% of the genes were overlapped among the two soils and most of the unique genes occurred in BRO11, thus indicating a greater degradation potential occurring in such soil, likely due to the higher content of organic matter and microbial biomass. More specifically, BRO11 displayed higher number of genes related to the subcategories degrading chitin and starch, which showed the highest contribution to explain the differences between BRO11 and BRO12 (Table 3), according to the Simper values. However, the highest statistical differences occurred in cellulose and lignin subcategories, also in according to the BRO11/BRO12 ratio. In general, this suggests a greater mineralisation rate of organic compounds in BRO11 soils, thus providing a higher availability of nutrients than in BRO12.

Concerning the nitrogen cycling, 79.5% of the total genes (1,520/1,912) were shared among BRO11 and BRO12, whereas most of the unique genes were detected in BRO11 soil samples. The main differences occurred in the nitrogen fixation and denitrification sub-categories, also according to the BRO11/BRO12 ratio index (Table 3); moreover, according to the Simper values, together they contributed for 71.3% of the total dissimilarity among BRO11 and BRO12 (Table 3). This result is consistent with the hypothesis that BRO11 soils provide more reducing conditions than BRO12. Interestingly, as oxygen-limiting condition in soil is known to promote both N mineralization (Ono, 1989) and the activity of nitrogen-fixing bacteria, it might also be related to the greater N availability in BRO11 than in BRO12. It is important to note that in the production of red table wines, moderate nitrogen availability is one of the main factors in determining the plant health and, ultimately, the wine quality. In fact, low nitrogen supply limits berry size and vine vigor, and it increases sugar content, anthocyanins, and phenolic content, whereas excessive nitrogen supply is not desired because it increases susceptibility of grapes to gray rot (Soubeyrand et al., 2014; van Leeuwen et al., 2018). Because nitrogen also stimulates the synthesis of glutathione (a compound that preserves aroma compounds in musts and wines) and limits the production of tannins (that are involved in volatile thiol degradation), moderately high nitrogen supply to the vines is desired in wine production only in varieties dependent on volatile thiols for their aromatic signature (Choné et al., 2006).

Regarding the differences among the other functional gene categories, in general the two soils presented a very similar gene pattern distribution. Overall, BRO11 showed a higher number of detected genes than BRO12 except for genes involved in S cycling category, where a significant enrichment of sulfur- and sulfide-oxidation genes was observed in BRO12. These results suggest that S cycling, might play a key role in determining plant health and, ultimately, wine quality. Moreover, such results are consistent with the higher content of total sulfate found in BRO11 and the higher presence of sulfate transporters provided by fungi such as Sclerotinia sclerotiorum 1980 and Aspergillus terreus NIH2624 detected only in BRO11 soil, indicating a higher sulfate availability in BRO11 soil compared to BRO12. The enrichment of genes involved in sulfur oxidation in BRO12 may be due to the activities of chemolithotrophic sulfur-oxidizing bacteria such as Paracoccus denitrificans, Thiobacillus denitrificans, or Acidithiobacillus ferrooxidans, which are metabolically very flexible and capable to uptake CO2 and inorganic sulfur to support both cell basal metabolism and the acquisition of energy (Tang et al., 2009; Pokorna and Zabranska, 2015), but also to use denitrification process under oxygen-limited conditions (P. denitrificans and T. denitrificans) or to perform the solubilisation of minerals by bioleaching activity (A. ferrooxidans). P. denitrificans and T. denitrificans were more abundant in BRO11, where nir genes (niR, nirA, nirB, nirK, and nirS) were significantly enriched, confirming a greater denitrification process compared to BRO12. On the other hand, A. ferrooxidans resulted more enriched in BRO12, thus promoting the oxidation of sulfur to thiosulfate and, ultimately, to sulfate (Guo et al., 2014; Janosch et al., 2015). This result is consistent with the overexpression of sqr and fccAB genes detected in BRO12, which are involved in the sulfur and sulfide oxidation pathways, thus indicating an enhancement of oxidative reactions in S cycling of BRO12 soils.

The high BRO11/BRO12 ratio value of the arylsuphatase activity confirm a greater sulfate turnover in BRO11 than in BRO12 soils. Arylsulphatase is known to be an important enzyme promoting the hydrolysis of sulfate esters in the soil, and the ability to mobilize sulfate esters is extremely important for the survival of many soil bacterial species but it is also critical to promote plant growth (Kahnert et al., 2002; Kertesz and Mirleau, 2004). Since plants are able to uptake sulfur primarily as inorganic sulfate, reducing it to S2− and incorporating it into cysteine for protein synthesis, the most important form of sulfur for plant nutrition is [image: image] (Wilhelm Scherer, 2009). Consequently, the efficient use of carbon and nitrogen in plant growth depends also on the absorption and assimilation of appropriate amounts of sulfate (Kertesz et al., 2007). Therefore, sulfur deficiency in BRO12 soils may have seriously inhibited nitrogen fixation, in accordance with literature (i.e., Anderson and Spencer, 1950), thus reducing the available nitrogen for plants.

Interestingly, plants can uptake [image: image] molecules not only for protein synthesis. For example, the reduced glutathione (GSH) is a linear tripeptide constituted by glycine, glutamate and cysteine which exerts several activities in must and wine (Kritzinger et al., 2012). In fact, high GSH content in grapes is a key factor in aroma protection in several wine varieties and plays an important role in protecting varietal volatile thiols from oxidation in musts and wines (Lacroux et al., 2008). The first source of GSH is the grape, where it can exceed 200 mg/L of grape juice according to plant cultivar, pedoclimatic conditions and agronomic practices and the amount of available nitrogen in the soil (Fracassetti and Vigentini, 2018). It is well-known that a higher availability of nitrogen leads to an increase of GSH levels in berries and grape juice but also to a decrease of phenolic compounds, which are important factors for determining some wine traits and preserving volatile thiols during grape processing (Choné et al., 2006). Therefore, in addition to the well-established effects due to nitrogen limitation, we suggest that the reduced availability of nitrogen and sulfate in BRO12 soil might have reduced the GSH levels in berries and increased the amount of phenolic compared to the grapes deriving from BRO11 site. This hypothesis is also consistent with the overall VPS values related to wine quality (BRO11 = 62, BRO12 = 81) determined in our previous work (Costantini et al., 2013), as one of the main parameters used to calculate the VPS values is the phenolic compounds content (Bucelli et al., 2010; Figure 7).


[image: Figure 7]
FIGURE 7. Schematic overview of the potential effects of the different nitrogen and sulfur availability on the plant physiology and wine quality of BRO11 and BRO12 plots. On BRO11 the higher availability of sulfate and nitrogen is supposed to enhance the plant uptake of such nutrients, thus promoting the synthesis of reduced glutathione (GSH) and reducing the phenolic compounds which determine the final wine quality (VPS). Dashed lines indicate the hypothetic effect whereas the reduced arrow's thickness in BRO12 indicates a minor amount of available nitrogen ad sulfate.




CONCLUSION

In this work, we assessed a possible effect of soil microbiota on wine quality through a functional approach at vineyard-scale. The metagenomic approach by Geochip 3.0 not only confirmed the key role of nitrogen availability in shaping grape and wine quality but also highlighted the potential role of the sulfur metabolism as another determining co-factor in vineyard-scale variation among wine grapes. Overall, the results represent a starting point to better unravel the complexity of plant-soil-microbial interactions behind the terroir concept supporting the existence of a “microbial functional terroir” effect. In fact, functional—rather than just genetic—microbial diversity might play a key role in the development of novel approaches in viticulture. For example, these results might open the door to new approaches in viticulture, aiming to “modulate” the plant phenotype and its related products throughout specific manipulation of plant-associated soil microbiota metabolism rather than their composition. Some recent results showed the importance of plant-associated microorganisms in regulating the plant phenotype, proposing “to approach microbiota as modulators of plant phenotype” and providing effects with strong similarities with breeding (Ravanbakhsh et al., 2019). Therefore, our results have potentially important implications for (precision) viticulture, grape growers and winemakers to better understand the potential role of the native soil microbiota in vineyards to satisfy the growing demand for high grape yield and improving specific wine traits, thus exalting the typicality and the characteristics of every single plot within the vineyard.
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The use of sustainable soil management practices is becoming common in wine growing regions around the world in response to an increased awareness of the value of soil health to maintain environmental quality, crop yield, and grape quality. In spite of this, little information is available on the meaning of soil health within a viticultural context, the effects of soil management practices on soil health and the consequences for grape quality and the expression of the terroir. In this review we discuss interrelated dynamic physical, chemical, and biological properties associated with soil health and how they could be important in the expression of the terroir. We focus on the use of cover crops and compost application, two practices commonly used in vineyard soils, and how they affect these physical, chemical and biological aspects of soil health, grape quality and the expression of the terroir. Finally, we discuss research gaps, and best management practices to reduce possible tradeoffs associated with these practices such as the emission of greenhouse gasses.
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INTRODUCTION

Increasing awareness that soils are a non-renewable resource and the prevailing role of soils in climate change mitigation have spurred worldwide efforts to protect and improve soil health. Recent estimates indicate that 36 billion tons of soil are lost annually due to water and wind erosion alone (Borrelli et al., 2017). Besides erosion, soils are threatened by soil organic matter (SOM) loss, soil nutrient imbalances, salinization and sodification, soil sealing and land intake, loss of soil biodiversity, contamination, acidification, compaction, and waterlogging (FAO and ITPS, 2015). The term “Soil Health” has been co-opted by governmental and non-governmental organizations, academic institutions, industry and grassroot organizations alike in an effort to raise awareness of soil conservation and protect soils from degradation (Karlen et al., 2019). This urgency to protect soils has been further strengthened by their potential to store carbon (C) that would otherwise be emitted into the atmosphere as carbon dioxide (CO2), thereby offering an appealing pathway for climate change mitigation (Lal, 2004; Paustian et al., 2016). France announced the four Permille Initiative at the Climate Summit in Paris in 2015, aimed at reducing greenhouse gas (GHG) emissions and increasing food security by increasing soil organic carbon (SOC) concentrations by four permille worldwide (Minasny et al., 2017). Similar initiatives have followed, including California’s Healthy Soils Program which was launched in 2017 (Ross, 2016). Conservation of soils and soil ecosystem services has been proposed as a key strategy to attain the United Nations Sustainable Development Goals by 2030 (Keesstra et al., 2016, 2018), and implemented in the European Union through payment for ecosystem services in rural development programs (Galati et al., 2016).

Under these initiatives, management practices that increase sequestration of SOC are promoted or incentivized. Much of the research on soil health and C sequestration have focused on cereal cropping systems in temperate climate zones (Fine et al., 2017). Given important differences between vineyards and cereal cropping systems, it is pertinent to evaluate soil health in the context of vineyard soils in particular and discuss the implications for the winemaking industry.

Vineyards in the old world were often established on marginal land, reserving the most fertile soils for cultivation of cereals, and other food crops (Martínez-Casasnovas and Ramos, 2006; Blavet et al., 2009), while extensive availability of land in the new world offered deep, alluvial, fertile soils for vineyard establishment (White, 2015). As a result, vineyards arguably occupy a broader range of soil types than any other crop. Due to microclimatic effects on winegrape quality, vineyards are often established on slopes, taking advantage of the hill’s aspect to optimize solar radiation for the crop (White, 2015). Vineyards on slopes and marginal lands especially are at elevated risk for soil degradation, causing declines in soil quality and fertility, reduced water infiltration and storage, impaired quality of ground and surface water, diminished air quality, and risks associated with climate change mitigation and adaptation. Meanwhile, vineyards have a relatively low nitrogen (N) requirement, implying a low risk for N pollution associated with N fertilization compared to other crops (Williams, 1999). Moreover, as perennial crops with a relatively deep root system, vineyard soils were suggested to have great potential to sequester C (Suddick et al., 2013). Viticulture practices often aim to optimize wine grape quality rather than yield, as winemakers seek to bring out the flavors of a specific terroir, while consumers increasingly value sustainable practices in their decision process when buying wines (Schäufele and Hamm, 2017). As such, many questions remain on how to balance soil management to optimize soil health and the expression of terroir. Therefore, the objectives of this review are to (1) explore where soil characteristics for soil health and fine wine terroir intersect; (2) synthesize the literature on how cover crops and compost application affect soil health and terroir in vineyards; and (3) identify knowledge gaps in the management of cover crops, compost application and other novel practices to improve soil health and terroir.



WHERE SOIL HEALTH MANAGEMENT AND THE EXPRESSION OF TERROIR INTERSECT

The concept of soil health or soil quality has been of concern to soil scientists and agronomists for decades. Various attempts have been made to define soil health and identify metrics and frameworks to quantify the health status of a soil (Karlen and Rice, 2015; Bünemann et al., 2018; Stewart et al., 2018). The United States Natural Resources Conservation Services (NRCS) defined soil health as “the continued capacity of soil to function as a vital living ecosystem that sustains plants, animals, and humans,” an adaptation of the earlier definition of soil quality by Doran (1994). A key component in this definition is the importance of soil functions; a healthy soil does not only show certain properties, these properties link to the capacity of the soil to perform functions or deliver ecosystem services that benefit humankind (Doran, 1994; Haygarth and Ritz, 2009). In this review, we adopted previously proposed concepts of soil functions (Schulte et al., 2014; Vogel et al., 2019), and envision a healthy soil to (1) support high yield and crop quality, (2) have good water infiltration and the capacity to store water, (3) retain and recycle nutrients efficiently, while supplying nutrients in correspondence with crop demand, (4) store C and reduce GHG emissions, and (5) support diverse microorganisms and high biological activity (Figure 1). The capacity of a soil to perform these soil functions can be assessed by a suite of chemical, physical, and biological soil health indicators; however, a standardized approach to assess soil health remains elusive (Fine et al., 2017; Stewart et al., 2018; Vogel et al., 2019).


[image: image]

FIGURE 1. Definition of soil health with representation of soil functions performed by a healthy soil.


For the objective of winemaking, the most important soil function to be optimized is support of high crop quality. It is well known that soils influence the quality of winegrapes; in fact, the impact of the soil, when combined with climate, topography and grapevine variety, is referred to as the terroir effect (Van Leeuwen et al., 2018). When we consider the soil component of the terroir effect in relation to soil health, it is helpful to distinguish (i) inherent (or use-invariant) soil properties from (ii) dynamic or manageable soil properties (Wienhold et al., 2004; Karlen et al., 2019). The soil component of terroir has been linked to factors such as soil depth and minerology (White, 2015), which would be considered inherent soil properties, while other studies have found effects of soil nutrient supply, soil moisture, and soil temperature on winegrape quality (Van Leeuwen et al., 2018), which are considered dynamic soil properties. In this review, we deem that soil health is reigned by dynamic soil properties, and that a healthy soil is a soil that performs soil functions to its maximum capacity. This is in line with Fine et al. (2017), who proposed scoring schemes for soil health indicators based on soil texture groups, as implemented in Cornell’s comprehensive soil health assessment. It also resonates with Vogel et al. (2019), who considered that each soil has a limited potential to deliver a certain soil function, and that soil health assessment should reflect the status of a soil relative to its potential. As such, soil health and terroir are expected to intersect with respect to the dynamic soil components of terroir (Figure 2). Because crop quality is one of the functions performed by a healthy soil, we postulate that a healthy vineyard soil must optimally express its terroir. While the concept of terroir and its relationship with crop quality is well understood and deeply engrained in the context of wine production, the concept of soil health has recently gained acceptance by growers worldwide (Brevik et al., 2019) and there is an urgent need to reconcile these two concepts. Here, we discuss how dynamic soil properties of terroir intersect with soil health.
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FIGURE 2. Venn diagram illustrating where soil health and terroir intersect.



Soil Temperature

Van Leeuwen et al. (2018) proposed that cool soils may be an advantage in warm climates because they can slightly delay ripeness, thereby enhancing certain flavors. Soil temperature is greatly affected by soil color; light colors have a high albedo effect which keeps the soil relatively cool. Soil color can be described as an inherent soil property. However, light colors on the soil surface can be achieved by management practices such as mulching and leaving cover crop residue on the surface (Teasdale and Mohler, 1993). While soil temperature appears relevant to terroir, it has not been commonly associated with soil health assessment. Management practices that decrease soil temperature, however, are greatly promoted in regard to other soil health functions.



Soil Chemical Fertility

It can be argued that soils of the best terroirs should be characterized by a stable and well balanced nutrient supply, able to assure the target qualitative result without massive integration of fertilizers (Costantini and Bucelli, 2014). Experience shows that these soils are often characterized by only moderate chemical fertility. Correlations between the mineral composition in soils and wine has been used with mixed success to identify the geographic origin of wines (Versari et al., 2014; Pepi et al., 2017). Yet, scientific evidence linking soil chemical properties to grape and wine quality is scarce. Maltman (2013) argues that the minerals in wine are typically metallic cations at minuscule concentrations that lack flavor, and only distantly relate to vineyard geological minerals. Meanwhile, plant nutrients play an important role in plant physiology and metabolism. Mackenzie and Christy (2005) found that grape juice properties such as Baumé and titratable acidity (TA) were correlated with several plant-available trace elements in the soil, most notably Ca, Sr, Ba, Pb, and Si. Potassium content of soil has been found to have an effect on must acidity (Costantini and Bucelli, 2014), and manganese has been correlated with phenolics in grape berries (Bramley and Janik, 2005). While mechanisms underlying these correlations are lacking, the results suggest that soil cation chemistry does have an influence on wine grape composition. We increasingly understand how soil biological processes govern the availability of plant essential and beneficial nutrients and acknowledge that soil management has the potential to modify these processes. In particular, increased popularity of organic amendments such as composts in vineyards could greatly affect the availability of essential and beneficial plant nutrients. Hence, it likely behooves viticulturalists to better understand how managing soil nutrient supply can optimize the soil chemistry related expression of terroir.



Soil Nitrogen Supply and Retention

Nitrogen is one of the most limiting nutrients for plant growth, and by far the dominant nutrient applied as fertilizer to cropping systems worldwide. As ensuring high N supply is considered a type of insurance for high crop production, it is not surprising that average N use efficiencies (i.e., the amount of applied N taken up by the crop) are as low as 50% (Ladha et al., 2005). N not taken up by the plant is commonly lost from the soil-plant system through leaching or gaseous emission (Figure 3A). While an adequate supply of N is crucial for good crop productivity, the overapplication of N fertilizer over the last decades has caused large losses of N to the environment with alarming consequences for air and water resources (Rockström et al., 2009).
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FIGURE 3. Illustration of the N cycle for (A) conventional agricultural systems for crops with high N demand, (B) agricultural systems for crops with high N demand under soil health management, (C) conventional vineyard system, and (D) vineyards with soil health management.


Soil NO3– concentrations are typically shown on soil test reports and have been used to monitor the availability of N for the plant. Good nutrient stewardship keeps soil NO3– concentrations high enough to meet crop N demand, and low enough to reduce the risk of N loss to the environment. However, improved understanding of the N cycle increasingly demonstrates that NO3– is not a static pool waiting to be taken up by the plant. Instead, soil NH4+ and NO3– pools can be very dynamic, reliant on rapid mineralization, nitrification and immobilization rates that continuously produce and consume new plant available N (Drinkwater and Snapp, 2007; Bowles et al., 2015). In this scenario, plants successfully compete with microorganisms for the use of newly mineralized plant available N, and soil NO3– concentrations can likely be kept much lower than previously thought, further reducing N losses to the environment (Figure 3B). Following this paradigm shift, a healthy soil supplies N when the plant needs it and retains N during periods of low plant demand by cycling it efficiently through a thriving soil food web.

In most cropping systems, the success of this new paradigm is subject to the ability of the plant to compete with microorganisms for soil available N. In wine grape production, however, the story is even more complicated. As for most crops, N plays a major role in many biological functions and processes and is therefore a highly abundant and often limiting nutrient in grapevine production. Winegrapes remove about 22–56 kg of N ha–1 through harvest (Williams, 1999), and this value serves as an indication of the minimum amount of N that should be replenished annually. In addition, a great amount of N is invested in the growth of trunk, roots, leaves and shoots. Although a fraction of this N is reabsorbed into permanent structures when plants go dormant or recycled in the soil-plant system with leaf fall and pruning, vegetative growth does imply additional N demand. Meanwhile, excessive N availability can boost vigor, negatively impacting sink-source relationships in the vine and the canopy microclimate, all of which can lead to loss of grape yield and quality (Wheeler and Pickering, 2003; White et al., 2007). Moreover, N nutrition also directly affects the form and concentration of yeast assimilable nitrogen (YAN) in the grapes, with further implications for wine quality (Bell and Henschke, 2005; Reynard et al., 2011). It is clear that to balance vine health and grape quality, vineyard N status must be managed very carefully.

Traditionally, excessive availability of N in vineyards is avoided by delivering N in small doses when vine N demand is greatest (Figure 3C). When building SOM and soil health, however, care must be taken that this does not inadvertently lead to an increase in the soil’s capacity to supply N, thereby promoting vine vigor and loss of wine grape quality. As the balance between N mineralization and immobilization is governed to a great extent by the availability of C relative to N (Booth et al., 2005), C-rich organic inputs such as straw amendments have been proposed as one strategy to manage excessive N supply in healthy soils (Wheeler and Pickering, 2003) (Figure 3D). Alternatively, non-legume cover crops have been used to remove excessive soil NO3–, by increasing competition with the vines for available N (Wheeler and Pickering, 2003; Van Leeuwen et al., 2018).



Water Availability and Drainage

In wine grape cultivation, it is important to carefully manage water availability and drainage in order to ensure vine health as well as wine grape quality. Excessive water availability can promote vigor and cause direct and indirect negative effects on wine grape quality (Wheeler and Pickering, 2003; White et al., 2007). Therefore, high wine grape quality is often expressed under mild water stress, as found on well-drained soils or as a result of deficit irrigation. If water stress becomes too severe, however, vine health, yield as well as wine grape quality are jeopardized. This is particularly relevant for vineyards in Mediterranean climates where water scarcity can become an issue, especially in the light of climate change (Medrano et al., 2015; Mirás-Avalos et al., 2017).

Whether a vineyard experiences excessive water supply or severe water stress depends on the climate, the cultivar, the rootstock, irrigation management, canopy management, soil type, as well as soil health management (Medrano et al., 2015). Various soil properties affect soil water regulation, most notoriously water holding capacity, plant available water, and hydraulic conductivity. Water holding capacity is the water the soil can hold on to against gravitational forces. The water holding capacity reflects the amount of water in the soil at a matric potential of approximately –33 kPa. Permanent wilting point is reached at a matric potential of approximately –1,500 kPa. At this point, water left in the soil is strongly held by capillary forces and unavailable to the plant. Therefore, plant available water is defined as the amount of water observed between field capacity and permanent wilting point. Finer textured soils have a greater water holding capacity compared to coarser textured soils (Figure 4). Meanwhile, the greatest plant available water is typically observed in silt loams and silty clay loams. In finer soil texture classes, plant available water decreases as the water left in the soil at the permanent wilting point increases. Even though water holding capacity and plant available water are predominately determined by soil texture class, building soil health by increasing SOM and improving soil structure has the capacity to increase water holding capacity and plant available water (Kern, 1995; Olness and Archer, 2005). While water holding capacity and plant available water are important metrics for water storage, hydraulic conductivity describes the ease with which water can move through the soil. Hydraulic conductivity is greatly affected by texture and soil moisture. Hydraulic conductivity is typically greater in coarse textured soils under very wet conditions but as the soil becomes dryer it decreases sharply and, at low soil moisture conditions, hydraulic conductivity is lower than in fine textured soils (Figure 4). In addition to the inherent property soil texture, manageable soil properties including SOM content and soil structure have been shown to affect hydraulic conductivity (Vereecken, 1995).
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FIGURE 4. Left: Conceptual representation of soil moisture retention curves for coarse textured soils (dashed line) and fine textured soils (solid lines) soils with lower soil health (brown lines) compared to soils with greater soil health (green lines). Columns represent the amount of plant available water (PAW). Right: Conceptual representation of unsaturated hydraulic conductivity in function of soil matric potential for coarse textured soils (dashed line) and fine textured soils (solid lines) soils with lower soil health (brown lines) compared to soils with greater soil health (green lines). Orange arrows in both figures indicate the direction of improved soil health. Charts modified from Brady and Weil (2016).


From a soils water balance perspective, soil water supply is determined by infiltration rate, storage, drainage, runoff, and evapotranspiration (Figure 5). In a fine-textured soil, the amount of water stored in the soil may be compromised if runoff is high relative to infiltration. In contrast, water supply may be excessive in fine textured soils in wetter climates, due to the high water holding capacity of fine textured soils (Van Leeuwen et al., 2018). Soil health management can be tailored to improve infiltration and water storage in dry climates; or mitigate excessive water storage in fine textured soils by improving hydraulic conductivity and drainage or promoting evapotranspiration in wetter climates. Meanwhile, the low water holding capacity of coarse textured soils causes increased risk for severe water stress in dry climates. Here, soil health management can increase water holding capacity and help mitigate severe water stress (Medrano et al., 2015). As such, soil health management regarding water regulation can greatly impact the terroir effect.
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FIGURE 5. Vineyard water fluxes from a soil perspective in coarse textured soil with poor soil health (left), a healthy soil (middle), and a fine textured soil with poor soil health (right).




Soil Biodiversity

There is a growing interest in the role of the soil microbiome not only for grapevine health and nutrition but also for wine quality. The soil microbiome includes all microorganisms that can be found in soil, including archaea, bacteria, viruses, fungi, protists, and other microbial eukaryotes (Fierer, 2017). For most of the history of viticulture, and agriculture in general, soil microbes were mostly seen as something negative (i.e., pathogens), and efforts to improve wine quality were mostly focused on grapevine genetics and soil cultural practices, with little consideration for the soil and plant microbiome. The increasing availability, affordability and use of molecular techniques is revealing the existence of a great amount of biodiversity in the soil, the root–soil interface (the rhizosphere) and the plant itself with beneficial functions for plants (Vandenkoornhuyse et al., 2015). Soil microbial communities support key ecological processes and are directly responsible for the provision of the most important soil ecosystem services such as decomposition, mineralization of plant nutrients, atmospheric N fixation and C sequestration, all of them of high relevance for agricultural production (Bardgett and van der Putten, 2014; Fierer, 2017). Plants with adequate nutrition may be more resistant to biotic stress; in addition, soil microorganisms are known to support plant health by competing with pathogenic microorganisms for soil resources, production of antibiotic substances, or triggering of plant defenses, the so-called induced systemic resistance (Berendsen et al., 2012). But the role of the soil microbiome in wine production goes beyond supporting the typical functions of a healthy soil, wine making is essentially a microbial process in which the whole grape microbiome in early fermentation stage, including both bacteria and fungi, drives fermentation performance and the chemical characteristics of the finished wine (Bokulich et al., 2013; Belda et al., 2017). The microbial community of the winegrapes is known to share several microbial taxa with the soil, which suggests that soil may serve as a reservoir for grape microorganisms that are carried over into the fermentation stage (Zarraonaindia et al., 2015). Soil microorganisms may colonize the grapes through different pathways, such as the migration of root endophytes, dust, rain splashes, or people during harvesting and other management events (Gilbert et al., 2014). Therefore both the soil and grape microbiome are as important as the grape varietal, the soil type or the climate in regulating the organoleptic properties of wine, and show a strong biogeographical pattern that allows to differentiate between wine growing regions and even vineyards (Bokulich et al., 2016; Belda et al., 2017). This has led several scientists to propose the concept of the microbial terroir (Belda et al., 2017) opening a new and promising research field in which the soil and plant microbiome could be manipulated to support plant health, fermentation and produce optimal organoleptic wine properties. This would be achieved through management for a healthy soil microbiome as an integral part of the soil ecosystem to achieve the maximum expression of the terroir. Recent evidence shows that practices such as cover cropping results in significant changes in the soil microbiome, potentially altering the grape microbiome and wine quality (Burns et al., 2016). Yet, Chou et al. (2018) found little change in the grape microbiome with soil management practices such as herbicide application or cultivation for vegetation removal under the vine.



Soil Carbon Sequestration and Greenhouse Gas Emissions

Soil C sequestration has been promoted as a powerful strategy to mitigate climate change (Lal, 2004). In most soils, the predominant form of C is organic C. Soils serve as a sink for atmospheric CO2 when management practices that increase SOC stocks are adopted. Soil C sequestration hinges on the balance between C inputs and losses from decomposition. Soil C inputs can be increased through organic amendments or cover crops, but the net effect on SOC stocks depends on how much of the C that enters the soil is ultimately retained. Relatively stable SOC pools are typically thought to be chemically protected (binding with clay and silt minerals), physical protected (occlusion into soil aggregates), or biochemically stabilized (condensation of recalcitrant C compounds) (Six et al., 2000). Moreover, rather than a pool of inherently stable and chemically unique compounds, evidence has mounted that SOM is a continuum of progressively decomposing organic compounds processed through the soil food web (Lehmann and Kleber, 2015; Kögel-Knabner, 2017). Therefore, C sequestration requires continuous management of the turnover and volume of organic compounds and warrants further research into balancing both stocks and flows of organic matter (Lehmann and Kleber, 2015).

When building SOC stocks as a means to mitigate climate change, one must also consider tradeoffs from GHG emissions, most notably the potent GHG nitrous oxide (N2O). N2O is produced predominately by nitrifying and denitrifying microorganisms in the soil and stimulated by anthropogenic and natural disturbances such as fertilizer and organic amendment inputs, rain events, irrigation, and tillage (Butterbach-Bahl et al., 2013; Verhoeven et al., 2017). While building SOC stocks is a slow process that may take 5–10 years before a measurable management impacts are observed, responses of N2O emissions to management changes are much more instantaneous. The net effect of management on GHG emission reductions takes the balance between changes in SOC stocks and changes in N2O emissions over multiple years.

Several studies assessing the C balance of vineyards have found that vineyards have great potential for storing C (Kroodsma and Field, 2006; Suddick et al., 2013; Brunori et al., 2016; Scandellari et al., 2016). Kroodsma and Field (2006) estimated that 68 g C m–2 year–1 could be sequestered by converting annual cropping systems to vineyard agroecosystems in California. Nevertheless, the potential of vineyards to sequester C depends on soil physical characteristics, the grapevine’s biological properties, as well as management practices in the vineyard (Brunori et al., 2016; Vicente-Vicente et al., 2016). Most measurements of N2O emissions in vineyards have taken place in Mediterranean climates. Under these environmental conditions, N2O emissions in vineyards are relatively small compared to potential to sequester SOC (Garland et al., 2011; Longbottom and Petrie, 2015). Nevertheless, N2O emissions from vineyards can be further reduced by modifying the timing of N fertilizer application, offsetting soil and cover-cropping activities in the tractor row in relation to forecasted precipitation and minimizing floor management activity in the fall is also recommended (Longbottom and Petrie, 2015; Verhoeven et al., 2017).

What does this all mean for terroir? Soil C sequestration and GHG emissions will unlikely have a direct effect on terroir. However, it is well-known that SOC is essential for maintaining a good soil structure, retaining nutrients, and supporting an active soil food web, all of which have been linked to terroir. Moreover, market research shows that wine consumers increasingly value sustainability in wine production, especially among higher spenders and wine experts (Pomarici, 2016; Schäufele and Hamm, 2017). In a recent review of articles published between 2000 and March 2016 (Schäufele and Hamm, 2017) found that a considerable number of consumers across different countries reported a willingness to pay a premium for wine with characteristics of sustainable production and that sustainability cues were often perceived as quality indicators.

As a next step, efforts should be focused on establishing the spatial variability and mapping of soil C and soil biodiversity as components of soil and the terroir (Vaudour et al., 2015). Furthermore, it is important to understand how soil management commonly used to support soil health in wine grape production, will affect the expression of the terroir.




COVER CROPS AND COVER CROP MANAGEMENT FOR IMPROVED VINEYARD SOIL HEALTH AND EXPRESSION OF TERROIR

Cover crops are traditionally used in the vineyard interrow to prevent soil degradation and erosion (Battany and Grismer, 2000; Ruiz-Colmenero et al., 2013; Novara et al., 2018), a practice that is being increasingly incentivized in most of the wine growing regions of the world such as California or the Mediterranean countries of Europe, where soil degradation is a pressing issue (Rodrigo-Comino, 2018; Rodrigo-Comino et al., 2018). Moreover, cover crops provide multiple other services, depending on the plant species used, such as acting as catch crops, fodder or green manure (Ramírez-García et al., 2015). Additionally, several recent meta-analyses show that cover crops support ecosystem services such as above- and below-ground biodiversity, pest control, C sequestration and soil fertility (Vicente-Vicente et al., 2016; Bowles et al., 2017; Winter et al., 2018; Shackelford et al., 2019). Many of the ecosystem services provided by cover crops are mediated through effects on soil physical, chemical and biological properties that support soil health and that may affect the expression of the terroir.

Even though the use of cover crops to manage soil fertility dates back to the Roman empire, this practice was mostly abandoned after the green revolution and widespread availability of synthetic fertilizers (Dunn et al., 2016). Today, in spite of the increasing evidence of the benefits for soil health, adoption rates are still very low due to the contrasting perceptions of producers on the actual benefits provided by cover crops, concerns over water and nutrient usage (especially in arid regions), and lack of adequate management strategies (Dunn et al., 2016; Schütte and Bergmann, 2019). Furthermore, cover crops can act as vectors or increase susceptibility of vines to plant diseases (Forte et al., 2010; Muscas et al., 2017). These issues limit the adoption of this practice and drive the active removal of vegetation in the vineyard interrow through the use of tillage and/or herbicides with negative consequences for soil health. As consumers demand sustainable products and are willing to pay the premium of sustainably grown wine, air and water quality regulations are imposed, growers are forced to consider the use of cover crops. Thus, there is a strong need for a careful synthesis of the potential benefits of this practice and how management decisions can reduce potential drawbacks.

Cover crops protect the soil from the eroding action of raindrops preventing soil erosion and runoff (Battany and Grismer, 2000), but they also improve infiltration rates (Gulick et al., 1994; Biddoccu et al., 2017) which is particularly important for vineyards established on steep slopes with higher erosion rates (Ruiz-Colmenero et al., 2013; Rodrigo-Comino, 2018). Higher infiltration, lower runoff and erosion rates in cover cropped vineyards lead to lower nitrate runoff and therefore the increase in nutrient retention (García-Díaz et al., 2017). Higher infiltration has been attributed to the increase in SOM, improvement of structure, including aggregate stability and pore connectivity (Aljibury and Christensen, 1972; Ruiz-Colmenero et al., 2013). Cover crop termination by mowing increases infiltration rates by 45% as compared to tillage (Ruiz-Colmenero et al., 2013). It is also well known that vineyards under cover crops and with a better soil structure store more water than soils without permanent vegetation cover or tilled (García-Díaz et al., 2017; López-Vicente and Álvarez, 2018).

Improvements in soil structure, pore connectivity and water holding capacity are interrelated soil properties which are directly affected by the growth of plant roots and input of organic matter not only through aboveground biomass incorporation but mostly through root turnover and root exudates released from living roots (Sokol et al., 2019). More than half of the plant biomass is belowground, which constitutes a large input of C directly into the soil; the release of root exudates constitutes a constant drip of C that feeds the rhizosphere microbial community leading to the formation of stable C-mineral associations, which contribute to further aggregate formation (Sokol and Bradford, 2019). In Mediterranean climates cover crop growth occurs during the wet season (fall and winter) and afterward, during the dry season, annual cover crops die down whereas perennial plants go into dormancy. Even though this stops root exudation, the role of roots in maintaining root structure during the dry season is still highly relevant, as dead roots hold together and preserve microbially created macroaggregates (Blankinship et al., 2016). As a result, total soil organic C and aggregate stability increases in vineyard soils with cover crops as compared to bare soil (Guzmán et al., 2019); these increases are more pronounced in the upper centimeters of soil (Wolff et al., 2018) and seem to depend on cover crop management; for instance, certain cover crop mixes result in higher C sequestration rates and increases in soil C and improvements in soil structure are higher if cover crop is not tilled (Winter et al., 2018; Novara et al., 2019).

Above and belowground C inputs by cover crops influence the structure of the soil microbial community, increasing microbial biomass and changing the species composition. Burns et al. (2016) observed that cover crop presence and species drove soil microbial community composition and consistently resulted in distinctive bacterial and archaeal soil communities throughout 19 vineyards in Napa Valley, California. As mentioned earlier, the soil microbiome has important implications, not only for nutrient cycling and soil health in general, but also for the health, yield and quality of the grapevine, and it is currently regarded as an important component of the terroir (Belda et al., 2017).

In addition to changes in the structure of the soil microbial community, cover crop C inputs increase microbial activity, soil respiration and CO2 efflux as compared to non-cover cropped and tilled vineyard soils (Steenwerth and Belina, 2008b). N inputs with leguminous cover crops could increase the amount of available N in the soil and therefore nitrification and denitrification rates that lead to the production and release of N2O, a potent GHG (Garland et al., 2011). Increase in CO2 and N2O emissions to the atmosphere could offset the potential environmental benefits of cover crops. Nevertheless, the amount of total C sequestered in plant biomass and the increase in soil C usually exceeds the increased CO2 emissions under cover crops (Wolff et al., 2018). Emissions of N2O from vineyard soils are usually small but can be increased by soil management practices that affect soil nutrient content, labile C and moisture (Verhoeven et al., 2019). Reductions in N2O emissions from cover cropped soils could be potentially achieved through the selection of the cover crop mix to reduce the presence of legumes or the choice of cover crop termination method (tilling, mowing, or grazing), however, no clear differences have been observed yet in this respect (Garland et al., 2011; Wolff et al., 2018).

Changes in soil microbiome, physical and chemical properties could have significant impacts to vine vegetative growth, yields, grape and must quality, by changing water and nutrient availability. Cover crops can reduce N uptake during grapevine vegetative growth and reduce vigor and N nutritional status, increasing the anthocyanin and polyphenols contents in the grapes and therefore having a positive impact in must quality (Pérez-Álvarez et al., 2013).

Nevertheless, cover crops can also be large sources of plant-available N if the mix contains legumes (Novara et al., 2019). In addition to improving soil nutrient status, potential nitrification, N mineralization and denitrification can be up to 2–4-fold greater in cover crop soils than in bare soils under tillage showing increased nutrient turnover and availability (Steenwerth and Belina, 2008a). Higher N availability under legume cover crops results in larger vine vegetative growth and reduced polyphenol in grapes as compared to non-legume cover crops (Muscas et al., 2017).

Finally, high transpiration rates in the cover crop can reduce water availability for grapevines; while this may be convenient in humid regions to regulate growth, reduce vigor and avoid negative impacts to must quality, in Mediterranean arid climates it may induce water stress in the grapevine (Celette et al., 2008; Celette and Gary, 2013). Water stress can have beneficial effects for grapevine health and must quality when it is not excessive, as it reduces vegetative growth and increases anthocyanins and polyphenol contents in the grapes (Monteiro and Lopes, 2007).

In spite of the above, several studies have seen little differences between cover cropped and non-cover cropped grapevines, suggesting that this practice does not seem to negatively affect crop vine yield and quality overall (Sweet and Schreiner, 2010; Steenwerth et al., 2013; Pérez-Bermúdez et al., 2016; Winter et al., 2018; Wolff et al., 2018), and that negative effects can be reduced by management decisions. For instance, no tilling the cover crops can reduce grapevine N uptake as compared to tilling (Steenwerth et al., 2013). Fertilizer and irrigation management, mowing the cover crop at budbreak or reducing the sowing density can reduce competition between grapevines and cover crops in dryer and warmer growing regions (Tesic et al., 2007; Delpuech and Metay, 2018). Younger vines may also be more sensitive to water and nutrient stress in the presence of cover crops, as they don’t have a sufficiently developed root system to explore different parts of the soil profile or store nutrients (Celette et al., 2008).



COMPOST USE AND MANAGEMENT FOR IMPROVED VINEYARD SOIL HEALTH AND EXPRESSION OF TERROIR

One widely adopted method to improve soil health in vineyards is through the application of composts or other organic input materials (Morlat and Chaussod, 2008; Brown and Cotton, 2011; Gaiotti et al., 2017). Increases in SOC and SOM from compost addition underlie most of the biological, chemical, and physical impacts to vineyard soils we will review in the following sections. SOC or SOM are universally increased from compost additions in vineyard soils (Pinamonti, 1998; Korboulewsky et al., 2002; Ramos and López-Acevedo, 2004; Morlat and Chaussod, 2008; Brown and Cotton, 2011; Bustamante et al., 2011; Peregrina et al., 2012; Rubio et al., 2013; Calleja-Cervantes et al., 2015a,b; Gaiotti et al., 2017; Mondini et al., 2018). Higher rates of compost addition typically result in greater treatment effects between compost treated soils and controls or grower standard NPK fertilizer practices (Korboulewsky et al., 2002; Morlat and Chaussod, 2008; Peregrina et al., 2012; Mondini et al., 2018). Both short term applications (Larchevêque et al., 2006; Rubio et al., 2013) and long-term applications (Morlat and Chaussod, 2008; Calleja-Cervantes et al., 2015a,b) result in increases in SOC/SOM in compost treated plots. The amount of SOM increases linearly with the amount of C applied in composts (Mondini et al., 2018). The longer the continued application, the stronger the treatment effect with time (Morlat and Chaussod, 2008). Soil C is the basis of the soil food web and increases in SOC from compost addition typically increases the size of the microbial biomass (Bustamante et al., 2011; Rubio et al., 2013; Wilson et al., 2016), although not always (Gaiotti et al., 2017). Increases in SOM lead to increases in total N, absolute amounts of organic N as well as inorganic N from mineralization (Larchevêque et al., 2006; Morlat and Chaussod, 2008; Calleja-Cervantes et al., 2015a; Gaiotti et al., 2017). Additions of compost derived C can influence P dynamics through competitive inhibition of P sorption sites by organic acid anions, as well as providing a source of mineral and organic P (Hue, 1992; Korboulewsky et al., 2002; Hunt et al., 2007; Wilson et al., 2016). Increases in SOC lead to better soil aggregation, infiltration and water holding capacity and reduced bulk density (Celik et al., 2004; Morlat and Chaussod, 2008; Brown and Cotton, 2011; Salomé et al., 2016; Ramos, 2017). Further, compost additions have been suggested as a potential C sequestration practice (Calleja-Cervantes et al., 2015a; Longbottom and Petrie, 2015), although N2O (denitrification) and CO2 (respiration) emissions may be increased in compost treated plots as compared to controls or grower standard NPK practices (Calleja-Cervantes et al., 2015a). Thus, many of the improvements to soil health and the manifestation of terroir from compost additions to be discussed here are rooted in the addition of C and increases to SOC/SOM from compost addition.

Addition of composts routinely increases soil microbial biomass carbon (MBC) and respiration as measured by CO2 evolution (Bustamante et al., 2011; Rubio et al., 2013; Wilson et al., 2016; Gaiotti et al., 2017). An increase in the size and activity of the microbial biomass can have beneficial effects to nutrient cycling, especially in degraded soils (Ros, 2003; Lazcano et al., 2013). Compost application can also change the structure of the soil microbial community; for instance, in a calcareous vineyard sheep compost enhanced soil microbial activity and shifted bacterial composition from oligotrophic to copiotrophic, as shown by differences in 16S rRNA gene sequences (Calleja-Cervantes et al., 2015a). A robust and diverse microbial community is a hallmark of healthy soils. However, changes in the soil microbial community resulting from application of composts can be different for different soil types. For example, organic inputs increased MBC in fine textured non-calcareous soils, but not in calcareous soils in France (Salomé et al., 2016). Increases in MBC are tied to the rate of C applied, but less to the source of C. Inputs from diverse composts (mushroom compost, farmyard manure, and vine pruning waste compost) had a similar response in MBC. Increases in the rate of C applied from composts applied lead to incremental increases in MBC (Morlat and Chaussod, 2008; Peregrina et al., 2012). Both single doses, and long-term applications increases MBC (Morlat and Chaussod, 2008; Rubio et al., 2013). Other investigations have reported no response or a modest non-significant responses of compost addition to MBC (Nendel and Reuter, 2007; Gaiotti et al., 2017). Differences in the magnitude of the MBC response from compost addition is tied to the antecedent soil health, particularly the physical and biological conditions, as well as the source and rate of compost additions (Gaiotti et al., 2017). More research is needed to connect compost addition rates, soil types and soil health objectives and potential benefits from increased MBC.

Compost application routinely increases soil N, and this increase is incremental with compost application rate (Korboulewsky et al., 2002; Peregrina et al., 2012). Peregrina et al. (2012) reported increases in N and SOC with increases in the rate of fresh and composted mushroom substrate applied. Application of various sources of organic materials, including composted sewage sludges, mushroom composts, composted cattle manure, winery wastes and pruning wastes routinely increase soil total N (Larchevêque et al., 2006; Morlat and Chaussod, 2008; Calleja-Cervantes et al., 2015a; Gaiotti et al., 2017). Mugnai et al. (2012) reported an increase in total N over a positive control (NPK) following 9 years of compost grape waste application, with NH4–N favored over NO3–N in compost treated plots, with the opposite true in the mineral nutrient positive control (grower standard NPK practice). Long term and continuous applications of cattle manure in excess of crop demand, may result in N build up, N leaching and potential suppressive effects on yield and quality (Morlat and Chaussod, 2008; Morlat and Symoneaux, 2008). While application of composts and other organic materials generally increases soil total N, differences exist in the amounts of organic N versus inorganic N, as well as the timing of release soluble N from mineralization of added organic inputs.

Initial compost applications result in a quick pulse of inorganic N followed by a prolonged period of elevated organic N. Synchronizing mineralization of compost N and the timing of high N demand in winegrapes is an area of ongoing investigation. In a 3-year study applying a range of compost types to a calcareous soil, Bustamante et al. (2011) reported that diverse sources of compost result in an initial spike in soluble N that is tempered with time, while organic N tends to remain elevated. They concluded that excess N was not observed in the soil, suggesting that the pulse of inorganic N following mineralization was utilized by the vines. Similar results were reported by Rubio et al. (2013), after application of a variety of compost sources including pruning wastes, winery wastes (pumice), sheep manure, cattle manure and mixes of manures and pumice. Similarly, application of vermicompost and vine shoot compost led to an initial large increases in extractable N, with subsequent applications leading to progressively smaller increases in extractable N, but higher values of microbial biomass N (Mondini et al., 2018). Potentially, initial applications of compost lead to initial increases in inorganic N before the additional C increased the size of the microbial biomass, and additional N resources are either assimilated into the microbial biomass, taken up by vines or lost through denitrification (Korboulewsky et al., 2002) applied three rates of sewage sludge to a French vineyard and reported an initial spike in inorganic N (NO3 and NH4), which subsided with increased application. Broadly, amounts of N remain elevated in compost treated plots compared to controls, and inorganic and organic N increased incrementally with compost application rate.

In winegrapes N uptake has been observed in two major periods, one from budbreak to veraison, and the second post-harvest, with as much as 34% of the total seasonal N uptake in this period (Conradie, 2017). N pulses following compost application are likely to be utilized by the vine, especially if N deficiencies exits. Winegrapes benefit from an extensive established root system such that the soluble N pulse following application can be utilized by vines at budbreak into flowering, whereas spring N pulses may be lost in shallow rooted row crop systems. This is particularly true if a restorative effect is desired from application of compost to established vines, where roots are eager for fresh nutrient inputs. For example, in an investigation of compost application rates to a degraded vineyard soil with established, underperforming vines, compost application in the dormant season resulted in a significant increase petiole N in the following growing season, with this increase incremental with application rate (significant dose response). Application of composts to established vines will result in uptake of the initial pulse of soluble N. Conversely large applications of high N composts (composted manures) at preplant may result in losses of N to the environment.

Soil phosphorus (P) is typically increased as the result of compost application (Korboulewsky et al., 2002; Morlat and Chaussod, 2008; Bustamante et al., 2011; Wilson et al., 2016), due to many factors including the additional P applied in the compost, the chelation of active Al or Ca by organic acids and other decomposition products, and competitive inhibition of P-sorption sites by organic acid anions (Hue, 1992; Delgado et al., 2002). Winegrapes have relatively low P demands (Schreiner and Osborne, 2018). The combined effect of relatively low P demand, and increased P availability due to P sorption inhibition, can lead to excess P following compost application (Korboulewsky et al., 2002; Wilson et al., 2016). Care should be taken, especially when composts or other organic materials are applied to meet N demands, that excess P is not applied (Korboulewsky et al., 2002). Nonetheless, P deficiency in winegrapes has been reported in certain soil types with less than 10 mg P per kg soil (Olsen-P) (Skinner et al., 1988). P deficiency can lead to reduced fruit set, yields, and vegetative growth (Skinner et al., 1988). Yield reduction from P deficiency is likely due to deleterious effects on the initiation and differentiation of bud primordia. P deficiency is manifest in blotchy red interveins, which can be mistaken for leafroll disease or red blotch disease. Soil P dynamics are directly tied to the soil component of terroir, with certain soil types, particularly red, clay rich soils from high Fe/Al parent materials (basalts and andesites), and volcanic ash soils, exhibiting P deficiency and higher P sorption capacities. In these instances, compost application can be a favorable management strategy to relieve P deficiency, due to the combined beneficial effect of applied SOM and applied P. Management of P deficiency in winegrapes is largely driven by the terroir of the soil, as influenced by pedogensis. For example, weathered soils derived from low P lithologies, such as granite, may be P deficient, but also have low P fixation capacities, and hence would respond well to P applications (Wilson et al., 2016, 2017). Conversely, P deficient soils with high P sorption capacities, such as volcanic ash soils, will require higher applications of compost to overcome the P fixation capacity. In most instances applying composts to meet P demand will result in lower P sorption capacities, and higher P availability, than mineral fertilizers alone due to competitive inhibition of anion sorption sites (Hue, 1992; Hunt et al., 2007; Wilson et al., 2016). The management of P, both with and without composts, is dependent on the terroir of the site, as manifested by soil genesis, particularly soil mineralogy and acidity/alkalinity.

In winegrapes, reduced K supply can lead to premature leaf drop, and negative effects on yield and vegetative growth (Christensen and Peacock, 2000). Potassium is the major cation in grape juice and musts and has a significant effect on juice pH (Mpelasoka et al., 2003). Excess K has been connected to undesirably high wine pH, reduced wine stability and declines in color quality (Mpelasoka et al., 2003). Excessive K in berries may lead to lower levels of the more desirable tartaric acid, altering the perception of flavor (Mpelasoka et al., 2003). In a wide range of studies with many different sources, compost application usually increases soil extractable K. Many different types of composts, cattle manures, winery wastes, sheep manures, municipal solid wastes, garden green waste mulches, mushroom composts, and mixes of these materials result in elevated K status in soils (Pinamonti, 1998; Larchevêque et al., 2006; Morlat and Chaussod, 2008; Bustamante et al., 2011; Chan and Fahey, 2011; Calleja-Cervantes et al., 2015a,b). This is particularly true for composts with a significant proportion of winery wastes which are higher in soluble K, and composts derived from manures (Bustamante et al., 2008; Rubio et al., 2013). Compost application leads to incremental increases in soil K, with very high levels of soil K corresponding to higher application rates (Morlat and Chaussod, 2008; Chan and Fahey, 2011).

When available, vines tend to uptake excess K, such that when soil K was increased from compost addition, plant tissue K also increases (Pinamonti, 1998; Morlat and Chaussod, 2008; Chan and Fahey, 2011). Given that berries are strong sinks for K, excess K supplied to vines results in larger amounts of K in berries (Pinamonti, 1998; Mpelasoka et al., 2003; Morlat and Symoneaux, 2008; Chan and Fahey, 2011). The strongest effect of compost applications to vineyard soils on wine quality may be from K supply, with increased K observed in grapes and musts as the result of compost addition (Pinamonti, 1998; Morlat and Symoneaux, 2008). With respect to terroir, Chan and Fahey (2011) noted that the treatment effect of composts on berry K was much less than the site effect on berry K. This suggest that, especially with respect to K, the inherent terroir, related to soil mineralogy and parent material, may be a greater factor in soil, vine and berry K status than the K applied in composts. However, further research is required to understand the variability in soil and vine K status attributable to variability in site characteristics and terroir. While several studies report increased berry K from increased extractable soil K following compost addition (Rubio et al., 2013) observed significant increases in soil K, but not in berry K. Conversely, lower rates of vermicompost and compost additions did not result in increased soil K status nor vine K status (Martinez et al., 2018). Mpelasoka et al. (2003) notes that the relationship between K supply in soils and K in berries and tissues is not always absolute. Differences in application rate, source, timing, irrigation, as well as vine parameters such as root architecture and the initial plant nutrient status will influence the uptake and availability of K. Given the significant variability in K status of soils due to differences in their terroir and pedogenic environment (mineralogy and parent material) as well as the effect of composts on soil K status, significant knowledge gaps exits connecting antecedent soil K, K supplied in composts, and the connection between soil K, berry K, must K, and wine quality.

In vineyard soils, increases in organic C from compost addition improve many soil physical properties. For example, in Mediterranean-type soils, compost additions increase aggregate stability (Celik et al., 2004; Kong et al., 2005; Goulet et al., 2006). The organic C fraction of soils is lighter than the mineral fraction and compost additions to vineyard soils typically reduce the soil bulk density (Celik et al., 2004; Morlat and Chaussod, 2008; Brown and Cotton, 2011; Salomé et al., 2016; Ramos, 2017). Both reductions in bulk density and improved aggregation lead to improved soil porosity, with improved porosity reported following compost addition (Pérès et al., 1998; Pinamonti, 1998). Soil temperature fluctuations are also reduced from application of compost mulches, especially compared to plastic row covers (Pinamonti, 1998). Improvements to soil structure and aggregation as well as improvements to porosity, lead to improvements in soil water holding capacity. Improved water holding capacity following compost addition is widely reported (Pinamonti, 1998; Morlat and Chaussod, 2008; Brown and Cotton, 2011; Ramos, 2017; Mondini et al., 2018). Of all soil properties, soil water has the most significant effect on vine growth, vigor, berry formation and subsequent effects on wine quality (Keller, 2005, 2010). Excess water, which leads to excess shoot growth, has been linked to declines in wine quality (Hepner et al., 1985; Wheeler and Pickering, 2003). However, concerns over climate change, drought and water use efficiency suggest that improvements to soil water holding capacity following compost addition are likely to be beneficial dependent on soil type and edaphic conditions. For example, Ramos (2017) reported significant improvements to soil water holding capacity and infiltration rate following compost addition to degraded vineyard soils, with the positive effects of compost addition on per vine yield stronger in drier years. These data suggest that, in degraded soils low in organic matter, increasing SOC from composts addition may provide some resilience to drought conditions. Similarly, in degraded vineyard soils application of vine shoot composts, but not vermicompost, lead to improved soil water holding capacity (Mondini et al., 2018). Dependent on the rate and amount of compost, compost application can be expected to improve soil water holding capacity, especially with repeated applications of high C sources. Increases in soil water holding capacity following compost addition can have significant effects on vine performance. Care should be taken by viticulturalists to mediate irrigation practices following sustained application of composts. Nonetheless, compost addition to vineyard soils is promising to mitigate soil drought and improve water use efficiency. Changes and improvements to vine water use efficiency following application of diverse sources of compost requires further investigation.

Improvements to vineyard soil health are generally consistent following compost application, improving soil biological, chemical, and physical characteristics. However, there is a view among viticulturalists that compost applications may have a negative effect on quality due to excess vigor and an imbalance between shoot growth and yield, and that the clear benefits to vineyard soil health from compost application may be outweighed by the negative effects on vine balance and grape quality. Yet, this is not borne out of the available data. For example, several studies have shown no significant changes to vine balance or juice quality following compost application (Pinamonti, 1998; Bartoli and Dousset, 2011; Mugnai et al., 2012; Mondini et al., 2018). Mugnai et al. (2012) applied municipal green waste compost to a chardonnay vineyard in the Tuscany region of Italy and conclude that, using measures of both leaf area and leaf chlorophyll, excess vigor, yields, and grape quality were not significantly affected by compost addition. Similarly, Pinamonti (1998) report no negative effects to vine balance (yields/pruning weights), total soluble solids (TSS) or pH following compost addition. Where improved water status is implicated in yield or shoot growth increases in some studies (Pinamonti, 1998; Ramos, 2017), soil N status drives increased yields and shoot growth in others. (Gaiotti et al., 2017) applied composted cattle manure and composted vine pruning wastes over a 5-year period and reported significant increases in vine growth and yield, without significant changes to vine balance (per vine yield/pruning weights). They note increased vigor in treatments containing composted cattle manure, a result they ascribe to faster mineralization rates, and more available N. In a similar, but single season study Rubio et al. (2013) applied diverse composts (citrus waste, winery waste, composted cattle manure, vine pruning wastes, and combinations of materials) and reported increases to yields, especially for mixes containing composted cattle manure, a response they also attribute to the elevated soil N status. With respect to juice chemistry, TSS was unaffected and the total polyphenol index was influenced by compost treatment, but trends were unclear. While increased N status led to increased yield in some studies, excess N was implicated in yield decline in others (Morlat, 2008). There, sustained applications of high rates (20 t ha–1 for 28 years) of relatively high N composted manures had a negative effect on yields and pruning weights, potentially due to N toxicity. Conversely, lower application rates of vine pruning compost (with higher C:N ratios) had a positive effect on yields and pruning weights. Nonetheless, no changes were reported to vine balance after 28 years of continued compost application from any source trialed. With respect to juice chemistry, Morlat (2008) report that total anthocyanins and TSS were decreased, while pH and K+ were increased in berries following addition of high rates of composted manures. In contrast, in a 3-year investigation of irrigation strategies with and without compost addition, (Cirigliano et al., 2017) found improved anthocyanin and other polyphenol contents in berries following compost addition compared to treatments without compost. Their data suggest that in drip irrigated Mediterranean-type climates, compost application can improve grape quality over irrigation alone, perhaps due to better infiltration and water holding capacity in compost treated vines. Contrasting results on the impact of composts on vine growth and yield, as well as on grape quality, especially polyphenol compositions, requires further investigation.

Compost applications can lead to improved yields and pruning weights, without detrimental effects to grape quality (pH, TSS, and TA), although effects to anthocyanins and other polyphenols are unclear. Increases in yields and pruning weights are tied to increases in soil water status and soil N status. Evaluating the existing soil conditions, as well as available water for irrigation and yield and quality objectives, ultimately informs the compost approach adopted. For example, in established normally performing vineyards, success has been accomplished with lower N inputs, such as vine pruning waste composts (Morlat, 2008; Morlat and Chaussod, 2008; Gaiotti et al., 2017). If a significant yield response is desired, or if soils are degraded, composts richer in plant available nutrients can be applied with success (Ramos, 2017; Mondini et al., 2018). The beneficial effect of compost application on yields in drought years noted by Mondini et al. (2018) and Ramos (2017) highlights a potentially significant benefit from compost addition in the face of water shortages and requires further investigation. Broadly, more research is needed to quantify yield, pruning weight, and grape quality responses from application of diverse composts in a variety of soil types, to solidify our understanding of the effect of composts in viticulture.



CONCLUSION

As we increase our understanding of the fundamental role of soils and soil health in long term climate regulation, crop yields and quality, there is an urgent need to understand how the dynamic and inherent aspects of soil health may overlap with the concept of terroir in wine grape production. In this review we show that, because of their impact on vine health and grape quality, the physical, chemical, and biological aspects of soil health overlap clearly with the soil related aspects of the terroir. Furthermore, we find potential for the expansion of the terroir concept by incorporating dynamic aspects of soil health such as SOM, soil C and soil biota which influence vine performance, potentially affecting wine quality. In spite of this, there are no crop specific guidelines or reference values that would help growers manage soil health for an optimum expression of the terroir. These guidelines need to be established by defining the meaning and main functions of a healthy soil in grapevines as compared to other crops and incorporating regional variability and site-specific needs.

Conservation of soil health needs to be prioritized rather than restoration of degraded soils. The use of cover crops and compost, supports the physical, chemical, and biological aspects of soil health, therefore contributing to the expression of the soil related aspects of the terroir. However, there are outstanding knowledge gaps that need to be addressed in order to implement grapevine specific best management practices. In particular, more information is needed on different cover crop species and mixes, their effects on vine nutrient and water uptake, the suitability of to boost different aspects of a healthy soil, and the consequences for grape and wine quality. In regard to the use of cover crops, we need a better understanding of the effects of different termination strategies (mowing, tilling, and grazing) and timing on soil health, crop yield and quality. Compost application clearly improves soil health, yet there is large variability in the observed effects potentially associated with the use of different feedstocks, placement, application rate and timing. The role of these factors needs to be understood in order to manage soil health for the maximum expression of the terroir.
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The relationships between differences in plant water status, induced by spatial variability in soil texture, and the changes in berry and wine composition were investigated in an irrigated Cabernet Sauvignon (Vitis vinefera L.) vineyard for 2 years. A stratified and an equidistant grid were overlaid on the vineyard to characterize the soil texture by proximal sensing, soil sampling, and grapevine physiological and berry chemical development. Based on the mid-day stem water potential (Ψstem) integrals, the vineyard was divided into two functional homogenous zones: Zone 1 with higher water stress and Zone 2 with lower water. Zone 1 consistently had lower Ψstem, net carbon assimilation, and stomatal conductance in both years. Berry weight and titratable acidity were lower in Zone 1 at harvest. Zone 2 reached 26 and 24°Bx total soluble solids (TSS) at harvest in Years 1 and 2, respectively, with higher TSS values of 30 and 27°Bx in Zone 1. Ravaz index did not vary spatially. Fruits were harvested differentially in both years and vinified separately from the two zones. In Year 1, all berry skin anthocyanin derivatives, tri-, di- hydroxylated, and total anthocyanins concentrations were higher in Zone 2. However, in Year 2, only malvidin, tri-hydroxylated, and total anthocyanins were higher in Zone 1. There were no differences in wine flavonoids in Year 2 when harvest commenced earlier. In both years, Ψstem, berry weight, and TSS were directly related to soil bulk electrical conductivity (EC). Our results indicated vineyard variability stemmed from soil texture that affected long-term plant water status which does not affect spatial variability of Ravaz Index. In conclusion, our work provides fundamental knowledge about the applicability of soil bulk EC sensing in the vineyards, and its potential directional utilization by connecting proximal soil sensing to spatial distribution of whole-plant physiological performance together with berry and wine chemistry.
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INTRODUCTION

There is natural spatial variability present in vineyards due to the variations in soil characteristics and topography (Brillante et al., 2016a). Soil characteristics are too complex to be thoroughly surveyed effortlessly. With traditional destructive methods, it is difficult to obtain enough comprehensive information from the soil pits at the field scale. These soil characteristics may directly affect the water availability for grapevines, which eventually determine the physiological performance of the plants (Brillante et al., 2015, 2016a). However, there is no variable management practices currently available to accommodate the natural spatial variability. Thus, the spatial variability derived from vineyard soils will inevitably be expressed in the whole plant physiology at the cost of homogeneity of vineyard productivity and quality. We previously reported the spatial variation of mid-day stem water potential affecting grapevine carbon assimilation and stomatal conductance of grapevine (Brillante et al., 2017; Yu and Kurtural, 2020). The resultant variations in whole-plant physiology were associated to flavonoid composition and concentration at the farm gate. However, there is a lack of information about the effects on the chemical composition in the final wine, which would ultimately determine wine quality as perceived by consumers.

Georeferenced proximal sensing tools can capture the spatial and temporal variability in vineyards, making it possible to supervise and manage variations at the field scale (Bramley et al., 2011c; Matese et al., 2015). Previous studies showed that soil bulk electrical conductivity (EC) may be used to evaluate many soil attributes, including soil moisture content, salinity, and texture (Brillante et al., 2014; Su et al., 2014). Soil electromagnetic induction (EMI) sensing has been used in precision agriculture to acquire soil bulk EC at the field scale due to its non-invasive and prompt attributes (Bramley et al., 2011a; Rodríguez-Pérez et al., 2011). Although research had been conducted on the relationships between soil electrical properties with plant water status, they were mostly point measurements and the results were rarely interpolated to whole fields. There were only a few studies that investigated the EMI sensing and soil-plant water relationships over a vineyard (Bonfante et al., 2015). Previous research suggested that the connection between soil water content and soil bulk EC could have relied on specific soil profiles, and needed to include soil physical and chemical properties to complete this connection (Brillante et al., 2014, 2016a). Nevertheless, there is evidence that soil bulk EC may still be useful not only to identify the variability in soil, but also in the plant response affected by vineyard soils such as yield, plant physiology, and grape berry chemistry (Bramley et al., 2011a; Tagarakis et al., 2013).

Plant available water is a determinant factor on grapevine physiology, together with nitrogen availability in semi-arid regions (Smart and Coombe, 1983). Wine grapes are usually grown under a moderate degree of water deficits as yields were optimized at 80% of crop evapotranspiration demand with sustained deficit irrigation (Williams, 2012). Water deficits would limit leaf stomatal conductance and carbon assimilation rate that sustain grapevines’ vegetative and reproductive growth and development (Escalona et al., 2015). When grapevines are under water deficits, carbohydrates repartitioned into the smaller berries would enhance berry soluble solids content (Escalona et al., 2015). Sucrose and fructose, which are the major components of total soluble solids (TSS) in grape berry, can act as a signaling factor to stimulate anthocyanin accumulation (Dai et al., 2014). The effects on grapevine physiology and berry composition also depend on the phenological stages they occur and how severe and prolonged the water deficits are (Intrigliolo and Castel, 2010).

Flavonoids are the most critical compounds dictating many qualitative traits in both grape berries and wine (Lorrain et al., 2013). The variations in environmental factors could alter the concentration and biosynthesis of flavonoids and can be extrapolated spatially within the same vineyard, including water deficits (Castellarin et al., 2007b), solar radiation (Martínez-Lüscher et al., 2019), and air temperature (Spayd et al., 2002). Among flavonoid compounds, anthocyanins are responsible for the color of berry skin as well as wine (Intrigliolo and Castel, 2010). Moderate water deficits during growing season can increase anthocyanin concentration in berry skin and wine (Cortell et al., 2007). However, water deficits can impair plant temperature regulation through evaporative cooling (Tombesi et al., 2015). They may also inhibit berry growth by limiting berry size and altering berry skin weight (Castellarin et al., 2007a; Santesteban et al., 2011). Thus, in some cases it may be uncertain if water deficit promotes anthocyanins biosynthesis or reduces berry growth, or contributes to anthocyanin degradation (Petrussa et al., 2013). Applying water deficit on grapevines can contribute to greater proportion in tri-hydroxylated over di-hydroxylated anthocyanins due to the up-regulation of F3′5′H (Castellarin et al., 2007b; Martínez-Lüscher et al., 2014). Another major class in flavonoids, proanthocyanidins, are polymers of flavan-3-ol monomers and they contributes mainly toward astringency (tactile sensation) or bitterness (taste) in wine (Gonzalo-Diago et al., 2013). Compared to anthocyanins, water deficits showed mild effects on proanthocyanidins (Bucchetti et al., 2011). However, water deficits with great severity can still alter the concentration and composition of proanthocyanidins in both berries and wine (Ollé et al., 2011).

Selective harvest is one of the targeted management strategies to minimize the spatial variation in berry chemistry in vineyards (Scarlett et al., 2014). By differentially harvesting or segregating the fruits into batches prior to vinification, the berry composition can be artificially set at a more uniform stage with minimal variations (Bramley et al., 2011b). In our previous work, we reported the use of plant water status to determine the spatial variation of grape berry flavonoids (Brillante et al., 2017). The goal of this study was to deduce if the spatial variability of soil bulk EC and differences in soil texture can be related to plant physiology and grape and wine composition. The specific objective of the study was to determine if the spatial variability of proximally sensed vineyard soil bulk EC would affect plant water status, and if this relation would affect leaf gas exchange, components of yield, berry composition, and flavonoids in both berries and wine.



MATERIALS AND METHODS


Vineyard Site, Plant Materials, and Weather

The study was conducted in a commercial vineyard in 2016 and 2017 with Cabernet Sauvignon (Vitis vinifera L.) grapevines grafted on 110R (Vitis berlandieri Planch. × Vitis rupestris Scheele) located in Healdsburg, CA, United States. In this vineyard, grapevines were planted at 1.83 m × 3.35 m (vine × row). The grapevines were trained to a high-quadrilateral, horizontally split trellis with two bilateral cordons. They were spur pruned with two buds per spur, and seven spurs per meter of the cordon. Irrigation was applied uniformly with a drip irrigation system, starting at fruit-set to the end of veraison at 50% ETc. There were two emitters per grapevine, delivering 3.8 L⋅h–1 of water. Weather data was obtained from the California Irrigation Management Information System (CIMIS) station (#86, Santa Rosa, CA, United States) to measure precipitation, air temperature, and reference evapotranspiration (Figure 1).
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FIGURE 1. Weather data acquired from California Irrigation Management Information System (CIMIS) station (#86, Santa Rosa, CA). (A) Precipitation, (B) calculated GDD, and (C) cumulative ETo.




Experimental Design

An equidistant 33 m × 33 m grid with 35 experimental units was used for on-site measurements and berry samplings. Each experimental unit consisted of five plants. The locations of each central plant in these five plant experimental units were registered as the grid nodes with a GPS (Yuma 2, Trimble Inc., Sunnyvale, CA, United States), wirelessly connected to a Trimble Pro 6T DGNSS receiver (Trimble Inc., Sunnyvale, CA, United States).



Vineyard Soil Property Assessment

Soil bulk EC was assessed with EM38 (Geonics Ltd., Mississauga, ON, Canada) in 2016 when the vineyard soil was at field capacity condition. Both vertical dipole mode and horizontal dipole mode were used to assess EC at two depths, including deep soil (0–1.50 m) and shallow soil (0–0.75 m). The instrument was calibrated according to manufacturer instructions. The device was placed on a PVC sled and driven through the vineyard with an all-terrain vehicle along the inter-rows. A distance of approximately 0.5 m from the vehicle to the device was maintained to avoid interference with the vehicle. A stratified grid was used to collect soil samples corresponding to the two depths at which we measured soil bulk EC. Soil texture was assessed according to the soil analysis method: hydrometer analysis (S – 14.10) in the North American Proficiency Testing (NAPT) program.



Grapevine Physiology Assessments

Plant water status was assessed biweekly by midday stem water potential (Ψstem) measurements. The measurements for Ψstem in 2016 were previously described in 2016. In 2017, Ψstem was assessed on 27 June, 13 July, 27 July, 8 August, 24 August, 8 September, and 19 September. The measurements were conducted at solar noon from 12:00 to 14:30 h. Three leaves from main shoot axes in the shade were selected and concealed in pinch-sealed Mylar® bags for 2 h prior to the measurements. A pressure chamber (Model 615D, PMS Instrument Company, Albany, OR, United States) was used to take the measurements. To summarize the season-long plant water status, Ψstem integrals were calculated by using natural cubic splines, and then normalized by the number of days elapsed from the first measurement to the last.

Leaf gas exchange measurements were taken biweekly by using a portable infrared gas analyzer CIRAS-3 (PP Systems, Amesbury, MA, United States). The measurements for leaf gas exchange in 2016 were previously described in 2016. In 2017, leaf gas exchange was assessed on 13 July, 27 July, 8 August, and 24 August. The gas analyzer was set to a relative humidity of 40% and the reference CO2 concentration of 400 μmol CO2⋅mol–1. Three sun-exposed leaves from the main shoot axis were measured in each vine, and the three middle vines were selected in each experimental unit. Gas exchange measurements were taken when the sunlight was at saturation conditions in both years (average PARi = 1969 ± 135 μmol⋅m–2⋅s–1 in 2016, 1884 ± 165 μmol⋅m–2⋅s–1 in 2017).

Yield components were measured on a single harvest day in each season (5 October 2016 and 20 September 2017). The dates were chosen to follow the grower’s harvest schedule. The clusters from the three middle vines in each experimental unit were harvested, counted, and weighed. Cluster weight was calculated by dividing crop weight by cluster number. A total of 75 berries were randomly selected from the five vines in each experimental unit, and were separated into two subsets of 55 and 20 berries. The first set with 55 berries was used for berry composition analysis. The second set with 20 berries was for measuring berry skin mass and skin flavonoid contents. The average berry weight were assessed from the average weight of the total 75 berries. Pruning weight per vine was collected during the dormant season. Ravaz index was calculated as the ratio of the yield per vine and the pruning weight per vine.



Berry Total Soluble Solids, pH, and Titratable Acidity

Berry samples were taken biweekly throughout each season. In 2016, berry wet chemistry was assessed on 15 July, 28 July, 11 August, 23 August, 1 September, 15 September, and 5 October. In 2017, berry wet chemistry was assessed on 13 July, 27 July, 8 August, 24 August, 7 September, and 20 September. Total soluble solids (TSS, measured as°Brix), pH, and titratable acidity (TA) were analyzed on the must. Berry TSS were measured by a digital refractometer (Atago PR-32, Bellevue, WA, United States). Must pH and TA (expressed as g of tartaric acid per L of must after titration to pH 8.3) were measured with an automated titrator (862 Compact TitroSampler, Metrohm, Switzerland).



Extraction of Skin Flavonoid Compounds

Skins were manually peeled from the 20 berries with a scalpel, and lyophilized by a freeze-drier (Triad Freeze-Dry System, Labconco, Kansas City, MO, United States). Skin tissues were then powderized with a mixing mill (MM400, Retsch, Mammelzen, Germany). For anthocyanin analysis, 50 mg of dry skin powder was weighed and extracted with 1 mL of methanol:water:7 M hydrochloric acid (70:29:1) solution at 4°C overnight. Extracts were centrifuged at 5,000 rpm for 10 min, the supernatants were filtered by PTFE membrane filters (diameter: 13 mm, pore size: 0.45 μm, VWR, Seattle, WA, United States), and transferred into high performance liquid chromatography system (HPLC) vials before injection.



Berry and Wine Flavonoid Analysis

Skin anthocyanins were analyzed by a reversed-phase HPLC (Agilent model 1260, Agilent Technologies, Santa Clara, CA, United States) consisting of a vacuum degasser, an autosampler, a quaternary pump, and a diode array detector with a column heater. A C18 reversed-phase column (LiChrosphere 100 RP-18, 4 × 520 mm2, 5 μm particle size, Agilent Technologies, Santa Clara, CA, United States) was utilized for analyzing anthocyanins. The mobile phase flow rate was 0.5 mL⋅min–1, and two mobile phases were used, which included solvent A = 5.5% aqueous formic acid (v/v) and solvent B = 5.5% formic acid in acetonitrile (v/v). The HPLC flow gradient started with 91.5% A with 8.5% B; 87% A with 13% B at 25 min; 82% A with 18% B at 35 min; 62% A with 38% B at 70 mins; 50% A with 50% B at 70.01 min; 30% A with 70% B at 75 min; 91.5% A with 8.5% B from 75.01 min to 90 min. The column temperature was maintained at 25°C. Detection of anthocyanins was carried out by the diode array detector at 520 nm. A computer workstation with Agilent OpenLAB (Chemstation edition, version A.02.10) was used for chromatographic analysis.

Wine proanthocyanidin subunits were characterized by acid catalysis in the presence of excess phloroglucinol by reversed-phase HPLC (Agilent model 1100, Agilent Technologies, Santa Clara, CA, United States) (Kennedy and Jones, 2001). 1 mL of wine sample was applied to the Bond Elut C18 OH solid phase extraction cartridges (Agilent Technologies, Santa Clara, CA, United States) to purify wine proanthocyanidins. Eluents were evaporated and resuspended in 1 mL of methanol, and 0.25 mL methanolic extracts were combined with 0.25 mL of phloroglucinolysis reagent (100 g⋅L–1 phloroglucinolysis and 20 g⋅L–1 ascorbic acid with 0.2 N HCl at methanol). The mixtures were then water bathed at 50°C for 20 min. The reaction was stopped by mixing 200 μL of the sample mixtures with 1 mL of stopping reagent (40 mM aqueous sodium acetate) and then injected into the HPLC. The HPLC column consisted of two Chromolith RP-18e (100 × 4.6 mm2) columns serially connected and protected by a guard column with the same material (4 × 4 mm2) from EM Science (Gibbstown, NJ, United States). The mobile phase flow rate was 3.0 mL⋅min–1. Two mobile phases were used, which included solvent A = 1% aqueous acetic acid (v/v) and solvent B = 1% acetic acid in acetonitrile (v/v). The HPLC flow gradient started with 97% A with 3% B; 82% A, 18% B at 14 min; 20% A, 80% B at 14.01 min; 97% A, 3% B at 16.01 min until 20 min.

All solvents used in this analysis were of HPLC grade, including acetonitrile, methanol, hydrochloric acid, and formic acid purchased from Fisher Scientific (Santa Clara, CA, United States). Standards used for compound identification included malvidin 3-O-glucoside, (-)-epicatechin purchased from Extrasynthese (Genay, France). Phloroglucinol was purchased from VWR (Visalia, CA, United States).



Statistical Analysis

Geostatistical analysis was performed in the R language by using package “gstat” 1.1-6 (Pebesma, 2004). The bulk EC data were filtered by Tukey’s rule to remove outliers either below the first quartile by 1.5 inter-quartile range or above the third quartile by 1.5 inter-quartile range. To further remove the outliers, the data were filtered by the speed that the vehicle was driving, which was between 3.2 km per hour to 8.0 km per hour. Variograms were assessed by “automap” package 1.0-14 (Hiemstra, 2013), and fitted to perform kriging. The soil bulk EC values were extracted from the location of each experimental unit, these values were further used to perform regression analysis. Kriging and k-means clustering on plant physiology variables were performed with the R packages “gstat” and “NbClust,” v3.0 (Charrad et al., 2014). Universal kriging was utilized on plant water status because of the existing trend in longitude and latitude. Variograms were assessed by “automap” package 1.0-14 (Hiemstra, 2013), and fitted to perform universal kriging. The vineyard was delineated into two clusters by k-means clustering, including Zone 1 with higher water deficit and Zone 2 with lower water deficits. The separation described 78.1% in 2017 of the variability in the plant water status according to the result of between sum of squares/total sum of squares. The resulting maps were organized and displayed by using QGIS software (version 2.14.12, QGIS Development Team). Cluster comparison was analyzed by “raster” package reported as Pearson’s Correlation between two cluster maps (Hijmans et al., 2015).

Data were tested for normality by using Shapiro-Wilk’s test, and subjected to mean separation by using two-way ANOVA with the package “stats” in RStudio (R Foundation for Statistical Computing, Vienna, Austria) (R Core Team, 2019). Significant statistical differences were determined when p values acquired from ANOVA were <0.05, and the zones were classified according to Tukey’s honestly significant difference (HSD) test. Regression analysis was performed by SigmaPlot 13.0 (Systat Software Inc., San Jose, CA, United States). Correlation coefficient between variables were calculated in by Pearson’s correlation analysis, and p-values were acquired to present the significances of the linear fittings.



Winemaking Procedures

Vinification was conducted in 2016 and 2017 at the UC Davis Teaching and Research Winery. The grapes were harvested when Zone 1 reached a TSS of 29.88°Bx, 3.92 pH, 5.40 g⋅L–1 TA in 2016 and 26.72°Bx, 3.65 pH, 6.53 g⋅L–1 TA in 2017, and Zone 2 reached a TSS of 26.32°Bx, 3.75 pH, 6.01 g⋅L–1 TA in 2016 and 23.71°Bx, 3.58 pH, 7.22 g⋅L–1 TA in 2017. Before dividing the fruits from each zone into three dependent replicate fermentation vessels (200 L each), the grapes were destemmed and crushed once transported into the winery. 50 mg⋅L–1 of SO2 was added to each vessel to prevent oxidation. Water was added to the musts to balance soluble solid level at 25°Bx due to the highly possible stuck fermentation events may occur based on the high TSS levels. Dilution factors were considered when analyzing the final wine chemical composition. The must samples were inoculated with EC-1118 yeast (Lallemand Lalvin®, Montreal, Canada) to initiate the fermentation in jacketed stainless steel tanks controlled by an integrated fermentation control system (T.J fermenters, Cypress Semiconductor Co., San Jose, CA, United States), and two volumes of must were pumped over twice per day by the system. The fermentations were carried at 25°C until the residual sugar contents were below 3 g⋅L–1. Malolactic fermentation was initiated with the addition of Viniflora® Oenococcus oeni (Chr. Hansen A/S, Hørsholm, Denmark) at 12°C and 60% humidity. The free SO2 levels were adjusted to 30 mg⋅L–1 after malolactic fermentation completed. Then the wines were sterile filtered and bottled before further chemical analysis. Wine samples were filtered by PTFE membrane filters (diameter: 13 mm, pore size: 0.45 μm, VWR, Seattle, WA, United States) and transferred directly into HPLC vials for anthocyanin analysis.



RESULTS


Weather at the Research Site

Between the 2 years of the study, the precipitation amounts were different (Figure 1A). The precipitation amount in the dormant season prior to 2016 was 559.5 mm (from previous harvest date to May as we reported previously; Brillante et al., 2017). However, this amount was 898 mm in the 2016–2017 season. The precipitation during growing seasons in these 2 years were limited, there were only 51.6 mm of precipitation received in 2016 from April to harvest. In 2017, 107 mm of precipitation were received from April to harvest. The research site only received 11.1 mm in 2016 and 15.4 mm in 2017 during the study time in each year from June to harvest. There was a slight difference observed close to harvest (Figure 1B). In 2016, GDD accumulation was 1183°C at harvest (5 October 2016). The GDD accumulation was greater in 2017 at 1220°C by harvest (20 September 2017). The cumulative ETo was greater in 2017 compared to 2016 (Figure 1C). At harvest, the cumulative ETo was 750 mm in 2016, but it was relatively lower compared to 872.8 mm in 2017.



Soil Property Assessment

Soil texture was measured at two different depths (Figure 2). In deep soil, the majority of the westerly section of the vineyard consisted mostly of loam with a small portion of clay loam in the southwestern corner of the vineyard, with the remainder being characterized as sandy clay loam (Figure 2A). In shallow soil, the easterly section of the vineyard mainly was a sandy clay loam with loam comprising the rest of shallow soil of the vineyard (Figure 2B).
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FIGURE 2. Interpolated projection of soil texture at two depths assessed in 2016 and 2017. (A) Deep soil (0.75–1.5 m), (B) shallow soil (0–0.75 m). Coordinate system: WGS 1984 UTM Zone 10N.


Soil bulk EC was also assessed at two different depths by proximal sensing in the first season (Figure 3). In deep soil, EC values were lower in the majority of the westerly section of the vineyard (Figure 3A). In shallow soil, EC values were lower in the northwestern corner of the vineyard, and a small portion of the central section also showed lower EC values (Figure 3B).
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FIGURE 3. Interpolation soil electrical conductivity (EC) in two depths assessed by EM38 in 2016 and 2017. (A) Deep soil (0–1.5 m), (B) shallow soil (0–0.75 m). Coordinate system: WGS 1984 UTM Zone 10N.




Plant Water Status and Leaf Gas Exchange

Ψstem was continuously measured as previously reported in 2016 (Brillante et al., 2017) and 2017. Based on the interpolation of Ψstem, the trends in the calculated long-term Ψstem integral maps were similar to the trends in the soil bulk EC maps, especially when compared to the deep EC map (Figure 4). Majority of the westerly section of the vineyard had more water stress in 2016 (Brillante et al., 2017) as well as in 2017 (Figure 4A). Then, the interpolation maps of the Ψstem were separated into two zones by k-means clustering analysis as Year 1 was reported previously (Brillante et al., 2017). When comparing the two k-means clustering maps between 2016 and 2017, there was an 85% similarity according to Pearson’s correlation coefficient between the two maps (Figure 4B). In 2017, the clustering map was 70 and 78% similar to the deep soil and shallow soil texture maps.
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FIGURE 4. Interpolation maps of plant water status (expressed as stem water potential Ψstem) and k-means clustering, delineating the vineyard into two zones in 2017. (A) Ψstem kriging maps, (B) k-means clustering maps. Coordinate system: WGS 1984 UTM Zone 10N.


In 2017, Ψstem were consistently different between the two zones (Figure 5A), where Zone 2 consistently had higher Ψstem than Zone 1. Ψstem values became more negative with the progression of time, and the differences in Ψstem intensified throughout each season as berries reached a more advanced maturity. The differences between two zones ranged from 0.11 MPa on the first measurement day of 27 June to 0.31 MPa on the harvest day of 20 September. Between the two zones, a 0.22 MPa differences in Ψstem integrals were observed in 2017, similar to 0.21 MPa as in 2016 (Brillante et al., 2017).
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FIGURE 5. Progression of stem water potential Ψstem and gas exchange between the two water status zones in 2017. (A) Ψstem, (B) stomatal conductance, gs, (C) net carbon assimilation, AN, (D) intrinsic water use efficiency, WUEi. Error bars represent standard error of the mean. Asterisks represents significant levels p: ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05.


Leaf gas exchange was measured 2017, where both years showed evident differences between the zones in both An and gs (Figure 5). In 2017, the two zones showed significant differences in An and gs with the highest values observed on 24 August (Figures 5B,C). Conversely, there was no consistent difference in WUEi between the two zones in 2017, except Zone 2 showed higher WUEi on 13 July and lower WUEi on 24 August (Figure 5D).



Yield Components, Must Soluble Solids, pH, and Titratable Acidity

Components of yield were measured at harvest (Table 1, the harvest data on 5 October 2016 was reported previously in Brillante et al., 2017), and berry primary metabolites were continuously assessed during 2016 and 2017 (Figures 6, 7, the harvest data on 5 October 2016 was reported previously in Brillante et al., 2017). Between the two plant water status zones, there was no differences in yield, berry number, pruning weight, or Ravaz Index. However, there was an effect of experimental year where we measured greater yield and lower pruning weight per vine in Year 2. The only difference observed in yield components was that the berry skin weights were greater in Zone 1 in 2017.


TABLE 1. Yield components and berry primary metabolites of Cabernet Sauvignon as separated by water status zoning in Sonoma County, CA in 2016 and 2017a,b.
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FIGURE 6. Temporal development of grape berry primary metabolites between the two plant water status zones in 2016. (A) Berry weight, (B) total soluble solids, (C) pH, (D) titratable acidity. Error bars represent standard error of the mean. Asterisks represents significant levels p: ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05.



[image: image]

FIGURE 7. Temporal development of grape berry primary metabolites between the two plant water status zones in 2017. (A) Berry weight, (B) total soluble solids, (C) pH, (D) titratable acidity. Error bars represent standard error of the mean. Asterisks represents significant levels p: ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05.


The berry primary metabolites were different between the two zones in both years of the study. In 2016, berry weights were greater in Zone 2 on 28 July and 5 October when the fruits were harvested (Figure 6A). Zone 1 showed higher berry weights on 15 September. When the irrigation was stopped at veraison, TSS were higher in Zone 1 compared to Zone 2, which was measured on 1 September, 15 September, and 5 October (Figure 6B). At harvest, the fruits in Zone 1 reached a TSS of 29.9°Bx, while the ones in Zone 2 reached 26.3°Bx. The juice pH showed a similar result with TSS, where Zone 1 had higher pH in the last 3 months before harvest, except there was no difference shown on 15 September (Figure 6C). Berry TA was consistently higher in Zone 2 on all measured dates except 28 July (Figure 6D). At harvest, Zone 2 had 6.0 g⋅L–1 of TA, Zone 1 had 5.4 g⋅L–1.

In 2017, the differences in TSS, pH and TA were similar to 2016. Berry weights were higher in Zone 2 on 13 July and at harvest on 20 September (Figure 7A). The TSS increased more rapidly in Zone 1 close to harvest on 7 September and 20 September (Figure 7B) when compared to Zone 2. At harvest, TSS values were slightly lower than 2016 due to an earlier harvest time, where Zone 1 reached a TSS of 26.7°Bx, while Zone 2 reached 23.7°Bx (Table 1). The juice pH was higher in Zone 1 than Zone 2 at harvest as well (Figure 7C). Similar to 2016, the TA in the two zones was consistently different where Zone 2 had higher TA than Zone 1 on starting on 24 August until harvest (Figure 7D). At harvest, Zone 2 had 7.2 g⋅L–1 of TA, Zone 1 had 6.5 g⋅L–1.



Berry Skin Anthocyanins at Harvest

Berry skin anthocyanins were different between the two zones in 2016 (the harvest data on 5 October 2016 was partially reported previously in Brillante et al., 2017). Total delphinidins, petunidins, malvidins, and the sum of them as tri-hydroxylated anthocyanins were all higher in Zone 2 than Zone 1 (Figures 8A,C,E,F,H). Total cyanidins, peonidins, and the sum of them as di-hydroxylated anthocyanins were greater in Zone 2 on 23 August, 15 September, and at harvest (Figures 8B,D,G). Total skin anthocyanins were 2.2 mg per g of berry fresh weight (FW) in Zone 2 which was higher than the 1.85 mg measured in Zone 1 (Table 2).
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FIGURE 8. Temporal development of grape berry anthocyanins between the two plant water status zones in 2016. (A) Delphinidins, (B) cyanidins, (C) petunidins, (D) peonidins, (E) malvidins, (F) tri-hydroxylation, (G) di-hydroxylation, (H) total anthocyanins. Error bars represent standard error of the mean. Asterisks represents significant levels p: ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05.



TABLE 2. Grape skin anthocyanins of Cabernet Sauvignon as separated by water status zoning in Sonoma County, CA in 2016 and 2017a,b.
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In 2017, there were no differences between the two zones in delphinidin, cyanidin, petunidin, or peonidin at harvest (Figures 9A–D). Zone 1 had higher malvidins from 24 August until harvest, and tri-hydroxylated anthocyanins, total anthocyanins from 7 September until harvest (Figures 9E,F,H). Conversely, total malvidins, tri-hydroxylated anthocyanins, and total anthocyanins were higher in Zone 1 at harvest (Table 2). In Zone 2, we measured higher cyanidins and di-hydroxylated anthocyanins on 24 August (Figures 9B,G), and that was the only date Zone 2 had higher concentrations in any of these derivatives.
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FIGURE 9. Temporal development of grape berry anthocyanins between the two water status zones in 2017. (A) Delphinidins, (B) cyanidins, (C) petunidins, (D) peonidins, (E) malvidins, (F) tri-hydroxylation, (G) di-hydroxylation, (H) total anthocyanins. Error bars represent standard error of the mean. Asterisks represents significant levels p: ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05.


The temporal relationships between TSS and berry skin anthocyanins were investigated in both years (Figure 10). In both years, skin anthocyanins increased with the accumulation of TSS at first. In 2016, berry anthocyanins of Zone 1 had a significant decline in skin anthocyanins after 25°Bx TSS, resulting a lower concentration when compared to Zone 2 (Figure 10A). Conversely, the second season consistently showed greater anthocyanin concentration in Zone 1 than Zone 2 (Figure 10B). However, Zone 1 showed a more rapid decline after around 25°Bx TSS, and the skin anthocyanins were similar in values with Zone 2.
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FIGURE 10. Relationships between grape berry total soluble solids and total skin anthocyanins between the two plant water status zones in (A) 2016, (B) 2017. ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05.




Wine Flavonoids

Wine-free anthocyanins and proanthocyanidins were assessed in both years. For anthocyanins, Zone 2 had higher concentrations of all derivatives in 2016, including tri-, di- hydroxylated, and total anthocyanins (Table 3). All the compounds were more than two times greater than Zone 1. However, there was no difference observed in any of these compounds in 2017. The overall concentrations of all these compounds were greater in 2017 than 2016.


TABLE 3. Free anthocyanins in Cabernet Sauvignon wines as separated by water status zoning in Sonoma County, CA in 2016 and 2017a,b.
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For proanthocyanidins, similar results were observed (Table 4). In 2016, all the extension and terminal subunits were higher in Zone 2 than Zone 1. The amount of total proanthocyanidins were also higher in Zone 2. In 2017, however, there was no difference observed in any of these subunits or total proanthocyanidins. Again, the second season showed greater concentrations in all of these compounds compared to the first season. Neither year showed difference in mDP between the two zones.


TABLE 4. Wine proanthocyanidin subunits of Cabernet Sauvignon as separated by water status zoning in Sonoma County, CA in 2016 and 2017a,b.
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Linking Soil to Grapevine Physiology

The relationships between soil bulk EC and whole grapevine physiology were investigated (Table 5). Soil bulk EC values at both depths increased when Ψstem became more positive, and soil bulk EC and Ψstem were significantly correlated in both seasons. The relationships between soil bulk EC and TSS reflected the relationships between soil bulk EC and Ψstem. They showed significant relations with each other in both years. In 2016, Ψstem showed a positive relationship with berry weight at harvest. No significant correlation was observed between soil bulk EC and berry weight. However, shallow soil bulk EC showed a positive correlation with berry weight besides Ψstem in 2017. Berry skin weight and total anthocyanins did not have any significant relationships with neither Ψstem nor soil bulk EC in 2017. In the same year, both berry skin weight and total anthocyanins were positively correlated with Ψstem, deep EC, and shallow EC. No parameters related to final yield except deep EC had a positive relationship with it in 2017.


TABLE 5. Correlation matrices, values were expressed in Pearson Correlation values of “r” in a commercial Cabernet Sauvignon vineyard in Sonoma County, CA in 2016 and 2017a,b.
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DISCUSSION


Soil Bulk EC and Plant Water Status Spatial Relationships

Site topography influences plant water status (Brillante et al., 2017). In our previous work, we reported that absolute elevation of a vineyard was directly related to Ystem. The correlation between Ystem and elevation was significant and negative, indicating that the Ystem would be lower when the elevation was higher. When soil moisture was model as wetness index, it indicated a negative and significant relationship with Ystem but the relationship was not linear. In our previous work, we were unable to deduce a significant relationship between site topography variables such as absolute elevation and berry chemistry (Brillante et al., 2017). Bramley et al. (2011a) showed that soil bulk EC was directly related to soil clay content, which was contradictory to our findings. We attributed this discrepancy to the relatively stable soil texture throughout the season or even several seasons. On the other hand, the effect of soil water content might be the major factor to influence plant development during the season. The soil texture and soil bulk EC sensing analysis conducted in this study were able to explain the variability in plant water status that the site topography could not. Soil texture and soil bulk EC can be related to spatial differences in soil water availability (Tramontini et al., 2013). Specifically, soil texture is a determinant of soil water holding capacity, hence affecting the amount of water available to the plants. In our study, the western section of the vineyard had greater loam proportion, where the grapevines were experiencing more severe water deficits (Brillante et al., 2017). The eastern section had more sandy soil in both deep and shallow soil, where the grapevines were under less severe water deficits. Our findings are corroborated with previous work, where clay soil would lead to less plant available water, although clay soil had higher water holding capacity than sandy soil (Tramontini et al., 2013). Furthermore, Cabernet Sauvignon grapevines grown in clay soil would result in lower gs and An compared to grapevines grown in soils that had higher proportion of sandy soils (Yu and Kurtural, 2020).

There was evident variability in soil bulk EC in this study. Previous studies reported that when soil bulk EC was proximally sensed, it was closely related to soil water content (Bittelli, 2011; Brillante et al., 2015). We found that soil bulk EC was consistently and directly related to long-term Ψstem over the course of our study. Our findings are corroborated by previous works (Rodríguez-Pérez et al., 2011; Brillante et al., 2014), where higher soil bulk EC values corresponded to higher soil water content. Previous studies suggested that the relationship between soil water content and soil bulk EC was soil-specific, and needed to include soil chemical and physical properties to explain variability and plant water status (Morari et al., 2009; Brillante et al., 2016b). Due to the limited amount of water put into wine grape vineyards, soil water content would be the major factor affecting soil electrical properties rather than the residual salinity after water evaporation from soil. The significant relationship between soil bulk EC and Ψstem in this study agreed with previous studies, indicating the possibility of soil bulk EC sensing being used to assess plant water status (Bramley et al., 2011a; Rodríguez-Pérez et al., 2011). Moreover, in our study, the spatial variability in grapevine physiology reflected the variability in soil bulk EC very well when assessed by proximal sensing. Due to the relationship of soil bulk EC on the amount of available water to plants reported in previous research (Rodríguez-Pérez et al., 2011; Brillante et al., 2014), this approach had been utilized to identify the variability in the plant physiology based on the soil sensing technologies and apply targeted management strategies (Bramley et al., 2011a), and our study provided more evidence toward the feasibility of it.

The variability we measured proximally in soil characteristics was reflected in plant water status and leaf gas exchange in our study. Previous research had reported that variable soil characteristics in space would cause spatial variations in plant water status (Brillante et al., 2016a). Although the precipitation amounts were vastly different between the two dormant seasons, the uniformly scheduled irrigation did not ameliorate the natural spatial variability in plant water status induced by soil properties. On the contrary, the separations in plant water status and leaf gas exchange were already significant even before the irrigation ceased after veraison. This proved that the spatial variability in the soil dominated the accessibility of the available soil water toward the plant, and made the spatial variability expressed in the grapevine. Our results in the second year corroborated those of the first year, showing that the separation in both plant water status and leaf gas exchange between the two zones were consistent.

Leaf gas exchange was closely related to plant water status, and this relationship was shown in previous research (Costa et al., 2012). The relationships between leaf gas exchange and plant water status were evident in our study, where a higher Ψstem would promote a greater stomatal conductance to increase carbon assimilation capacity and decrease intrinsic water use efficiency. In our study, the lowest Ψstem we observed were around harvest with Ψstem of -1.6 MPa and gs of around 50 mmol H2O m–2⋅s–1, which were not severe enough to impair berry ripening although the photosynthetic activities were still affected. Overall, the gs and AN reached the maximum values at veraison and declined with decreasing plant water status and leaf age toward the end of the season. This further affirmed that the continuous water deficits during the growing season, especially being more pronounced after irrigation was ended after veraison, would reduce stomatal conductance. The water deficits would act as passive hydraulic signals or active hormonal signals with the upregulation in abscisic acid (ABA) synthesis to limit plant photosynthetic activities, hence lower gs and AN values (Costa et al., 2012; Tombesi et al., 2015).



Components of Yield

According to the previous research, components of yield may be affected by plant water status, where higher water deficits would result in reductions of yield, berry skin weight, and berry weight (Williams, 2010; Korkutal et al., 2011; Santesteban et al., 2011). In our study, we observed constant separation in plant water status after veraison. However, there was no difference shown in cluster number, yield, berry number, or pruning weight. The only difference measured in yield components was that berry skin weight was higher in Zone 1 in the second season. Early season water deficit irrigation (prior to veraison) had higher probability to decrease yield than later season water deficit irrigation (post-veraison to harvest). However, a season-long water deficit irrigation would have the lowest yield even despite the season-long water deficit irrigation regime applying double amount of water than the other regimes (Tarara et al., 2011). Some other studies did not have the same results, as early water deficit irrigation did not show significant influences on yield compared to late water deficit irrigation (Intrigliolo and Castel, 2010; Intrigliolo et al., 2012). Another possible explanation was that Zone 1 had greater water amount held in the soil due to the higher clay content. The clay soil with higher water-holding capacity had a better water status at the early season compared to Zone 2, even though the sandy soil in Zone 2 would benefit the plant growth with irrigation when the season progressed (Tramontini et al., 2013). The later season water deficit was exacerbated in Zone 1 due to its higher clay content, causing Zone 1 lost the benefits from the high water status in the early season, and eventually had similar yield components with Zone 2 at harvest. In our work, we did not see any evidence of Ravaz index being affected by spatial variability of plant water status. These results were corroborated by Terry and Kurtural when grapevine cultivar ‘Syrah’ was exposed to post-veraison water deficits in comparable severity of -1.4 MPa (Terry and Kurtural, 2011).



Must-Soluble Solids, pH, and Titratable Acidity

Water deficits affect advancement of grape berry maturity, they promote TSS accumulation and TA degradation in grape berries (Basile et al., 2011; Williams, 2012). Two factors contributed to these differences between the two zones. First, a greater water deficit advanced the berry maturation, leading to a higher TSS and lower TA (Escalona et al., 2015). Second, berry dehydration may have occurred and the TSS concentration increased in the berries. In our study, smaller berries were observed in Zone 1, which can confirm the berry dehydration could have led to higher TSS in Zone 1. As for berry TA, one study showed that grape organic acids biodegradation would be faster with more solar radiation and higher temperature (Cholet et al., 2016). Although the acid degradation was not related to water deficits, like mentioned above, water deficits would limit the grapevines’ ability to regulate temperature (Tombesi et al., 2015). Thus, water deficits could promote the organic acid degradation and this effect was observed in this study.



Berry Skin and Wine Flavonoids

Mild water deficits increased the flavonoid content and concentration of red-skinned grape berry due to the upregulation in flavonoid synthesis and the advancement of berry dehydration during growing season (Castellarin et al., 2007a; Bondada and Shutthanandan, 2012). A positive relationship was noticed between soil bulk EC and total skin anthocyanins in 2017 at both depths of soil bulk EC measurements. A more prolonged severe water deficit would lead to deleterious stomatal and temperature regulation and eventually resulted in flavonoid degradation, specifically anthocyanins (Movahed et al., 2016). This was a plausible explanation for the non-significant relationship between soil bulk EC and total skin anthocyanins in 2016, wherein harvest took place at higher soluble solids and Zone 1 berry skin anthocyanins were presumably in decline. Furthermore, the berry weights were higher in Zone 2, which was similar to the observations in our previous work (Martínez-Lüscher et al., 2017), indicating there was less berry dehydration. Thus, the higher anthocyanins in Zone 2 was mainly due to the upregulation in anthocyanins other than anthocyanins degradation. These effects were also observed in the wines of 2016, where Zone 2 had higher anthocyanin concentrations. However, in the second season, the differences in berry skin anthocyanins at harvest did not carry over into the wines. We contributed this to the more advanced berry maturity levels at harvest in the first season, the skin cell walls could have become more porous during ripening and increased the extractability of flavonoid compounds (Bindon et al., 2014). With relatively greater amounts of flavonoids extracted, there was a higher chance to pass on the separations of anthocyanins from the berries to the wines.

Grape berry skin proanthocyanidins are less sensitive toward water deficits than anthocyanins (Castellarin et al., 2007a; Cáceres-Mella et al., 2017). Nevertheless, their biosynthesis and concentration may be modified by water deficits (Ollé et al., 2011; Cáceres-Mella et al., 2017). In 2016, wine total proanthocyanidins and all the subunits were greater in Zone 2. These differences were not observed in the second season. We attributed this lack of consistency in proanthocyanidin disparities between the two zones to the more advanced maturity of the berries were harvested in 2016 than in 2017. We suggest that similar to skin anthocyanins, the more advanced berry maturity in 2016 could have promoted the proanthocyanidin extractability in the skin tissues (Bindon et al., 2014), which may augment the separations in the concentration of all the subunits between the two zones.



CONCLUSION

Our work provided evidence of the connection between soil bulk EC sensing and whole plant physiology, and the effects of which then cascaded to berry and wine chemistry. We presented that soil bulk EC in vineyard systems affected plant water status. The clusters of plants with similar water status may comprise zones of similar physiological behavior due to these inherent differences from different plant water status, and the discrepancies in plant water status resulted in cascading effects on berry chemistry. In conclusion, our work provides fundamental knowledge about the applicability of soil bulk EC sensing in the vineyards, and its potential directional utilization by connecting proximal sensing to spatial distribution of whole-plant physiological performance together with berry and wine chemistry.
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In rainfed agriculture systems, rainfall water management (harvesting, storage, and efficient use) is a key issue. At local scale (i.e., from 100 m to 50 km), the impact of rainfall spatial and temporal variability on crop water availability is seldom addressed. In order to accurately depict the space and time variations of rainfall at local scale, a dense rain-gauges network composed of 45 rain-gauges has been deployed over 28-km2 area, in Burgundy vineyards (North-East France). Rainfall data collected by each rain gauge from 2014 to 2016 were used as input variables in the Lebon et al. (2003) grapevine water balance model. All other climate variables, vineyard, and soil parameters were kept the same for each simulation in order to capture the impact of the sole spatial variability of rainfall on vineyard water status. As rainfall dynamics impact on the vineyard depends on the soil water content, water balance was modeled considering soils with low (50 mm) and medium (150 mm) soil water-holding capacities, representative of the soils of the area. The impact of modeled soil water availability for grapevine was assessed using the water deficit stress index (WDSI), i.e., the relative stomatal conductance. Local rainfall variability throughout the vine vegetative period leads to large variations in WDSI; it varied up to 0.3 within the study area due to because of rainfall spatial variability. Using a set of 34 weather stations at mesoscale level over Burgundy (186 km from North to South), we showed that local rainfall might contribute to change in grapevine water status as large as 50% of the simulated regional water balance spatial variability. Our results indicate that local rainfall and its impacts on agricultural production are probably not sufficiently considered in farming systems, potentially leading to inaccurate water management (cover-crop, irrigation) due to sparse rainfall network.
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INTRODUCTION

Water management throughout the 21st century is a widely documented and certainly a challenging matter (see for example Clothier et al., 2010). Growing population, changes in food quality, and development of non-feeding agricultural products (such as bioenergy) will undoubtedly lead to increased pressure on natural resources, including water. Crop water consumption is expected to grow from 30 to 53% in 2050, in comparison the early 21st century (de Fraiture and Wichelns, 2010). Therefore, large improvements in both rainfed and irrigated agriculture are required to limit water demand and to provide sufficient food and limit the impacts of crop production on the environment. This can be achieved through adapted and improved agronomical practices as well as regulations imposed by regional and global policies (Howell, 2001; Ward and Michelsen, 2002; Fedoroff et al., 2010).

At the field scale, water can be saved by the use of high water-use efficiency plant material (Condon et al., 2004; Marguerit et al., 2012), soil management techniques (Hatfield et al., 2001), or accurate irrigation systems (Howell, 2001) and planning (Wang et al., 2001; Ali and Talukder, 2008).

For the specific case of rainfed agriculture, water management strongly relies on rainfall water harvesting, water storage, reducing non-productive evaporation, increasing plant water uptake capacity (e.g., with optimum crop geometry, conservation agriculture…), and increasing the water use efficiency of crops (through adapted plant species and varieties) (Rockström et al., 2010; Rossato et al., 2017).

To develop accurate strategies and policies to collect and save rainfall water, fine knowledge of space and time rainfall patterns is necessary. However, even at local scale [i.e., from 100 m to 50 km, according to Oke (1987)], the spatial variability of rainfall can lead to large variations in the spatial distribution of water resources (Finnerty et al., 1997), specifically during convective events (Duncan et al., 1993). Numerous studies have documented the substantial variability of rainfall at local scale (e.g., Berne et al., 2004; Ciach and Krajewski, 2006; Villarini et al., 2008) and its impact on potential rainfall erosivity (Fiener and Auerswald, 2009). Accounting for rainfall spatial variability has been previously suggested as it can be suspected to affect experimental trials results for agriculture (Sivakumar and Hatfield, 1990). We address in this paper the potential impact of rainfall local spatial variability on agriculture, using grapevine as a reference cropping system.

Grapes is a crop for which water management produced a significant body of scientific literature. Grapevine requires limited input of water. When it suffers a moderate water deficit during the fruit development, it produces grapes with high-quality potential for winemaking (Seguin, 1986; van Leeuwen et al., 2009; Acevedo-Opazo et al., 2010). Water status is often considered as a key factor of the so-called “Terroir effect,” a concept that bounds the sensory characteristics of a product to its area of production, because of various factors among which soil and climate conditions (van Leeuwen, 2010). As for other crops, severe water deficit reduces yield (Hardie and Considine, 1976). The environmental and agronomical factors affecting grapevine water status are largely documented (Deloire et al., 2004; Vaudour et al., 2015). At local scale, soil water status variability is addressed mainly through soil, topography, and plant-based studies (André et al., 2012; Bellvert et al., 2013; Bonfante et al., 2015; Brillante et al., 2016a,b). The role of climate variation at local scale on grapevine water status has recently been considered through terrain impact on radiative balance (and therefore vineyard evapotranspiration) and rainfall runoff using water balance modeling (Hofmann et al., 2014).

Local scale weather variability has been increasingly studied lately in vineyards (Quénol, 2014), although mostly focusing on air temperature and its impact on grapevine precocity. Considerable variations in temperature have been recently reported (Quénol and Bonnardot, 2014), up to 300°days (Winkler index) within less than 2-km distance (Bonnefoy et al., 2013). Yet, impact of rainfall spatial variability at this scale on viticulture has not been addressed so far.

The current article explores the potential impact of local rainfall space and time variability on grapevine water availability through the response of a grapevine soil–water balance model to local rainfall variability using a high-density rain-gauges network installed in vineyards located in Burgundy (North-East France). Our research aims at understanding whether or not rainfall local variations play a significant role in grape production in quantity and quality.



MATERIALS AND METHODS


Study Area and Rain Gauge Networks

The study was conducted over a 28-km2 area located in Burgundy winegrowing region, France (Figure 1). Climate is oceanic with continental and Mediterranean influences (Chabin, 2004). These influences are represented by moderately cold winter and warm summers, with approximately 760 mm of annual precipitation (Dijon data, 1981–2010 normals1). Precipitation is evenly distributed during the year (from 43 to 86 mm each month). During summer, most of the rainfall is brought by thunderstorms, which in hillslope conditions cause a reduced soil water supply compared to recorded rain amount because of their high intensity and the runoff they induce. The terrain of the study area is hilly, due to erosion of a southeast exposed hillside facing a large Plain (Saone Plain) during the Quaternary period. The elevation ranges from 200 to 450 m.
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FIGURE 1. The study area. (A) Burgundy wine region location with coordinates in decimal degrees (black box, zoomed in plot B); (B) Weather stations locations (red dots). Dark-green areas correspond to vineyards. The Hydravitis network location is indicated by a black square pointed by the arrow; (C) the Hydravitis high-resolution rain gauges (blue dots) network. White-filled blue dots correspond to location where two rain gauges were installed aside. The red dot shows the location of the Beaune weather station (Climeo mesoscale network).


In order to capture space and time variability of rainfall, a very dense rain-gauge network composed of 45 tipping-bucket rain gauges (devices called “Rainnew 111,” by Rainwise Inc., Trenton, ME, United States) was installed from 2012 (first tests) to 2014 (final network size). These rain gauges are linked to a Hobo Pendant UA-002-64 event-temperature logger (Onset Computer Corp., Bourn, MA, United States) that records the time of occurrence of bucket tips. The rain gauges, located nearby vineyards, were implemented following the WMO recommendations (World Meteorological Organization, 2008), at a maximum angle of 30° between the top of the gauge to the top of the highest nearest obstacle. In order to assess measurement uncertainty, a pair of two gauges has been installed within a distance of 3 m between each gauge (white filled blue circles on Figure 1C). The resolution (0.258 mm/tip) and the average measurement error (ranging from 0.6 to 4.2%) of the rain gauges have been tested during a preliminary study. Network implementation and control are detailed in Pauthier et al. (2014).

From 2014 to 2016, during the vegetative periods of the vine, rain gauges were controlled every week in order to limit the potential clogging of the rain gauges.

Despite this very frequent maintenance, clogging, battery, or malfunctioning problems appeared on a few rain gauges. Erroneous or missing data were replaced by spatial interpolation using ordinary kriging.

Mesoscale climate variability was assessed using 2014–2016 data from 34 stations of the Climeo weather network (Figure 1B). Climeo is a weather stations network maintained by the union of Burgundy winegrowers and wine merchants (BIVB). It is complemented with stations from the French National Weather service (Meteo–France). All Climeo stations monitor rainfall, air temperature, and humidity 2 m above the ground. Reference evapotranspiration (ET0) was calculated using the Penman–Montheith FAO-56 formula (Allen et al., 1998). Where solar radiation was not available (27 weather stations), it was estimated using the Hargreaves radiation method (Hargreaves and Samani, 1982). Reference evapotranspiration was estimated by means of the Hargreaves temperature formula (Hargreaves and Samani, 1985). It was calibrated to match the Burgundy conditions using Penman–Monteith ET0 as a reference at the seven stations where it was calculated. Hagreaves ET0 was estimated with a root mean squared difference of 0.55 mm in comparison to Penman–Monteith estimates.



Water Balance Modeling

The Lebon model (Lebon et al., 2003) is based on the geometrical canopy model proposed by Riou et al. (1989) for vertical shoot positioned trellises, coupled to a soil–water balance routine accounting separately for grapevine transpiration and bare soil evaporation. This water balance model requires reference evapotranspiration (ET0) and rainfall as water inputs, daily solar radiation for solar radiation interception modeling, and daily air temperature for canopy development modeling (crop coefficient) based on degree days. The canopy expands from budburst to 10 days after flowering (estimated to be the date at which the canopy growth is limited due to vegetation mechanical trimming). The vineyard geometry was set for north to south aligned rows (vertical-shoot-position training), with an interrow distance of 1 m, a maximum canopy height of 0.7 m, a maximum canopy width of 0.35 m, and a minimum canopy porosity (proportion of gaps through the canopy) of 0.25. These parameters were set to match usual canopy geometry in the study area.

Temperature and relative humidity data were collected from a weather station located at Beaune (red dot on Figure 1C). Solar radiation and wind speed data were taken from a weather station located at Volnay (7.5 km south-eastward of the study area, as these variables were not recorded at Beaune station). ET0 was calculated using the Penman–Monteith FAO-56 model (Allen et al., 1998).

For all years from 2014 to 2016, 45 runs of Lebon model were performed, with the same parameters and input climate variables except rainfall. For each run, rainfall data collected from a different rain gauge were used. These 45 runs were performed twice, once for soils with water-holding capacity (WHC) set to 50 mm and once for 150 mm.

For each run, the simulated relative grapevine stomatal conductance, derived from the daily fraction of transpirable soil water (FTSW), was used to evaluate the changes in grapevine water status. The simulate grapevine stomatal conductance ranges from 0 (stomata closed, i.e., no transpiration and extreme water deficit stress) to 1 (stomata fully opened, i.e., maximum transpiration and no water deficit stress). Rather than using the bilinear relationship between FTSW and relative grapevine stomatal conductance, we used the inverse exponential equation proposed by Pieri and Gaudillere (2005). This variable is hereafter referred to as water deficit stress index, using WDSI as an acronym. Water deficit stress index was averaged on three major periods of grapevine and grape development period: from budburst (Bud) to flowering (Flo, i.e., blooming), when grapevine primary shoots and leaves actively develop; from flowering to veraison (Ver), when grape develops; and from veraison (Ver) to harvest (Har), when vegetative growth is very low and the grapes ripen.

The phenological stages have been retrieved from weekly observations of a commercial vineyard of Vitis vinifera cv. Pinot N from a domain located at Aloxe Corton (in the middle of the study area).

It should be specified that Lebon et al. (2003) model has been developed for flat terrain. It assumes 100% infiltration of precipitation. Although an adaptation to slope conditions has been proposed recently by Hofmann et al. (2014), the Lebon model was preferred because the aim of this study is limited to evaluate the sensitivity of vineyard water balance to the sole local rainfall space and time variability only, for two contrasted soil WHC.

The Lebon model was assessed in the study area by means of grapevine water status and soil water status monitoring to evaluate its relevance to simulate vineyard water balance using year 2013 data from a preliminary research (results not shown).

The results of the first experiment (270 water balance simulations using rainfall collected from 45 rain gauges, for 3 years and 2-soil WHC) were compared to those of a second experiment simulating vineyard water balance spatial variability at mesoscale level using Climeo weather data.

In this second experiment, we followed the same scheme as in the first, whereas all climate parameters (and not only rainfall) from each weather station were used as inputs in the water balance model. Indeed, at mesoscale, using all parameters alike but rainfall would have led to unrealistic weather variables combinations for some days (such as rainfall on a sunny day). As for the (local scale) first experiment, simulations were run for two different soil water capacities (i.e., 50 and 150 mm). This led to 204 water balance simulations (34 weather stations × 3 years × 2 soil WHC). Simulated WDSI was also averaged on three periods of the grapevine vegetative cycle mentioned above: Bud to Flo, Flo to Ver, and Ver to Har.

To avoid confusion throughout the text between time and space variability, the equations and acronyms of different metrics used in this article are defined below. They are statistics calculated for a collection of m (total) locations. At each location j, a rain gauge or weather station is located. The variable X is either rainfall (mm) (acronym = R) or WDSI.

The daily (spatial) range of X for a day i:
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The daily (spatial) standard deviation of X, for a given day i:
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The daily (spatial) standard deviation of X, for a given period (set of days):
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Hereafter, a period is a set of days from a phenological stage to another. For example, σFloVer is the standard deviation calculated with the Xj values collected at each j location during the flowering-to-veraison (included) period.

Xperiod, j can be either the sum of each xi precipitation record at location (rain gauge or station) j at day i for a collection of n days corresponding to the period duration, that is:
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or the average of each daily Xi,i calculated WDSI for location (rain gauge or weather station) j, on a collection of n days corresponding to the period duration, that is:
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The period acronym can either be BudFlo, the budburst to flowering period; FloVer, the flowering to veraison period; or VerHar, the veraison to harvest period.

The δi, σi, and σperiod are metrics of the spatial variability of rainfall or WDSI at local or at mesoscale.



RESULTS


Local Variability of Rainfall

The 3 years exhibited different profiles in climate conditions during the vegetative season (Table 1).


TABLE 1. Phenological stages and phases (period during two stages) dates, durations, number of days, and corresponding cumulated rainfall and average temperature.

[image: Table 1]2014 was cooler than average during the vegetative cycle of grapevine, with a wet summer (Table 1 and Figure 2). As the late winter of 2014 was quite warm, budburst occurred rather early (April 4), which, together with a warm period in the first two decades of June, lead to a harvest date on September 10, near the average of the normals (1986–2015; see Table 1). 2015, in contrast, was much warmer and dryer than average, with a little rainfall until harvest but two storms events in mid-June. All phenological stages in 2015 were early, in comparison to 2014 and 2016, from 2 (flowering) to 20 (veraison) days. In 2016, spring rainfall was high. Because of a cool and wet spring, flowering date (June 21) occurred 2 weeks later than in 2014 and 2015. Veraison was also considerably delayed (10 days later than in 2014 and 20 days later than in 2015). A warm spell from late August to early September 2016 allowed to reach maturity on September 25.


[image: image]

FIGURE 2. Daily rainfall variability. Each box plot shows the distribution of daily rainfall collected by 45 rain gauges. The colored bar on the top of each plot indicates the anomaly in average temperature [ΔT (°C)] per decade (i.e., 10 days) in comparison to the 1986–2015 decade average, from Beaune weather station (red dot on Figure 1C).


Spatial variability of rainfall at daily time step was largest during heavy daily rainfall events (i.e., showers and storms), with a maximum range on May 9, 2016 (42.1 mm), and on July 22, 2016 (42 mm). Not surprisingly, local variability of rainfall is larger on heavy precipitation events (Figure 3A). For a single day, local daily rainfall can range up to 42 mm.
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FIGURE 3. Local rainfall variability at daily time step during the grapevine vegetative period. (A) Spatial precipitation range (δR,i, i.e., max.–min. rainfall collected by the rain gauges on a given day) as function of daily precipitation height (Ri, mm) averages the Hydravitis local scale network. (B) The lines show the proportion of total cumulated rainfall from budburst to harvest as function of the cumulated distribution of each rainy (>0 mm) event (i.e., day), and the dots show the daily standard deviation of rainfall (σR,j, i.e., daily spatial variability). The colored number on the top of the plot indicates the percentage of rainy days (range underlined by arrows) during the budburst to harvest period that bring 50% of the total cumulated rainfall for this period (area delineated by colored dashed vertical lines).


In Figure 3B, lines are mapped to the x axis and the left y axis, whereas dots (in different shapes according to the year) are mapped to x axis and right y axis. Lines in Figure 3B show that 50% of the total cumulated rainfall from budburst to harvest (gray dashed horizontal line) is provided by 6% (in 2015) to 9% (in 2014) of the rainy days (colored number on the top of Figure 3B). Dots in Figure 3B show that during these days, the spatial variability is large: standard deviation between all 45 rain gauges is always larger than 1 mm; it is frequently greater than 2 mm and can reach up to 11 mm (in 2016). The fact that a few heavy rainy days, characterized by large local spatial variation, control most of the water input during the grapevine growing season might induce substantial variation in soil–water balance at local scale level.



Water Balance Variability at Local Scale

Figure 4 shows water balance modeling across the rain-gauge locations for all years, under the assumption of 100% precipitation infiltration. In 2014 and 2015, early water deficit was observed, with large spatial differences in WDSI profiles on soils with low WHC (50 mm) in 2014. The frequent rainfall events during summer 2014 reduced water deficit in both low and high WHC soils, where moderate to no water deficit was simulated at harvest. During 2015, after a series of 3 rainy days on June 12 (average = 11.7 mm), 14 (14.8 mm), and 15 (16.16 mm), the absence of rainfall until late July induced moderate to severe water deficit during most of the flowering to veraison period. In August, a series of rainy events brought heterogeneous rainfall in space, maintaining very high stress at a few locations, whereas most of the local area was sufficiently fed to reduce water deficit. Water deficit stress index at harvest was below 0.3 (i.e., moderate to severe) at almost all rain-gauges locations.
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FIGURE 4. Water deficit stress index daily values for low (50 mm) and high (150 mm) WHC soils. Each line corresponds to a simulation using rainfall value collected at one of the 45 rain gauges of Hydravitis local scale network. Threshold values between each class have been calculated from corresponding predawn leaf water potential values in table 1 of van Leeuwen et al. (2009), using the exponential relationship between fraction of transpirable soil water and predawn leaf water potentiel (Figure 3 in Lebon et al., 2003). The colored horizontal lines indicates the upper limit of water deficit classes as proposed by van Leeuwen et al. (2009).


In 2016, water deficit installed quickly after flowering for 50 mm WHC, whereas it dropped gradually until mid-September to reach severe water deficit in mid-September on soils with moderate water capacity (i.e., WHC = 150 mm). A wet spell from September 15 to 19 reduced simulated water stress until harvest on September 25.

The spatial structure in grapevine water deficit stress is not maintained in time within the same year. That is, during a given year, areas with the lowest WDSI can change. In 2015, the highest simulated water deficit caused by rainfall spatial variability was located in the northern hilly part of the study area during the flowering to veraison period (Figure 5, top-right corner), whereas it was located on the southeastern part of the study area during the veraison-to-harvest period (simulations for a 50-mm WHC soil). In 2016, the location where the lowest flowering-to-veraison average WDSI (0.17) was calculated is at the northeast part of the study area, whereas it is found in the southwestern part of the study area for veraison to harvest (lowest WDSI = 0.19).
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FIGURE 5. Maps of the average WDSI calculated using a 50-mm WHC soil during two grapevine development stages (Flo–Ver, flowering to veraison; Ver–Har, veraison to harvest) in 2015 and 2016. Each point corresponds to a rain gauge of the Hydravitis local scale network.




Local to Mesoscale Water Balance Variability

Water deficit stress index spatial variability at local scale (induced by changes in rainfall spatial distribution) was compared to climate-induced WDSI spatial variability at meso-scale, i.e., the Burgundy wine–producing region, using Climeo weather stations network. At local scale, the Hydravitis network captures rainfall variability over 6.3 (from north to south) and 6.1 (from west to east) km. In contrast, the Climeo network captures climate variable from 186 (from north to south) to 116 (west to east) km.

Figure 6 presents the distributions of WDSI averaged over three grapevine development periods: from budburst to flowering, from flowering to veraison, and from veraison to harvest. From budburst to floraison, WDSI remained high, so that little spatial variability was observed, either at local or at mesoscale, as soil water content remained close to the soil WHC, thus maintaining WDSI close to its maximum value. In 2014, however, weak water deficit was simulated at both local and mesoscale level for soil with low WHC (i.e., 50 mm). From flowering to veraison, water deficit was larger on low WHC soils, which was not the case during veraison to harvest, when scarce rainy events refill most of the soil WHC in low WHC soils.
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FIGURE 6. Comparison of local to mesoscale variability of simulated WDSI daily averages during three development stages (Bud–Flo, budburst to flowering; Flo–Ver, flowering to veraison; Ver–Har, veraison to harvest), for soils with low (50 mm) and high (150 mm) soil water contents (WHC). Note that local variability of WSDI resulted from simulations using different rainfall data at each location, whereas all other climate-related input (relative humidity, air temperature, wind speed, and solar radiation) came from the same location. For mesoscale variability, simulations were made using different climate related input for each location.


Moderate to severe water deficits were observed during the flowering-to-veraison period in 2015 and from veraison to harvest in 2016.

At mesoscale level, larger spatial variability was observed during the veraison-to-harvest period than during other periods, in all 3 years studied. Spatial standard deviation (σWDSI, period) ranged from 0.1034 (year 2015, soil WHC = 150 mm) to 0.1835 (year 2014, soil WHC = 50 mm, Table 2). In 2014, climate-based water deficit simulations suggested that grapevine water stress ranged from severe to moderate water deficit up to no water deficit, following the classification proposed by van Leeuwen et al. (2009).


TABLE 2. Average (mean) and standard deviations (σWDSI, period) of mean WDSI during three development periods of grapevine, in 2014, 2015, and 2016.

[image: Table 2]In general, WDSI spatial variations were larger at mesoscale than at local scale (Figure 6). To compare spatial variation within each development period at both spatial scales, we calculated the ratio between local and mesoscale WDSI standard deviations, i.e., (local σperiod)/(mesoscale σperiod) in Table 2. In all cases (i.e., year per period per WHC) but one, this ratio is lower than one, indicating that mesoscale climate variability induces more variation in WDSI than local scale rainfall does (Table 2). In three cases, however, the difference in WDSI variance was not significant (Bartlett variance comparison test, at α = 0.05): during the budburst-to-flowering period for both WHC soils in year 2016 and from flowering to veraison for the 150-mm WHC soil in year 2016. The difference in standard deviation for the 2016 budburst-to-veraison period, although significant, is almost null, because WDSI was close to one at all locations and at both local and mesoscale. From flowering to veraison during 2016 for a 150-mm WHC soils, the standard deviation was 0.0519 at local scale and 0.0645 at mesoscale level. The local scale spatial variability was as large as 81% of the mesoscale spatial variability during this period (see the “ratio%” column in Table 2).



DISCUSSION

This article measured the spatial variability of rainfall and estimated the relevance of this phenomenon on the grapevine water status during 3 years. Variation in rainfall was measured to be as large as 43 mm in a single rain event. To evaluate the potential physiological significance of the rainfall variability on grapevine water status, the model developed by Lebon et al. (2003) was used, because it is commonly used in viticulture, and it has shown its efficacy in many viticultural conditions (e.g., Pellegrino et al., 2006; Celette et al., 2010). It is simple to use and produce meaningful outputs to both grape growers and researchers. This model does not use an absolute relationships to link soil water status and grapevine water deficit. In the model, plant water deficit stress depends on the water availability relative to the soil WHC, that is, the FTSW. Water deficit stress index is related to FTSW through an inverse exponential function that led to a rapid decrease in WDSI when FTSW is below 0.4 (Pieri and Gaudillere, 2005). This can sometimes bring to counterintuitive results, when water available to plants is low, rainfall events might be sufficient to refill most of the soil capacity on low WHC soils, whereas they might refill only partly the soil water capacity of higher WHC soils. In this case, the model will simulate higher plant water stress for high WHC soil than for low WHC soil, because in the first case the FTSW would be higher. For example, in 2015, the average WDSI was 0.02 on August 3 for 50-mm SHC soils (2 days before veraison, see Figure 4), whereas it was slightly higher on 150 SHC soils (average WDSI = 0.04). On August 4, 9 mm of rainfall refilled about 17% of the 50-mm WHC soil, whereas only 6% of the 150-mm WHC soil was brought by this rainfall amount. Consequently, the WDSI of the 50-mm WHC soil was, respectively, more than twice as high (0.58) than the 150-mm WHC soil WDSI (0.27). While these situations are not frequent, in the 3 years studied here, they finally led to higher simulated water stress on 150-mm WHC than on the 50-mm WHC soil from veraison to harvest in 2015 and 2016 (at local scale level). This model is constantly under development, it has been improved by Celette et al. (2010) to account for the presence of cover crop and then by Hofmann et al. (2014) to account for slope effect on vineyard radiative balance. However, the relationships between soil water availability and plant water status have never been modified from the one in the original model. In our opinion, a better understanding of the grapevine soil–water relationships is needed and deserves further investigations from soil scientists and plant ecophysiologists.

Variability in vineyard water status can be caused by many factors: soil, terrain, plant material, training system, soil management, and climate. This article makes abstraction of all other factors except soil WHC, to concentrate on the effect of rainfall variability on plant water status. The soil WHCs that were used in this study (50 and 150 mm) are comparable to the upper and lower limits of WHC range previously measured (from 42 to 176 mm) in Burgundy vineyards, at nearby locations (Curmi et al., 2012).

Our results show that at local scale the difference in plant water status caused by the physical environment is related more to soil variability than to rainfall variability. As shown in Figure 4, differences in WDSI are greater between the two soil scenarios than for a given WHC because of differences in rainfall. Differences in soils affect not only the magnitude of the water stress but also the time of occurrence. However, differences in water status between the soil scenarios depend on the meteorological conditions, and they manifest only when rainfall is limited, and differences are not observable at the beginning of the season. Within the study area (see Figure 1C), Brillante et al. (2016a) monitored two grapevine cv Chardonnay grafted on SO4 rootstock subplots, 40 m apart on the same slope, in the same commercial vineyard plot. Stem water potential (Ψstem) measured from two consecutive summers differed from 0.2 MPa on average (with maximum of 0.4 MPa) to 0.1 MPa between the two locations and was largely correlated to soil water content variations. Differences were most probably the result of changes in soil and subsoil characteristics (e.g., depth, texture, gravel content…) or/and rainfall runoff, and probably little affected by changes in rainfall inputs, as both locations compared in their study were 40 m apart. Rainfall spatial variability at local scale level might either enhance or buffer the soil-induced differences on observed grapevine water status. In an empirical model developed in the study area, Brillante et al. (2016b) showed that amounts of rainfall lower than 10 mm in the previous 7 days would linearly reduce Ψstem of 0.02 MPa per mm (average across soil and weather conditions).

The water balance sensitivity was tested at mesoscale level using all climate parameters variations between weather stations, and not rainfall only, contrarily to the local scale water balance modeling experiment. It would have been unrealistic to simulate water balance modeling over the whole Burgundy wine region using the same climate data but rainfall from each weather station, as nonsense data combination would have occurred, such as rain in sunny weather (i.e., high solar radiation and evapotranspiration) conditions. Consequently, mesoscale water balance modeling simulates changes in both grapevine development timing (leaf area and solar radiation interception by rows) and evapotranspiration, whereas these major components of the water balance are kept even at local scale. Spatial variation of rainfall at local scale level induced changes in WDSI, as large as 15–102% of the climate-induced spatial variability at mesoscale level. During the flowering-to-veraison period in 2016, simulated WDSI was as variable in space at local scale as at regional levels.

Within vine growing regions of similar size (about 28 km2, i.e., 2,800 ha), changes in soil management, plant material, training systems, terrain and climate parameters might also either cumulate or compensate the potential changes in vineyard water status as simulated in our study. Lopes et al. (2011) compared the consequences of soil tillage and permanent resident vegetation coverage on soil and grapevine cv. Tempranillo water status in Alentejo (southern Portugal) wine region. Significant differences in FTSW and predawn leaf water potential (ΨPD) were observed within the two soil management systems. ΨPD commonly differed from about 0.1 MPa between the two compared systems, where the soil tillage showed most of the time lower water deficit. Celette (2007) observed up to about 0.3 MPa differences in ΨPD when comparing several interrow grass cover to bare soil on 5- to 7-year-old grapevine cv. Aranel grated with Fercal rootstock. Marguerit et al. (2012) studied the control of scion (cv. Cabernet-Sauvignon) water use from 138 V. vinifera × Vitis riparia rootstock genotypes. While metrics are not comparable to our study, they showed that rootstock material can strongly affect water status of grapevine. For example, scion relative transpiration rate (i.e., WDSI) can show difference up 0.63, depending on the rootstock used. Training systems, through changes in microclimate and incoming solar radiation interception by grapevine (Pieri and Gaudillère, 2003), can considerably affect vineyard transpiration and water use efficiency (Baeza et al., 2005; Reynolds and Heuvel, 2009).

In our study, we focused mainly on rainfall daily depth without accounting for rainfall intensity, which can dramatically affect the water input in soil, depending on runoff.

Runoff is wrongfully often not accounted in water balance modeling.

Yet, it can strongly affect soil water refill. Gaudin et al. (2010) showed that off-season soil water refilling might not be achieved according to rainfall intensity, topography, and soil management (bare soil or interrow grass cover). Biddoccu et al. (2017) observed a reduction of vineyard soil surface runoff of 63% when soil was covered with grass, in comparison to conventional tillage, leading to changes in soil water content. Besides, as runoff is also related to soil permeability; thus, humidity and rainfall spatial variation might affect soil water status through changes in runoff, depending on soil surface texture, structure, and humidity.

Runoff depends on terrain characteristics, among which slope intensity and position. However, slope impact on runoff is not straightforward, as various factor can interact and modify the impact of slope on runoff (Fang et al., 2008). Under intense rainfall, runoff measurements based on simulated rainfall in Mediterranean vineyards showed no impact concerning the slope position on runoff (Cerdà and Rodrigo-Comino, 2020). As runoff is very sensitive to various parameters, its simulation is unsatisfactory when broadly estimated (Chahinian et al., 2005). The data set used in this study could be used in further work to better assess, through hydrological modeling, the potential impact of local rainfall variability on runoff and erosion. Indeed, erosion is a major physical process that leads to land degradation, and soil preservation is a key element of Sustainable Development Goals (Keesstra et al., 2018). As often planted in slopes, grape is a crop for which soil erosion is a major concern (Rodrigo-Comino et al., 2018) and can be considerable in steep slope cool climate grape growing areas such as Burgundy and Germany (Quiquerez et al., 2014; Rodrigo Comino et al., 2016).

Over the study area of our research, terrain might also greatly affect water balance by modifying solar incoming radiation and evapotranspiration. The Lebon et al. (2003) water balance model was strongly enhanced by Hofmann et al. (2014) to account for slope effect on vineyard radiative balance. Their research showed good agreement between simulated and measured FTSW on three plots planted with cv Riesling over the same hillslope in Germany (Rüdesheim region). It suggests that solar radiation partitioning from interrow and row, together with modification in potential (or reference) evapotranspiration by terrain solar radiation interception, soil characteristics, soil management, and training systems variations, influences the changes in grapevine water dynamics. Unfortunately, the study does not compare the relative contribution of these factors to differences in vineyard water status between the validation plots.

Terrain, soil, training systems, and plant material are rather stable through time. When studying a wine producing region, potential water status of grapevine is therefore inferred through these vineyard characteristics. Our simulations indicate that the impact of these vineyard characteristics on plant water status can differ according to local rainfall variations in time and space. According to the water balance modeling performed in our study, a lower soil water capacity can lead to, in a counterintuitive manner, lower water deficit. Water balance simulation in 2015 shows a lower WDSI (i.e., higher water deficit related stress) on 150-mm WHC soils than on 50-mm WHC soils from veraison to harvest (Figure 6, bottom), as rainy events refilled most of the WHC on low WHC soils, whereasthe FTSW remained low on high WHC soils. In the study area, rainfall spatial distribution strongly changes over time. During the three vintages during which rainfall spatial distribution was monitored, no location was preferentially wetter than others were. Consequently, rainfall modifies the zoning of lower or higher water deficit in the study area through time, so that even if several parameters favor a specific water status (e.g., water deficit promoting factors such as low WHC soils, steep slope, considerable leaf area…), the rather odd spatial distribution of rainfall might partially change the spatial distribution of grapevine water deficit at local scale level.

For viticulture, soil is often considered as the sole environmental component that explains grape water status variations and thus the major factor of terroir. Our results show that when comparing spatial structure of grapevine water status at local scale, one should account for the impact of rainfall local variability.



CONCLUSION

This article shows that spatial variability in rainfall could probably affect grapevine physiology independently from soil or other factors. Differences in rainfall did not have specific spatiotemporal structures in the years and at the scale of this study. Further investigations and sensitivity tests of grapevine water balance modeling to climate, plant material, soil physicochemical properties, soil management, training system, and terrain to better represent the viticultural system diversity would probably be of great interest. It would provide useful contribution to achieve a better understanding of plant water status response to the environment.

To the best of our knowledge, no studies reporting the impact of rainfall spatial variation at local scale on crops has been reported. The issues of rainfall spatial variability impact on small catchment in agriculture are numerous: plant protection, crop quality, mechanization, and soil conservation. The progress in high-resolution radar-aided precipitation detection makes it an interesting source of data to address agricultural water management at local scale level.
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The measuring of 87Sr/86Sr in wine, grape, and bioavailable soil fraction samples with the same uncertainty of geological materials allows fully comparing the whole wine-production chain with the peculiar geochemical isotope signature of any geographic area. Indeed, this signature is the same as the final product inherited by the soil bioavailable fraction and, in turn, by the geological substratum of the vineyard. On the other hand, the few data available in literature that referred to white wines cast doubts for the use of this geographic tracer due to the common use of geological derived additives, such as bentonite, in the white wine-making procedure, which may overprint the original geochemical signature of the vineyard substratum. To tackle this issue, we analyzed the Sr-isotope compositions of four white wines produced over a period of almost 10 years in a high-quality organic farm, located on the volcanic units of the Vulsini Volcanic District (southern Tuscany, Italy). The 87Sr/86Sr values of rock, soil, grape, grape juice, must, and wine were compared among them and further weighted against the isotope fingerprint of the bentonite and yeast employed during the wine-making process. The 87Sr/86Sr values from the entire white-wine production chain reveal that no variations are observed from the signature imprinted by the original geological substratum (rocks and soils), suggesting that no further contribution is given by the addition of bentonite and yeast to the white wine Sr-isotope values. On the other hand, intermediate 87Sr/86Sr compositions are found when grapes from different vineyards are used for making multi-cultivar wine blends. Indeed, the experimental data clearly show that the Sr isotope composition is maintained through the wine-making process for white as well as for red wines. Both grape and final wine preserved the isotope signature inherited from the labile fraction of the soil where the vines are farmed. Our data thus confirm, also for white wines, the robustness of the Sr-isotope tool in studies where it is important to define terroirs and geographic provenance.

Keywords: geologic and geographic traceability, Sr-isotope composition, wine making processes, white wines, wine geochemistry


INTRODUCTION

The adoption of isotopic ratios of heavy radiogenic elements (i.e., Sr and Nd) as possible geochemical tracers of food provenance is gaining scientific consensus within the scientific literature (e.g., Horn et al., 1993; Martin et al., 1999; Roβmann et al., 2000; Barbaste et al., 2002; Kawasaki et al., 2002; Fortunato et al., 2004; Kelly et al., 2005; Voerkelius et al., 2010; Bong et al., 2012; Durante et al., 2013; Marchionni et al., 2013, 2016; Song et al., 2014; Medini et al., 2015; Petrini et al., 2015; Coelho et al., 2017; Tescione et al., 2018; Tommasini et al., 2018).

Preliminary studies using Sr isotopes as possible fingerprint for deciphering the geographic provenance in high quality wines provided questionable results essentially due to the analytical uncertainty of 87Sr/86Sr measurements reported, which were usually larger than the Sr-isotopic variability shown by most of the rocks/soils on Earth (e.g., Horn et al., 1993; Almeida and Vasconcelos, 2003, 2004; Vorster et al., 2010; Di Paola-Naranjo et al., 2011). In the last years the mass spectrometry analytic techniques were improved, allowing the researchers to perform Sr isotope measurements on samples of grape, must, wine, and soil with the same analytical precision of that obtained for geologic materials, thus enabling the comparison of the Sr radiogenic isotope composition in red wines to their own terroir of geographic provenance (e.g., Boari et al., 2008; Marchionni et al., 2013, 2016; Tescione et al., 2015; Durante et al., 2016, 2018; Vinciguerra et al., 2016; Braschi et al., 2018; Epova et al., 2019).

On the other hand, among previous studies, the few dealing with white wines missed either to consider the full wine-making production chain (Petrini et al., 2015) or just considered a geographical areas where the isotopic variability was not large enough to discriminate among different substrata (Vorster et al., 2010). The study of Petrini et al. (2015) focused on the comparison between the isotopic composition of the grape components (skin, grape, seeds, and must) used for Prosecco white wine and that of the labile fraction in soils (i.e., bioavailable). They observed a statistically significant correspondence between must and soil but the whole isotope range given by the must was so large that encompassed most of the isotopic compositions of the rocks present in the restricted investigated area. Vorster et al. (2010) also employed the Sr isotopes as tracer for provenance on white wine, but their results did not discriminate sufficiently among wines from different regions. In summary, both these studies did not demonstrate the applicability of this tracing technique to white wines and did not solve the question if the use of bentonite may overprint the Sr isotopic signature acquired by the soil and rocks of the substratum of the vineyard.

Recently, Marchionni et al. (2013), during the setting of the analytical protocol for measuring Sr isotope composition on wine samples, analyzed different wines (i.e., red and white wines) from the Italian peninsula each deriving from different and peculiar geologic background (i.e., volcanic and sedimentary). In that study the authors showed that while the isotopic signatures of red wines are all well correlated with respect to their geologic background, a variety of the white wine from Tuscany, the Ansonico del Giglio, showed on the contrary a large decoupling in the Sr isotope composition from the geologic substrata of the area of production. The authors suggested that the isotope signature of the Ansonico del Giglio wine could be affected by the contribution of other components in addition to those directly inherited from the geologic substratum of the vineyard, such as geologic additives (i.e., bentonite) used during the white wine making procedure.

In this paper we present a detailed experimental study applied of the 87Sr/86Sr signature along the whole oenological food-chain from the grape, through the must to the final product, the wine to test the suitability of radiogenic isotopes as tracers for provenance and authenticity also to white wines. In addition, we investigated the possible contribution of bentonite and yeast, used during the wine-making procedure of white wine, to the final 87Sr/86Sr of the wine.

To achieve high-detailed results we adopted a sampling strategy relying white wines produced from a single high-quality organic farm, well constrained in time and for the geological and pedological characteristics of the substrata of the vineyard. In addition, the 87Sr/86Sr composition of yeast and bentonites were also determined in order to evaluate the possible effect of external components during the white wine-making process.

This study is focused on (i) improving the limited existing database on white wines, (ii) testing the eventual influence on the 87Sr/86Sr of the wine of geological and biological additives (i.e., bentonite and yeast) during the different wine-making steps (i.e., clarification and fermentation), and (iii) investigating the applicability of Sr radiogenic isotopes also on blended white wines, where different grape varieties, from different vineyards/parcels, are usually mixed.



MATERIALS AND METHODS

The samples of grape, must, and wine presented in this study are all from one single organic farm and winery located in southern Tuscany, close to the town of Pitigliano, an area set on young volcanic rocks belonging to the Latera volcano succession (e.g., Conticelli et al., 1991, 2010; Figure 1, see also Supplementary Material). The organic farm and the relative parcels cover a total area of about 72 ha, although divided in two distinct vineyards, about 5 km far from each other, characterized by the presence of different geologic bedrocks, and thus soils, with a different Sr-isotopic composition (e.g., author’s unpublished data; Conticelli et al., 2015; Tescione et al., 2018). The largest vineyard of the farm is located in the Pian de’ Conati area (hereafter in tables and figures indicated as “vineyard a”), with soil derived from the Grotte di Castro ignimbrite (inset “a” in Figure 1). This is the vineyard where most of the white grape varieties (i.e., Greco, Sauvignon and to a minor extent also Trebbiano) are produced. The second vineyard, which was acquired by the farmers later with respect to the beginning of this experimental study, is located in the Crucignano area (inset “b” in Figure 1 and hereafter indicated in figures and tables as “vineyard b”). This vineyard is characterized by soil derived from the Pitigliano Formation and it is devoted to the growth of the Trebbiano cultivar.
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FIGURE 1. Geological sketch map of the study area (redrawn after Tescione et al., 2018), with rocks belonging to the Latera volcano succession, the last erupting volcano of the Vulsini district (e.g., Conticelli et al., 2010). It is worth noting that the Pian de’ Conati vineyards fully developed within the Eutric Epileptic Andosols (IUSS, 2006) (autoct. Aia di Tufi soil; http://www.lamma.rete.toscana.it/territorio/cartografia-tematica/pedologia/carta-dei-suoli), which derive by the pedogenization of the Grotte di Castro formation (Vezzoli et al., 1987). On the other hand, the Crucignano vineyard developed within the Epileptic Andosols (IUSS, 2006) (autoc. Farmacista soil), which is derived from the pedogenization of the Pitigliano formation (Vezzoli et al., 1987). See also Supplementary Material.



Geological and Pedological Setting and Geochemical Framework

Both vineyards lie on the volcanic succession of the Latera volcano in the surrounding of the Pitigliano village. This volcano belongs to the Vulsini Volcanic District, a 1,500 km2 widespread volcanic area formed in the time span from 591 to 111 kyr BP (Conticelli et al., 1986, 1987, 2010; Vezzoli et al., 1987; Turbeville, 1992; Marra et al., 2020a). The volcanism produced a thick sequence of pyroclastic deposits and lava flows, erupted from five main volcanic apparata, namely, the Paleo-Bolsena, the Bolsena, the South-Vulsini, the Montefiascone, and the Latera volcanoes (i.e., Vezzoli et al., 1987; Conticelli et al., 2010; Palladino et al., 2010; Marra et al., 2020b). These coalescent volcanoes, with the exception of South Vulsini one, were characterized by similar eruptive styles with ignimbrite-forming eruptions preceded and followed by effusive and strombolian activities, the latters usually taking place along a peripheral circum-caldera fault system.

The volcanic activity in western sectors of the Vulsini district is dominated by the Latera volcano, which was active from 429 to 145 ka (Vezzoli et al., 1987; Conticelli et al., 2010; Palladino et al., 2010). Lavas were confined in the early and late stage of the volcano, whilst pyroclastic activity occurred between 278 and 166 ka, with the pileup of six main ignimbrites inter-bedded to some events of pyroclastic fall and surges (e.g., Metzeltin and Vezzoli, 1983; Conticelli et al., 1986, 1987, 2010; Nappi et al., 1994). A large polygenic caldera was formed, and several post-caldera lava events were poured out along the rim and within the depression itself with the emplacement of Poggio Pinzi Tuffs, Pitigliano Formation, and final lava flows (e.g., Conticelli et al., 1987, 1991; Nappi et al., 1991; Capaccioni et al., 1997; Capaccioni and Cuccoli, 2005).

The whole composition of Latera volcanic rocks is alkali-potassic with differentiated rocks dominating over mafic ones. Leucite-bearing rocks made up the basal lava plateau and the caldera-forming ignimbrites, but they are also found during the post-caldera activity, erupted coevally with leucite-free rocks (e.g., Varekamp, 1979; Conticelli et al., 1986, 1987, 1991; Turbeville, 1993). Sr-isotopes of Latera rocks range from 0.70933 to 0.71176, with post-caldera leucite-free lavas (0.70991–0.71012) well within the Latera range (Author’s unpublished data; Conticelli et al., 1991, 2015).

In a recent paper, Tescione et al. (2018) made a survey of the geological and pedological substrata of the of the Sassotondo vineyards. The Pian de’ Conati vineyard (inset “a” in Figure 1) is characterized by a geological substratum made by the Grotte di Castro ignimbrite for a thickness of 15 meters, which gave origin to a Eutric Epileptic Andosols (autoc. Aia di Tufi soil). The Crucignano vineyard (inset “b” in Figure 1) has a geological substratum made by Pitigliano Formation that developed Epileptic Andosols (autoc. Farmacista soil).



Sampling

A total amount of 42 samples of grape of each variety (n = 19), grape juice (n = 7), and must (n = 16) were collected from the 2013 to 2016 vintage years during multiple sampling campaigns. In addition, several samples of white wines (n = 30, both mono-cultivar and blended varieties) produced from 2006 to 2015 years have also been collected to investigate the evolution of the isotopic properties over a longer period of time. The grape and juice were sampled before or immediately after the harvesting, musts samples before the filtration using bentonite, and wines before or after the bottling. All the data are original, with the only exception for a few of the grape samples, which are from Tescione et al. (2018). These authors presented a study based on samples from the same farm and investigated the correlation between the isotopic composition of the grape alone (of both red and white varieties) and that of the soil bioavailable fraction. Such correlation was shown to be substantial for all the grape variety with a minor shift for the Sauvignon cultivar, which showed a considerably large range of isotopic composition. The three grape varieties considered in Tescione et al. (2018) were Greco, Sauvignon, and Trebbiano cultivar. The first two belong exclusively to vineyard a (Pian de’ Conati) and covered the vintage years 2013–2016, whereas the latter is mostly from vineyard b (Crucignano) and covered only the 2015–2016 vintage years.

In this study we reconsidered all the white grape samples of Tescione et al. (2018), re-evaluating the previous measurements and adding new samples in order to check whether the isotopic variability is preserved or not through time (see Table 1). Doing that, we expanded the dataset of grape samples including also grape-juice, namely, the immediately subsequent step of grape-crushing before the additive addition. Aiming in particular to investigate the causes of the isotopic variability reported for the Sauvignon cultivar, we improved the dataset with new samples covering the 2013–2015 vintage period, the same period covered in Tescione et al. (2018), plus the 2016 data, which became available at the time of this study. At the same time, we also aimed to verify the consistency of the isotopic signature of the other varieties (i.e., Greco and Trebbiano) through time. Only one sample of grape-juice from the 2013 vintage year was available for Greco. In the case of Trebbiano cultivar, few samples of grape from both areas of production (i.e., Pian de’ Conati and Crucignano areas, respectively) were included along with those of the dataset of Tescione et al. (2018), whereas no sample of grape-juice was available for the same cultivar (see Table 2). Must samples cover the 2013–2015 vintage years and are available for the three grape cultivars (Table 3).


TABLE 1. Isotopic composition of the analyzed wines from the Sassotondo winery divided by vintage years and grape variety, area of provenance.
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TABLE 2. Isotopic composition of the grapes and grape-juices divided by vintage years and grape variety.
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TABLE 3. Isotopic composition of the must divided by vintage years and grape variety.

[image: Table 3]The selection of analyzed wines concerns both blended and mono-cultivar wines. Two blended wines are the Numero Sei wine and the Isolina wine. The Numero Sei belongs to the Bianco Maremma Toscana IGT label and is composed of two grape varieties (Greco and Sauvignon in equal amounts), both grown in the same vineyard of Pian de’ Conati (vineyard a). The Isolina belongs to the Bianco di Pitigliano DOC and it is a blend of the three grape varieties (Greco, Sauvignon, and Trebbiano) in different percentages (usually about 70% of Trebbiano, 15% of Sauvignon and 10% of Greco, with a minor contribution of other cultivars), which can vary through the vintage years according to the productivity of the single varieties. While the Greco and the Sauvignon grapes are exclusively grown in the Pian de’ Conati area (vineyard a), the Trebbiano cultivar is grown in both areas, but most of the grapes produced in the last vintage years are from the Crucignano area (vineyard b).

Two mono-cultivar wine varieties are also included in this study, the Greco and Tufo Bianco wines of the 2011 and 2015 vintage year, respectively. The first is entirely composed by Greco grapes growing exclusively on vineyard a. The latter, for the vintage year of 2015, is a mono-cultivar wine of the Trebbiano grape variety produced by grapes harvested from the vineyard b.

In addition to the raw materials for wine production, two samples of natural additives (i.e., bentonite and yeast) usually employed by the farmers were included in the study in order to explore their potential contribution on the Sr isotope composition of the produced white wines. Bentonite is a type of montmorillonite clay widely employed as a fining agent for clarification. Together with other agents, such as tannins and casein, bentonite can speed the settling of particulate matter, induce partial decolorization, and correct for the addition of excessive amounts of proteinaceous nutrients (i.e., amino acids) inducing their precipitation (Jackson, 2008). Given that bentonite settles very quickly, and it is also easily filtered, it does not represent itself with neither stability nor clarification problems. In comparison with other fining agents it is also considered to have a minimal effect on the sensory properties of the final wine. In this light we want to test if the addition of bentonite could produce any effect of the radiogenic Sr isotope composition of the wine (Horn et al., 1993; Durante et al., 2016). The yeasts are added directly into the grape juice or into the must to encourage the process of fermentation, promoting the conversion of the sugar contained into ethanol.

Aiming to explore the potential contribution of such additives to the white wines, we selected the bentonite and the yeast samples to analyze directly from the same batch of additives the farmers employed during their wine-production.

In all the figures shown in this study, the range of variability of the labile fraction from the soil is always reported, both for the Pian de’ Conati and for the Crucignano areas (vineyard a and b, respectively). These values are the same experimentally measured following the procedure of Marchionni et al. (2016) and published by Tescione et al. (2018), which discussed in detail the isotopic signature of bedrock, soil, and bio-available fraction from the soil.



Sample Preparation and Analysis

Sample preparation and measurements were performed following the procedure described in Marchionni et al. (2016) and Tescione et al. (2018) and specifically adopted for the treatment of samples such as grape, grape-juice, soil, and bio-available fraction from the soil. The Sr isotope composition was measured through Thermal Ionization Mass Spectrometry (TIMS) on a Triton T1 (Thermo Finnigan) at the Earth Science Department of the Università degli Studi di Firenze. Before isotopic determination, the Sr elemental concentration of bentonite and yeast was analyzed through ICP-MS at the University of Bristol (United Kingdom). The sampling strategy and the whole preparation treatment of the grape, grape juice, must, and wines were performed following the procedure reported in Marchionni et al. (2013, 2016). Grape-juice samples were obtained from the collected grapes directly in the laboratory. Must and wines were collected directly at the winery. The grape was rinsed several times with Milli-Q® water and then crushed with skin and seeds. The solution was filtered, and the juice was treated as must and wine samples. About 5 ml of each sample was evaporated and digested first in 3 ml of H2O2 (UpA) and then in 2 ml of HNO3. The whole digestion procedure was repeated twice. The Sr purification was ensured through chromatographic separation using Eichrom Sr-Spec resin (150 μl). Additives were treated following the procedure for geologic samples described in Tescione et al. (2018) for the soil and the bedrock analyses.

The isotope measurements were performed loading some 100–150 ng of sample onto single Re-filament as nitrate form with TaCl5 and H3PO4 as activator and to keep the signal stable during the measurements. The Sr isotope ratios were measured in multi-dynamic mode, applying the triple jump procedure (Thirlwall, 1991) described in detail by Avanzinelli et al. (2005). Each reported isotope ratio is the result of 120 cycles (with each cycle representing the average of three measurements performed during the triple-jumping), taken in six blocks, each consisting of 20 cycles with 8 s integration time. An idle time of 3 s was set before the start of the collection after each jump, to eliminate possible memory effect due to the decay of the signal in the Faraday cups (Avanzinelli et al., 2005). The instrumental mass-bias was corrected off-line using the 88Sr/86Sr ratio measured on the main configuration (jump 2). The measured and the natural 88Sr/86Sr (88Sr/86SrN = 8.375209) were used both to calculate the mass discrimination factor (ε) and to subsequently apply the correction through the exponential fractionation law. The 87Sr/86Srtriple average value for the NIST SRM987 international reference standard was 0.710248 ± 0.000016 (2σ, n = 121).

The reproducibility of the analytical method we used in this study is reported in Marchionni et al. (2013), where 31 different aliquots of the same sample of wine were processed and measured for 87Sr/86Sr composition, yielding a 2σ = ±0.000017 (i.e., ±23 ppm), which is well consistent with that of the international reference standard.



RESULTS AND DISCUSSION

The values of 87Sr/86Sr of wine, grape, grape-juice, and must are reported in Tables 1–3. The isotope compositions of each analyzed matrix are graphically represented (Figures 2–7) by box-plot diagrams, where the box is delimited by the 25th and the 75th percentiles of each population, the whiskers show the 10th and the 90th percentiles, whilst the dots represent the outliers at the 5th and 95th percentiles.
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FIGURE 2. 87Sr/86Sr values in the wine samples from different vintage years. Both multiple-variety (Numero Sei and Isolina) and varietal (Greco and Tufo Bianco) wines are reported. The box is delimited by the 25th and the 75th percentiles of each population, the whiskers show the 10th and the 90th percentiles, whilst the dots represent the outliers at the 5th and 95th percentiles. The yellow fields represent the variability range (at the 5th and 95th percentiles) of the grapes grown in the two respective areas of Pian de’ Conati (vineyard a) and Crucignano (vineyard b).
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FIGURE 3. 87Sr/86Sr values in grape samples from the different varieties grown on the two different vineyards, which are characterized by distinct geological backgrounds (see more details through the text). The Pian de’ Conati area (vineyard a) is the place where the Greco, Sauvignon and, to minor extent Trebbiano cultivar, are grown. The area of Crucignano (vineyard b) is committed to Trebbiano cultivar. The box plot features are reported through text and in the caption of Figure 2. The gray pattern represents the whole range of variability of the bio-available fraction extracted from the soil of the two respective areas, the solid line represents the mean value.
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FIGURE 4. 87Sr/86Sr values in grape, juice, musts, and wine for the Greco wine (from the 2011 vintage year). Greco is high-quality single-variety wine, composedby Greco alone, which is growth in the area of Pian de’ Conati (vineyard a). The box plot features are reported through text and in the caption of Figure 2. The gray pattern represents the whole range of variability of the soil bioavailable fraction, the solid line represents the mean value. The shaded bars represent the isotopic range of the analyzed additives, bentonite, and yeast, respectively. The length of the bars depends on the wine-making step in which such additives are introduced, thus the different matrix in which we investigated their potential effect.
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FIGURE 5. 87Sr/86Sr values in grape, juice, musts, and wine for the Tufo Bianco wine (from the 2015 vintage year). Tufo Bianco is high-quality varietal wine, composed by Trebbiano alone, which was harvested in 2015 from the area of Crucignano (vineyard b). The box plot features are reported through text and in thecaption of Figure 2. The gray pattern represents the whole range of variability of the soil bioavailable fraction; the solid line represents the mean value. The shadedbars represent the isotopic range of the analyzed additives, bentonite and yeast, respectively. The length of the bars depends on the wine-making step in which suchadditives are introduced, thus the different matrix in which we investigated their potential effect.
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FIGURE 6. 87Sr/86Sr values in grape, juice, musts, and wine for the Numero Sei wine (from the 2006, 2007, and 2011 vintage years). Numero Sei wine is composed by a blending of Greco and Sauvignon varieties, which are both grown in the area of Pian de’ Conati (vineyard a). The box plot features are reported through text and in the caption of Figure 2. The gray pattern represents the whole range of variability of the soil bioavailable fraction; the solid line represents the mean value. The shaded bars represent the isotopic range of the analyzed additives, bentonite, and yeast, respectively. The length of the bars depends on the wine-making step in which such additives are introduced, thus the different matrix in which we investigated their potential effect.
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FIGURE 7. 87Sr/86Sr values in grape, juice, musts, and wine for the Isolina wine (from the 2006 to the 2015 vintage years). Isolina wine is composed by a blending of Greco, Sauvignon, and Trebbiano varieties. Among these grape varieties, Greco and Sauvignon are exclusively grown in the area of Pian de’ Conati (vineyard a), whereas the Trebbiano derive mostly from the Crucignano area (vineyard b). The final value of the wine depends on the percentages of the three musts employed year by year and on the geologic provenance of the soil on which the grape grew. The box plot features are reported through text and in the caption of Figure 2. The gray patterns represent the whole range of variability of the soil bioavailable fraction, respectively, in the Pian de’ Conati (a) and the Crucignano (b) area. The shaded bars represent the isotopic range of the analyzed additives, bentonite, and yeast, respectively. The length of the bars depends on the wine-making step in which such additives are introduced, thus the different matrix in which we investigated their potential effect.


The isotope composition of the soil bio-available fractions used as reference in this study are 87Sr/86Sr = 0.710107 ± 0.000005 (2σm) for the Pian de’ Conati area and 87Sr/86Sr = 0.709644 ± 0.000022 for the Crucignano area (averaged values from the values of Tescione et al., 2018).

Figure 2 shows the isotope composition of wines produced both in vineyards a and b over the 2006–2015 period. Although the record is not complete (e.g., there is a gap from 2008 to 2010) it is possible to highlight several interesting aspects. The box plots refer to the average of the wine of the same type, produced in each year. The yellow fields represent the range of isotopic variability shown by the grape samples from the two different vineyards (see also Figure 3 and Table 2). The comparison between the isotopic composition of wine and grape reinforces the first important assumption that the isotopic signature of wine is preserved through time and is in agreement with that of the grape from which the wine derived. This is needed in particular for the wine samples from vintage years 2006–2013 that do not have any analog grape sample to be compared to.

A first important observation concerns the isotope compositions of Numero Sei (blended variety) and Greco (mono-cultivar) white wine, which are very close to each other, and both fall well within the field of the grapes grown in the vineyard a, whereas the mono-cultivar Tufo Bianco wine plots are closer to the field of the grapes produced in the vineyard b. On the other hand, the Isolina wines show variable isotopic composition through the years. Indeed, the 2006 and 2007 vintage years plot closer to the reference field of grape from the vineyard a, whereas, from 2011 to 2015, the isotopic signature becomes more variable and it is generally more consistent with the range of isotopic composition of grapes from vineyard b, with the only exception of 2014 vintage year. The different magnitude of the isotopic range of the grapes from vineyard b, which is considerably smaller compared to that of vineyard a, is clearly presented by the grape box plots in Figure 3 and is likely due to the limited smaller number of samples available, compared to those from vineyard a. In Figure 3, and in all the following figures, the isotope composition of each grape variety is reported and correlated to the soil bio-available fraction (and thus the geographical provenance of the grape) (Table 2).

It is clear that all the 87Sr/86Sr values of Greco, Sauvignon, and Trebbiano grapes sampled in the Pian de’ Conati area (vineyard a) are consistent with the isotopic signature of the soil bio-available fraction in the same area, as well as the Trebbiano grape samples from the Crucignano area (vineyard b) that fall well within the field of the respective soil labile fraction (Figure 3). This evidence corroborates the fact that the 87Sr/86Sr isotope composition is not dependent on the grape variety but on the soil of origin, as already suggested by previous studies (e.g., Marchionni et al., 2016; Braschi et al., 2018; Tescione et al., 2018). The larger variability in 87Sr/86Sr values of Greco and Sauvignon grapes with respect to those of Trebbiano (which are harvested from both the two vineyards) is likely related to the time span covered by the grape sampling. Indeed, the first two varieties were sampled over a period of four vintage years (from 2013 to 2016) possibly reflecting small-scale local variations, whereas the Trebbiano variety (in both vineyards) was sampled only during the vintage years 2015–2016.

In Figure 2, we showed the presence of a general correlation between wines and grapes, despite that some variabilities in the isotope composition of the two matrices are observed.

The preservation of the isotopic signature from the grape to the wine and the possible occurrence of modifications through the food chain are tested through each step of the production of both mono-cultivar and blended wines, before and after the addition of yeast and bentonite. The yeast is usually added to the grape juice to promote the fermentation of must, and the bentonite is added to the must to improve the effect of filtration before the bottling. Given that the two additives show well distinct isotope signature, we expect to observe, if any, a peculiar contribution of the yeast in the must and wine fractions, while the bentonite is supposed to contribute to the latter fraction only. The isotopic composition of must and additives measured in this study is given in Tables 3, 4.


TABLE 4. Isotopic composition and Sr content of additives.

[image: Table 4]Greco is a high-quality mono-cultivar white wine produced with the homonymous grape variety, which is derived uniquely from vineyard a (Figure 3). The comparison reported in Figure 4 among the 87Sr/86Sr values measured on each component of the wine-making procedure demonstrates that although the grape alone shows the more variable range of isotope composition compared to that of must samples and wine, they all substantially overlap well within the error. Moreover, neither must nor wine samples are affected by the addition of yeast or bentonite, respectively, and at the same time, together with the grape-juices, fall well within the field of the bio-available fraction from the vineyard a (Figure 4).

The same observations are made for the Tufo Bianco white wine, exclusively produced with the Trebbiano grapes grown in the vineyard b (Figure 3). In this case the samples of must show more variable 87Sr/86Sr values than grape-juice and wine, but as in the case of Greco wine, a perfect overlapping can be observed among the three matrices (Figure 5). The absence of any drift toward the bentonite and yeast again suggests that such components do not affect the final isotopic composition of the wine. These evidences demonstrate that the Sr isotope composition of mono-cultivar wines does not change during the different steps of the wine-making procedure, and instead it is strongly dependent on the primary features of the soil where the grape grew.

A similar evidence is achieved in the case of wines made by blending of different grape varieties, which have the same provenance. Numero Sei is a high-quality white wine made of a blending of Greco and Sauvignon grapes in equal proportions (Figure 6). The isotope signature of the two varieties is similar within the error, indeed they derived from the same vineyard a. The measured 87Sr/86Sr values of the grapes are preserved through the must to the wine, with negligible effect of the additives. The slight variability of the wine samples can be possibly ascribed to small changes in the proportion of Greco used through the vintage years.

One of the more interesting characteristics shown in Figure 2 is the extremely variable isotope composition shown by the Isolina wine through the vintage years. The temporal distribution of Sr isotopes provides important evidence, highlighting that between the 2006 and 2007 harvest years, the Isolina wine, although slightly different form each other, still overlap within the range of variability, whereas after the 2011 vintage year, the 87Sr/86Sr composition become less radiogenic and more scattered in absolute value. Considering that the effect of additives can be neglected for both Greco and Trebbiano mono-cultivar and blended wines, the same holds true for the Isolina blend (Figure 7), suggesting definitely that the addition of bentonite and yeast does not affect the Sr isotope composition of the white wine. The observed variability should be thus ascribed to other reasons.

Following this rationale, if we use the 2011 as a temporal divide, we can observe that the Sr isotope signature of the 2006–2007 wines well fits with that of the Trebbiano grapes sampled in vineyard a along with Greco and Sauvignon grapes, and the respective musts. Due to a lack of sample availability, there is no reference value for the must of Trebbiano from vineyard a. On the contrary, we measured both grape and must fractions from vineyard b, which nicely correlate with the bio-available fraction from the soil of this area (Figures 5, 7). As already observed in the case of the Tufo Bianco, the Sr isotope signature is maintained from the grape to the must and, once compared to Isolina wine production after the 2011 vintage year, well correlates with that of the wine. The fact that the isotopic composition of both grape juice and must from vineyard b covers a range of values that is significantly smaller than that of the 2011–2015 wine requires another process to be considered.

Such variability could be likely explained if we consider that the proportions of Trebbiano, Greco, and Sauvignon varieties in the Isolina blend can vary according to the availability of each grape variety through the vintage years and to the desired characteristics of the final product. This is also not surprising considering that the Isolina wine, with respect to the other high-quality analyzed wines, is the variety addressed to the larger distribution chain. In other words, even if within the limits of the DOC label regulation, the proportion of the different grapes in the blend is less rigorous and more depending on the production rate of each variety year by year. Accordingly, when the winery started the production of 2006 harvest year, only the grapes from the vineyard of Pian de’ Conati were used. On the other hand, grapes from Crucignano area (vineyard b) were harvested and thus used in the wine-making production only after the 2011 harvest year. Since then, the Crucignano vineyard was dedicated to the exclusive production of the Trebbiano mono-cultivar wine, which was used for both Tufo Bianco mono-cultivar production and for the blended Isolina wine. Thus, the larger isotopic variability of the Isolina wine in the period 2011–2015, driven mainly by the samples from 2014 harvest year, can be explained (i) by the use of the more radiogenic Greco and Sauvignon grape variety in a larger proportion than the usual, or (ii) by the employment of grape of the less radiogenic Trebbiano variety from vineyard b with minor additions of the more radiogenic Trebbiano grape from the vineyard a.



CONCLUSION

In this paper we presented new and original data covering all the steps of the wine-making process, from the grape to the final bottle, applied to a small, organic, high-quality farm over a period of time of almost 10 years. It is the first time that such interval was investigated for the verification of the conservation of the Sr isotopic ratio.

This study demonstrated that the different steps of the wine-making process do not affect the final isotopic composition of the wine. The isotopic signature is instead directly correlated to that of the vineyard pedogenetic substratum and it is transferred through the labile fraction from the soil, through the roots of the plant, to the grapes. Grape-juice and must still preserve the original isotopic composition and are not affected by the addition of materials with different isotopic signature. Neither bentonite nor yeast, added during the wine-making process, contribute in modifying the Sr isotope composition of the wine. All the values related to the different steps of the winemaking process show a strict relationship with the bioavailable fraction of soil, and then the geologic bedrock of the vineyard of origin.

Our results show that the Sr isotope composition not only does not change during the whole productive process but also does not relevantly change through different vintage years, as demonstrated by the correspondence between the isotope signature of wines and grape/must from different vintage years. Indeed, the isotopic tool can be suitably used to confirm the geographic origin of white wines, as it was already demonstrated for red wines. Particular care has to be considered in the case of blending of varieties grown on isotopically heterogeneous geologic bedrocks. This is a quite frequent case because wines are not always only mono-varietal, and often the wineries employ different vineyards that can grow on different geologic bedrocks. For these reasons, the final isotopic ratio in wines could be influenced by the quantity, the percentage, and the respective 87Sr/86Sr of each component mixed in the final product, especially if they come from different areas of origin. The possibility to examine all the components of the system could, however, guarantee the product traceability, as well as help to define the terroir of provenance for high-quality label.

This study contributes in the assessment of the geographical origin of grapes and wines as relevant for the protection of the labeled products with a certification of origin. At the same time, it provides useful evidences for tracing the geographic provenance of its components.
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Carbon stable isotope composition of berry must at harvest (δ13C) is an integrated assessment of plant water status during grape (Vitis vinifera L.) berry ripening. Measurement of δ13C of grape juice is proposed as an alternative to traditional measurements of water status to capture the spatial variability of physiological response at the vineyard scale, i.e., zoning. We performed samplings at four different locations in California, United States, with three different cultivars of table and wine grapes (Cabernet Sauvignon, Merlot, Crimson-Seedless). Leaf physiology (photosynthesis, AN, stomatal conductance, gs) and stem water potentials (Ψstem) were routinely measured. The δ13C was measured at harvest and strong relationships were found between Ψstem (R2 = 0.71), stomatal conductance (R2 = 0.71), net carbon assimilation (R2 = 0.59) and WUEi (R2 = 0.53). The role of leaf nitrogen on the signal was assessed by evaluating relationships between leaf nitrogen and WUEi (R2 = 0.54), Ci/Ca (R2 = 0.51), δ13C (R2 = 0.44), and Ψstem (R2 = 0.37). Although nitrogen can be among the environmental factors able to affect the δ13C signal, this difference is only observable when variability in N is very large, by pooling different vineyards/varieties, but not at the within-vineyard scale. The utility of δ13C was further tested and measured on grape berries sampled on an equidistant grid in a 3.5 ha vineyard where Ψstem was also measured throughout the field season and used to delineate management zones. Physiological measurements and grape composition were correlated to soil electrical resistivity and satellite-derived vegetation index. The two management zones obtained by δ13C or Ψstem were spatially similar at 67% and allowed to separate the harvest in two pools having statistically different grape composition (soluble solids, organic acids, and anthocyanin profiles). Zoning by δ13C performed as well as zoning by Ψstem to separate grape phenolic composition, e.g., for selective harvest. Our results provided evidence that δ13C of grape must is a reliable and repeatable assessor of plant water status and gas exchange in vineyard systems that are crucial for zoning vineyards, even when irrigated, and for ground-truthing sensor maps in precision viticulture.
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INTRODUCTION

The majority of the world’s viticulture areas are in arid and semi-arid regions where vineyards receive annual precipitation amounts below 700 L m–2 (Flexas et al., 2010). The growth and development of the grapevine usually correspond to the dry spring and summer months in these regions where there is little to no precipitation. The water consumption in vineyards ranges between 300 mm to 700 mm and this is greater than annual precipitation received in arid and semi-arid regions of the world (Medrano et al., 2015). Therefore, in these regions, commercial grapevine production relies on supplemental irrigation. The sustainability of grapevine production is there under threat due to growing water scarcity, rising global temperatures, and suboptimal irrigation strategies (White et al., 2006; Diffenbaugh and Scherer, 2013; Bustan et al., 2016; Bonfante et al., 2018). This problem is especially meaningful considering that grapevine is economically viable in soils with reduced fertility not well suited to other crops and that Mediterranean ecosystems adapted to grapevine are global biodiversity hotspots (Myers et al., 2000).

Agriculture is the largest user of fresh water, accounting for 99% of the global consumptive water footprint (Hoekstra and Mekonnen, 2012). This is confirmed in California, where agriculture irrigation consists of 74% of total freshwater use (Maupin et al., 2014). Under standard cultural practices in California vineyards, 140 to 220 L of irrigation water is used to produce 1 kg of wine grape (Martínez-Lüscher et al., 2017). Optimization of irrigation is not only important for environmental sustainability but also because it directly affects the yield and composition of grapes and wines (Castellarin et al., 2007; Brillante et al., 2017, 2018a). The grapevine agronomic performance under mild water deficits is well documented (Chaves et al., 2010). However, variability in the physical environment at the growing site affects grapevine water status in space and time within the same vineyard (Brillante et al., 2016a) resulting in locally inadequate irrigation within uniformly irrigated blocks (Brillante et al., 2016a, 2017) and variability problems can be exacerbated by inefficiencies in the irrigation system. This usually results in spatial differences in yield and/or grape composition at harvest (Acevedo-Opazo et al., 2008; Taylor et al., 2010; Brillante et al., 2017).

Water savings and better agronomic performances could be obtained by reducing spatial heterogeneity in plant water status (Sanchez et al., 2017), avoiding local over-irrigation, and by better tailoring irrigation strategies (Brillante et al., 2018a). Routine measurements of plant water status in the field are time-consuming and they must be constrained to few locations and time points, thus they do not easily allow a spatialized approach. Current remote sensing (Gutiérrez et al., 2018; Kustas et al., 2019) and modeling methodologies (Brillante et al., 2016b) for zoning and mapping plant water status in precision agriculture need a validation measurement that is reliable and easy to measure in multiple locations. Carbon stable isotope composition in grape musts can address this issue, as it is rapid to measure and has been proposed as a reliable continuous integrator of plant water status throughout the ripening period (Gaudillère et al., 2002). In short, the heavier stable carbon isotopes are discriminated through the difference in binary and ternary diffusivity and ribulose 1,5-diphosphate carboxylase oxygenase kinetic constants of 13CO2 and 12CO2. When stomata are closed because of water deficit this kinetic preference is reduced, as the 13CO2/12CO2 ratio increases in the sub-stomatal cavity. The resultant photoassimilates are then enriched in 13C. Water deficits are the determining factor affecting stomatal conductance and by extension the proportion of 13C assimilated (Farquhar et al., 1989). Measurements of carbon isotopic discrimination, δ13C, can be performed on different organs and growing stages for different purposes. The use of this analysis on grape musts offers operational advantages for estimating overall water status during the ripening period (Bchir et al., 2016), as it can be performed on the same substratum used for monitoring ripening, although not offering an instantaneous evaluation useful to schedule water as for the Scholander pressure chamber. Analyses of berry must δ13C can be performed once at the end of the season to characterize the spatial pattern of the water status at the field scale (Herrero-Langreo et al., 2013), or to better understand the response of the grapevine in a given vintage (Brillante et al., 2018b), or for comparing the water use efficiency of accessions in breeding programs. Although the direct relationship between δ13C and classic reporting of plant water status by leaf or stem water potential (Ψ) was shown by previous studies across the world (see Brillante et al., 2018b, for a recent meta-analysis), the relationship with gas exchange was much less investigated and when considering the measurement of δ13C on leaves contrasting results were also reported (Poni et al., 2009; Bchir et al., 2016). The relationships between grapevine predawn water potential, Ψpd and δ13C were shown to vary in the intercept across cultivars and locations, but not in the slope (Brillante et al., 2018b), offering a way to translate isotope composition values to grapevine Ψ in relative, but also rising the need for calibration in new conditions, as in California. Additional work for understanding the relationship between plant Ψ and δ13C of grape musts is needed, and also extending the study to evaluate the link between δ13C of musts and leaf gas exchange parameters that are not frequently found in the literature.

Considering the need for a measurement that can assess water status of grapevine reliably, rapidly and cost-effectively, the overarching aim of this work was to conduct a multi-area calibration of δ 13C to grapevine Ψ and leaf gas exchange parameters to better understand the δ 13C signal in viticulture, across economically important cultivars used in wine and table grape production. The specific objective of this study was to apply this knowledge to assess if intra-vineyard variability in water status and gas-exchange could be assessed by δ13C, and use δ13C to delineate management zones for selective harvest or site-specific management, or as a method to provide an effective and reliable physiological ground-truthing for sensor maps (e.g., remotely sensed vegetation indexes, soil electrical resistivity). This is crucial for vine physiology-based zoning, and therefore, to implement site-specific strategies in precision viticulture (e.g., selective harvest, design of variable-rate irrigation systems etc.).



MATERIALS AND METHODS


Experimental Sites and Plant Material

The experiment was conducted during 2016 at four different experimental sites located across the state of California (Figure 1). The characteristics of these fields are reported in Table 1. In Sonoma and Galt, vineyards were planted on Cabernet-Sauvignon grafted on 110R (V. berlandieri Planch. × V. rupestris Scheele) and 1103P (V. berlandieri Planch. × V. rupestris Scheele) respectively, trained on a high-quadrilateral trellis, and spur pruned on two bilateral cordons. In Paso Robles, the vineyard was planted on Merlot Noir, grafted on 1103P, and trained on a Vertically-Shoot-Positioned (VSP) trellis and spur pruned on a unilateral cordon (see Martínez-Lüscher et al., 2019 experiment 3 for a more detailed description of this vineyard). In Delano, the vineyard was planted on Crimson-Seedless grafted on Freedom (1613-59 × Dog Ridge 5), cane pruned and on gable trellis.


[image: image]

FIGURE 1. Geographical locations of the experimental vineyards in the study.



TABLE 1. General characteristics of the experimental design and vineyards.

[image: Table 1]Physiological measurements and berry samplings for δ13C and skin anthocyanin analysis were performed on experimental units composed of ten grapevines each and spatially distributed across each vineyard block according to a stratified random sampling based on multivariate clustering of electrical resistivity, and Normalized Difference Vegetation Index (NDVI) measured as described in the next section. In Sonoma, experimental units were instead located on a 33 m equidistant grids and composed by 5 vines each (see Brillante et al., 2017 for a more detailed description of this vineyard).



Chemical Analysis


Carbon Isotope Composition of Musts

Carbon stable isotope composition was measured in musts of mature grapes obtained from one composite sample of 100 berries, following the protocol described by Gaudillère et al. (2002). Berries were randomly sampled from multiple clusters and collected without pedicel. They were stored in ice and later crushed in the laboratory to obtain the juice. The juice was spun twice, approximately 40 ml were spun at 2000 × g and 1 ml aliquot was collected in a smaller tube and centrifuged again at 14,119 × g to further remove suspended solids. Then 5ul of the clear liquid was inserted in thin capsules, dried overnight at 60°C, and encapsulated using tweezers. Isotopic analyses were performed at the UC Davis Stable Isotope facility, using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, United Kingdom). Samples were combusted at 1080°C in a reactor packed with chromium oxide and silvered copper oxide. Following combustion, oxides were removed in a reduction reactor (reduced copper at 650°C). The helium carrier then flew through a water trap (magnesium perchlorateand phosphorous pentoxide). CO2 was retained on an adsorption trap until the N2 peak was analyzed; the adsorption trap was then heated releasing the CO2 to the IRMS. Samples were interspersed with several replicates, in addition to at least two different laboratory standards, and the standard deviation was lower than 0.2 per thousand, and conform to the long-term standard deviation of the lab. All results are expressed in delta notation, as calculated in equation (1)
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where Rsample and Rstd are the absolute 13C/12C ratios for sample and standard. The values of δ13C are reported in parts per thousand respect to the Vienna Pee Dee Belemnite (VPDB) international reference.



Grape Berry Anthocyanin Extraction and Analysis

Grape berry skin anthocyanins were analyzed on 20 berries randomly sampled from each per experimental unit at maturity. Berry skins were gently peeled using a scalpel and then freeze-dried (model 7810014/7385020, Labconco, Kansas City, MO, United States). Dry skin weights were recorded after lyophilization, and then the skin tissues were powdered with a tissue lyser (MM400, Retsch, Mammelzen, Germany). Ground dry skin (50 mg) was weighed and extracted overnight at 4°C with 1 mL of methanol:water:7 M hydrochloric acid (70:29:1). Extracts were filtered with PTFE membrane filters (0.45 μm, VWR, Seattle, WA, United States), and transferred into HPLC vials before injection. The HPLC-DAD analyses of anthocyanins were performed with an Agilent 1260 (Santa Clara, CA, United States) with a LiChrospher 100, 250 mm × 4 mm with a 5 μm particle size and a 4mm guard column of the same material. HPLC gradient was the same as Ritchey and Andrew (1999).



Leaf Nitrogen Content and Plant Biomass

Vine leaf blades were collected to determine nutrient status at anthesis in each of the experimental vineyards. Fifty leaves in a position opposite a cluster were collected per experimental unit. Leaf-blades were rinsed in distilled water, dried at 65°C for 48 h and ground to pass through a 0.425 m sieve. Total nitrogen was determined by Dellavalle, Inc., Fresno, CA, United States via automated combustion analysis, method B-2.20, (Gavlak et al., 1994).

Plant biomass was estimated by collecting and weighing the wood after pruning four grapevines per experimental unit.



Supportive Analysis


Spatial Data Acquisition and Terrain Analysis

A digital elevation model was acquired using a differentially correct GPS (post-processing accuracy 2–5 cm in all directions) TRIMBLE Pro 6T DGNSS receiver (Trimble Inc., CA, United States). A terrain analysis was then performed using SAGA GIS v.2.1.2. (Conrad et al., 2015) to compute aspect, slope, and wetness index, SAGA WI (Conrad et al., 2015).



Soil Electrical Resistivity

At the beginning of the growing season, soil electrical resistivity measurements were performed using an EM38-MK2 (Geonics Limited) soil electrical conductivity meter. Measurements were performed in vertical dipole orientation at 0.75 m (Shallow ER) and 1.50 m (Deep ER). The sensor of the instrument was calibrated according to the manufacturer’s instructions to minimize the errors before the survey. The instrument was placed on a non-conductive PVC sled at an approximately 15 cm height above the ground and pulled by an all-terrain vehicle along the inter-rows at a distance of ∼2.5 m to avoid interference phenomena with the vehicle. The use of the PVC sled made it possible to keep the instrument at a constant distance from the soil surface, making data acquisition easier.



Normalized Difference Vegetation Index

At the beginning of flowering (modified E-L scale #19), canopy reflectance as NDVI was measured using a Crop Circle AS430 (Holland Scientific Inc.). The data stream was logged at 1 Hz to a GeoScout datalogger (Holland Scientific Inc.) and geolocated with a WAAS-enabled Garmin 18× GPS (Garmin Ltd.).



Solar-Noon Stem Water Potential

Plant water status was measured as stem water potentials (Ψstem). For each experimental unit and sampling instance, three (in Sonoma) to six leaves (anywhere else) from the middle section of main shoot axis were covered with a reflecting zip-top mylar bag for 2h. Around solar noon (12:30-15:30h), leaves were cut with a razor blade and immediately measured in a pressure chamber (Model 615, PMS instruments Co., OR, United States).



Leaf Gas Exchange

Leaf gas exchange was measured at solar noon (12:30-15:30h) using a portable infrared gas analyzer CIRAS-3 (PP Systems, Amesbury, MA, United States), featuring a broad-leaf chamber with 4.5 cm2 window size. In each experimental unit, three sun-exposed leaves from three grapevines and on an intermediate position of a main shoot were measured; plants and leaves randomly varied between dates. To mitigate the effect of time, the order in which experimental units were measured was randomly assigned from one measurement date to another. Assimilation rate (AN, μmol CO2 m–2 s–1) and stomatal conductance (gs, mmol H2O m–2 s–1) were obtained by measurement of inlet and outlet CO2 and H2O relative concentration. Intrinsic water use efficiency (WUEi) was calculated as the ratio between AN and gs (and then expressed in μmol CO2 mmol–1 H2O). The cuvette was oriented perpendicularly to sunlight, which was always in saturating conditions (average of internal PAR > 1900 μmol m–2 s–1). Measurements were taken at 60% relative humidity, with a CO2 concentration of 390 μmol CO2 mol–1, and using a flow to the chamber of 300 mL min–1.



Statistical Analysis

Statistical analysis was performed in R 3.5.1 (R Core Team, 2018). Generally in the text, the term significant is used to indicate p-value < 0.05.

When used, integrals of Ψstem and leaf gas exchange were calculated using the composite trapezoid rule, then divided by the time range to have values more easily comparable to individual date measurements. Correlations between parameters in the same vineyard were assessed according to a modified t-test for spatial processes (Dutilleul, 1993).

Maps of the δ13C and Ψstem were obtained by linear interpolation with x, y, z coordinates, and prediction error on unseen locations was estimated through bootstrap. Zoning was performed by k-means, and the similarity between δ13C and Ψstem zones evaluated by the Rand index.

Anthocyanin maps were performed using universal block kriging with variables of interest being linearly dependent on x, y, z coordinates, and block size 33 m ∗ 33 m. Variogram shape was assessed by multiple tests and comparisons using cross-validation. The gstat package (v. 1.1-6) was used for this purpose (Pebesma, 2004). Comparison of means across management zones was carried-out using generalized least-square ANOVA to account for spatial dependency.

The stability of the linear regression estimates (slope and R2) between δ13C and Ψstem with an increasing number of samples was assessed using a resampling routine with replacement of the whole season data set. The exercise aim was to simulate what could have happened to the δ13C ∼Ψstem relations if one or more sampling dates would have been missing from the dataset. For this purpose linear regression explaining Ψstem integrals, mean or minimum as a function of δ13C was fitted to the subset with a variable number of observations from a minimum of 3 to a maximum of total observations – 1 (6). Each resample subset was composed of unique observations and the original temporal order was conserved.



RESULTS


Relationships Between Ψstem and Leaf Gas Exchange

A large variation was observed in the Ψstem when all cultivars (Cabernet Sauvignon, Merlot, Crimson Seedless) were pooled, in which the values ranged from −0.66 to −1.8 MPa covering a comprehensive range of plant water status for grapevine. Likewise, we also observed considerable variation in leaf gas exchange (wine grapes only). Stomatal conductance (gs) ranged from 7 to 311 mmol H2O m2 s–1, and net carbon assimilation (AN) ranged from 1.5 to 21 μmol CO2 m2 s–1. Intrinsic water use efficiency (WUEi) ranged from 0.04 to 0.29 (μmol CO2 mmol–1 H2O).

Stem water potential and leaf gas exchange parameters were linearly related across the three wine grape locations and two cultivars over which they were measured. Figure 2 presents single date averages across all experimental units. Within our range of data, the general response to an increase in Ψstem was a significant linear increase in both gs and AN. Conversely, this general response was reversed with WUEi in which as Ψstem increased, the WUEi significantly and linearly decreased. Some difference is observable between Cabernet and Merlot in the relationships of Ψsteam with gs and AN, but not with WUEi with Merlot having general lower gs and AN at equivalent Ψstem. We report these results in Supplementary Figure 1, but it is important to note that the environment was not controlled and the varieties were located in different growing regions and differentially managed, therefore limiting our ability to interpret this difference between cultivars from a physiological standpoint.
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FIGURE 2. Relationship between stem water potential and leaf gas exchange in grapevine across three different vineyards in three different viticulture areas and two different varieties (Merlot and Cabernet-Sauvignon). Each point is an aggregate of minimum 3 measurements on different leaves and plants within a single experimental unit. (A) relationship with stomatal conductance; (gs) (B) relationship with AN (C) relationship with intrinsic water use efficiency (WUEi). Blue line is a linear regression line; in gray is the confidence interval.




Relationships Between Plant Water Status, Leaf Gas Exchange and δ13C of Grape Musts

We observed a wide range in δ13C values (−23.08 to −26.79 ‰), reflecting the variability we measured in plant water status and leaf gas exchange. The results are reported in Table 2. Compared to other δ13C values reported in the literature, values are included in the mid of the range as summarized in Brillante et al. (2018b). They show values higher (indicating less stress) than the ones reported in Gaudillère et al. (2002), for Bordeaux Cabernets and Merlot; similar to the ones reported in Guix-Hébrard et al. (2007), for Shiraz in Languedoc, FR; and lower (indicating more stress) than the ones reported in Brillante et al. (2018b) for Chardonnay in Burgundy, FR.


TABLE 2. Summary statistics of the δ13C data measured on grape juice samples

[image: Table 2]There was a strong inverse linear correlation between mean Ψstem measured across the growing season and δ13C measured on grapes at harvest, Figure 3. The relationship between leaf gas exchange (not available for Crimson Seedless) and δ13C was further confirmed by regression analysis. There was a positive relationship between season integrals of gs or AN with δ13C (Figures 4A,B). Likewise, the relationship with integrals of WUEi and δ13C was also evident, albeit in the inverse direction (Figure 4C). Supplementary Figure 2 shows differences between the two varieties in the relationships between the means of the leaf gas exchange variables and δ13C, although the intercept estimates are different the slope estimates are similar. The same limits observed in the interpretation of Supplementary Figure 1 apply here.


[image: image]

FIGURE 3. Relationship between δ13C of grape musts at harvest and seasonal means of Ψstem across four different vineyards in four different viticulture areas and three different varieties (Merlot, Cabernet-Sauvignon, Crimson-Seedless). Shape of point is mapped to the cultivar. Blue line is a linear regression line; in gray is the confidence interval.
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FIGURE 4. Relationship between δ13C of grape musts at harvest and seasonal integrals of leaf gas exchange across three different vineyards in three different viticulture areas and two different varieties (Merlot and Cabernet-Sauvignon). (A) relationship with stomatal conductance (gs), (B) 4 relationship with AN; (C) relationship with intrinsic water use efficiency (WUEi). Blue line is a linear regression line; in gray is the confidence interval. All p-values < 1e–12.




Leaf Nitrogen Concentration and Its Relationship to Gas Exchange and δ13C

Leaf nitrogen concentration was significantly and positively related to WUEi (Figure 5A). Conversely, leaf nitrogen concentration was significantly and negatively related to Ci/Ca. (Figure 5B). We also observed a significant positive relationship between leaf nitrogen concentration and δ13C (Figure 5C) when Cabernet-Sauvignon and Crimson Seedless data were pooled (nitrogen data were not available for the Merlot vineyard). The leaf nitrogen concentration was directly related to Ψstem whereas the total nitrogen concentration increased, Ψstem decreased (Figure 5C).
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FIGURE 5. Relationship between Nitrogen content measured in leaf blades, and (A) seasonal integrals of WUEi, (B) seasonal integrals of Ci/Ca, (C) δ13C of musts, and (D) seasonal integrals of Ψstem. Shape of points is mapped to cultivar. Blue line is a linear regression line; in gray is the confidence interval.




Comparing δ13C and Plant Water Status to Delineate Management Zones for Selective Harvest in Precision Viticulture


Relationships Between Sensed Site Characteristics and Whole Grapevine Physiology

The physical variability of a producing vineyard was assessed by proximal sensing soil electrical resistivity, canopy reflectance, and by interpolating elevation, slope, and aspect from GPS data obtained in-situ. The shallow (0–0.75 m) and deep (0–1.50 m) soil electrical resistivity (ER), and the canopy reflectance are presented in Figure 6. In each map, experimental units where plant measurements are represented by a black circle. At this research site, soil units varied with elevation indicating a toposequence. There was a significant relationship between shallow and deep soil ER to absolute elevation measured (r = 0.73, and r = 0.70, respectively). Furthermore, soil ER was well correlated to plant water status and leaf gas exchange. It is worth noting that shallow ER (0–0.75 m) was more informative of plant conditions than deep ER (0–1.5 m). Specifically, shallow ER was significantly correlated to Ψstem, δ13C, gs, AN, and WUEi, and deep ER was significantly correlated to Ψstem only. The SAGA WI was significantly correlated to Ψstem, but not to δ13C. The NDVI was positively correlated to the topographic wetness index but not to the SAGA WI or season-long Ψstem but was positively correlated to pruned wood weight. However, wood weight was significantly and inversely correlated to δ13C, gs, and WUEi. Correlations between plant measurements and sensor data are reported in Table 3.


[image: image]

FIGURE 6. Maps of shallow (0–0.75 m) and deep (0–1.5 m) soil electrical resistivity and canopy reflectance as NDVI. Black dots in 2D maps shown in the upper panels indicate the locations of the experimental units. Elevation is exaggerated twice in 3D maps to enhance topographic variation within the vineyard. Coordinates are EPSG:32610 (metric).



TABLE 3. Spatial correlations (modified t-test) between terrain characteristics, soil electrical conductivity, ground sensed NDVI data and integrals of physiological measurement of plant water potential and leaf gas exchange.

[image: Table 3]


Interpolating Plant Water Status Deriving Management Zones

We interpolated plant water status by the use of Ψstem or δ13C. Figure 7A presents the map of plant water status by interpolating δ13C measured from the berries sampled in the experimental units (black dots in the figure). Figure 7B presents the map of plant water status obtained with interpolation of season-long Ψstem integrals (7 measurement dates). For δ13C the Root Mean Square Error, RMSE, in the bootstrap validation analysis was 0.63 ‰ with R2 =0.54, and for Ψstem for, the RMSE was 0.1 MPa with an R2 = 0.56. The projections of the Figures 7A,B look similar in their main trend with the North-West side of the vineyard displaying more water stress than the South-East side in either Figure. This result confirms the fundamental relation between δ13C and Ψstem shown in Figure 3, which was also established with data from this vineyard. Zoning of plant water status in two management zones for selective harvest purposes was obtained by k-means clustering applied to the underlying data of Figures 7A,B. Zones were denominated “Severe” and “Moderate” water stress, and presented in Figure 7C, δ13C derived, and 7d, Ψstem). The similarity of management zones whether calculated from Figure 7A to derive 7C or from Figure 7B to derive 7D was 0.67 as measured by the Rand index (Rand index values range between 0 and 1, for none too exact similarity).
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FIGURE 7. Interpolated maps of δ13C (A) and season integrals of Ψstem (B). Maps where interpolated using a linear interpolation with x, y and z as ancillary variables. Root mean squared error in the bootstrap validation analysis is 0.63‰ with R2 = 0.54 for interpolation of δ13C and 0.1 MPa with R2 = 0.56 for interpolation of Ψstem. K-means clustering of the field in two management zones for differential harvest according to water status throughout the season, as evaluated by δ13C (C, clustering of data in A) and Ψstem integrals (D, clustering of data in B). Similarity between the clusters in (C) and (D) as expressed by Rand index is 0.67. Coordinates are EPSG:32610 (metric).




Selective Harvest Zoning Using δ13C

Grape anthocyanin composition and profile varied greatly across the field as shown in Figure 8, and patterns closely reflected variability in water status. Assessment of variability in grape composition for selective harvest was conducted dividing the samples according to the location of experimental units within the zones in Figures 7C,D. This resulted in a total of four classes: 2 zones as separated by δ13C and 2 management zones as separated by Ψstem. The differences in anthocyanin amount and composition of grape berry as separated by these classes were analyzed with analysis of variance to compare the efficiency of δ13C or Ψstem for selective harvest. The results are presented in Figure 9. The total amount of anthocyanins, the amount of di-hydroxylated and tri-hydroxylated forms per berry basis, and the ratio between these forms was compared. The severe water stress zone had a significantly lower amount of anthocyanins on a per berry basis, a lower amount of tri-hydroxylated and of di-hydroxylated anthocyanins as well as a higher ratio between of the two hydroxylase forms compared to the moderate water stress zone. The use of δ13C or Ψstem performed, similarly, in segregating harvest zones. The preference of δ13C or Ψstem did not result in a significant difference in the anthocyanin amount or composition if one or the other plant water status assessment method was utilized.
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FIGURE 8. Kriged maps of di-hydroxylated, and tri-hydroxylated anthocyanins expressed in mg berry–1 and hydroxylation ratio (tri-hydroxylated/di-hydroxylated). Coordinates are EPSG:32610 (metric).
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FIGURE 9. Separation of mean anthocyanin composition (mg berry–1) across the management zones presented in Figures 7C,D. Metabolite data from experimental units located within each zone were aggregated.




Effect of Sampling Granularity on the Correlation Between Ψstem and δ13C

The effect of sampling granularity on the regression estimates of the relations between Ψstem and δ13C of musts was assessed within the same producing Cabernet Sauvignon vineyard where the management zone clustering trial was conducted (section “Comparing δ13C and Plant Water Status to Delineate Management Zones for Selective Harvest in Precision Viticulture”). The method is described “Materials and Methods–Statistical Analysis” and results are presented in Figure 10. The purpose of this analysis was not to indicate a specific minimum number of measurements, but instead to indicate how low-quality results could be related to an insufficient sampling frequency of physiological data when compared to δ13C, which is an integrative and continuous indicator.
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FIGURE 10. Evolution of the linear regression estimates between Ψstem and δ13C of musts at harvest (‰) in a simulation where measurement dates through the season for Ψstem is progressively increased. Sensitivity of different aggregation statistics for Ψstem is also tested: minimum, mean, and integral. In the linear regression Ψstem = mδ13C + b (A) shows effect on R2 and (B) shows effect on slope (m).


With the increasing number of measurement dates, the relationship between Ψstem and δ13C was stronger, low R2s were no longer estimated. The use of the minimum was able to produce the strongest relationship between variables but was the most sensitive to the number of measurements, showing the larger reduction in variability, and the larger increase in R2 with increasing frequency. This is to be expected, as by increasing the number of measurements also increases the chance of finding the same minimum value across the resample combinations. For the same reason, the minimum also had generally higher variability in R2 with respect to the use of mean or integral, except for a high number of measurements. The minimum also had lower variability in the slope with respect to the other aggregation values. A change in 1 unit of δ13C corresponds to a variation in 0.2 MPa of minimum Ψstem. The mean and the integral behaved very similarly, within the confines of our work, no clear preference for one or the other statistics could be suggested.



DISCUSSION


Carbon Isotope Composition of Grape Musts Is a Sensitive Bio-Data Logger of Plant Water Status and Gas-Exchange During Sugar Accumulation in Berries

Determining the relationship between Ψ and leaf gas exchange parameters is necessary for physiological and agricultural interpretation of δ13C. The significant and direct relationships presented here (Figure 3) provide evidence that δ13C of grape musts was a sensitive bio-data logger of plant water status through berry development, as previously observed by other authors (Gaudillère et al., 2002; de Souza et al., 2005; Koundouras et al., 2008; Costantini et al., 2010; Brillante et al., 2018b). However, some contradictory results were also observed when δ13C was measured on leaves (Poni et al., 2009; Bchir et al., 2016). To our knowledge, our study is the first work where a relationship of δ13C of grape musts with AN and gs is presented, and between δ13C and WUEi with such a large and diverse dataset (Figure 4). Our results are corroborated by those obtained in different crops such as avocado (Persea Americana Mill., Acosta-Rangel et al., 2018), peach (Prunus persica, L., Pascual et al., 2016), and rice (Oryza sativa, L., Tao et al., 2015).

It should be kept in mind that δ13C signal is interpreted as a continuous integrator of the photosynthetic process, recording every moment of activity, while typical Ψ and leaf gas exchange determinations are discrete measurements (i.e., performed at a specific time of the day and in few time points over the growing season). Besides, when measured on sink organs such as fruits, δ13C integrates the carbon fixation processes at the scale of the whole canopy, while typical Ψ and leaf gas exchange measurements are performed on specific and selected leaves assumed representative of the whole. The differences in spatial and temporal scales of the variables in the correlations may affect the quality of the estimations. In Figure 10, we show how variability in regression estimates of the δ13C ∼ plant physiology measurements at discrete time points are affected by sampling granularity (i.e., the number of time points and summarizing function) of the discrete measurement. Not only the statistical significance and explained variability may be affected by the sampling granularity, but also slope and intercept may change. In the literature, following the seminal paper by Gaudillère et al. (2002), the use of minimum Ψ, instead than the average or the integral is frequently found to establish relationships with δ13C (Guix-Hébrard et al., 2007; Brillante et al., 2016b). The minimum Ψ ranks the worst water status conditions across the experimental units in the dataset, the correlation with δ13C appears more stable at a lower number of measurements (Figure 10) and the slope 1‰≈−0.2 MPa confirm the results of a previous meta-analysis (Brillante et al., 2018b) which was, however, based on minimum Ψpd (predawn). This correspondence δ 13C ∼Ψ will easily allow direct interpretation of relative differences in δ 13C, within and between vineyards, as absolute correspondence is not possible considering the intercept of the relationship appears to change because of environmental and genetic factors (Brillante et al., 2018b).

We would explicit that the statistical exercise shown in Figure 10 does not have the aim of identifying the minimum number of measurements to achieve reliable correlations with δ13C but to demonstrate that inconsistent results could be due to a reduced dataset for a fine integration of plant water status. We will not suggest a precise number of measurements needed for the regression analysis because this would be very dependent on the conditions of the study, as a result of the influence of weather conditions (especially vapor pressure deficit) at the time of the measurement on Ψstem, as observed in grapevine and other crops (Williams and Baeza, 2007; Suter et al., 2019). In the steady meteorological conditions of California summers, a relatively low number of measurements allows reliable correlations; in more variable weather conditions, this number could be higher. For instance, in Burgundy (Eastern France), weekly measurements of Ψstem were not related to δ13C, until a modeling approach allowed to compare averages from daily interpolations (Brillante et al., 2016b). In the same conditions, weekly measurements were enough to correlate δ13C to Ψpd (Brillante et al., 2017), as the time of the day makes it less dependent on atmospheric conditions.



Genetic and Environmental Factors and the Role of Nitrogen

In this study, we pooled together three different varieties and maintained good correlations between δ13C and other physiological measurements (Figures 3–4), but genetic variability in δ13C was reported across grapevine cultivars (Gaudillère et al., 2002; Gómez-Alonso and García-Romero, 2009; Bota et al., 2016). This variability is worth investigating as a phenotyping tool for breeding purposes, as commonly done in other crops, but it would complicate the use of δ13C in production management. The use of relative comparison as a simple turnaround has been suggested in the previous Section “Carbon Isotope Composition of Grape Musts Is a Sensitive Bio-Data Logger of Plant Water Status and Gas-Exchange During Sugar Accumulation in Berries.” The use of δ13C as a phenotyping tool would be very valuable in grapevine as well, considering the strong relationship with WUEi and gas exchange observed in Figure 4. However, several biological and environmental factors could contribute to differences in δ13C between genotypes, including stomatal behavior (Miner et al., 2017), leaf structure and anatomy (Flexas et al., 2010), and factors influencing the Ci/Ca ratio, i.e. affecting AN (Cernusak et al., 2013). In C3 species, the dependency of carbon isotope discrimination on gm has been deemed the cause of the relationships between δ13C in leaves and AN (von Caemmerer et al., 2014) which was also observed here (Figure 4). In our case, the correlation was obtained by measuring δ13C in sink organs, thus after partitioning, and not instantaneously during photosynthesis.

Comparisons of results across space and time may be complicated by genotype x environment interactions, but also by environmental conditions affecting the 13C/12C ratio in the atmosphere (e.g., latitude, altitude, etc.). Following Gaudillère et al., 2002, in grapevine literature we traditionally use δ13C, thus referring values to a chemical standard only, but the use of carbon isotope discrimination, Δ (Brook et al., 2020), thus accounting for 13C in the atmosphere, may be preferable. This approach would make data more comparable across time, considering that atmosphere is consistently enriching in 12C as a result of fossil combustion, exchange with methane, etc., and could reduce the variability in the intercept observed in Brillante et al. (2018b).

Environmental factors and interactions with horticultural practices also can play a role in variability between cultivars and complicate interpretation of results across vineyards and regions. For example, mineral nutrition affects carbon fixation rates influencing demand for CO2 in the mesophyll, Ci/Ca, and therefore, Δ (Cernusak et al., 2013). Across all mineral elements, nitrogen is the one more likely creating this effect, as shown in other woody plants such as Quercus robur L., Pinus pinaster Ait. (Guehl et al., 1995), or Ficus insipida Willd (Cernusak et al., 2007, 2013). To our knowledge, this is the first time that similar confirming results are reported in a cultivated plant such as grapevine (Figure 5). In previous work on the grapevine, where the effect of N on δ13C was also investigated (Gaudillère et al., 2002), the range of leaf N was too limited to observe any influence. In our study, a much wider range of variation was obtained by grouping data from three vineyards and two varieties; such variability is likely much harder to find in a single vineyard, in the absence of drastic variability in soil available N.

The discussion of our results in Figure 5 should consider that they were obtained under commercial production conditions and in concomitance with drought, which is likely to interact with N content, and constitute big difference respect to the previously cited works by Guehl et al. (1995) and Cernusak et al. (2007, 2013). Under the confines of our study, the correlation between Ci/Ca and N reported herein could be related to a direct increase in AN, with water stress factors also participating, as a correlation between ψ and N was observed. In principle, limited water supply is typically associated with reduced leaf expansion and lower transpiration resulting in higher leaf N content (Farquhar et al., 2002). Increased N content per leaf area has been reported as acclimation to optimize N economy under drought in willow (Salix spp.) (Weih et al., 2011), and to vary naturally in field conditions. Besides, species living in low-rainfall regions may have a greater amount of leaf N respect to species living in high rainfall environments (Wright et al., 2003). Our results corroborate previous reports in this sense, as the smallest grapevine canopies were found in water-stressed plants (as estimated by the correlation between pruned wood weights with WUEi, gs and AN in Sonoma vineyard, Table 3) having higher water use efficiency and leaf nitrogen content, while nitrogen was not correlated to the weight of dormant pruning (not shown). Our results are also in agreement with a recent meta-analysis (He and Dijkstra, 2014), indicating that availability of water, rather than N availability, could be the main driver for reduced plant growth with long-term water deficits. Future studies need to address and elucidate the inter-relationship between leaf nitrogen and carbon discrimination, across different water deficits. Although some variability in δ13C associated with N content cannot be excluded, it is unlikely that the effect of N could be so strong to prevent a direct interpretation of δ13C in terms of plant water stress, as the results of our article show. This consideration is reinforced by considering that the effect of water deficits on δ13C, and the effect of leaf N on δ13C act in the same direction, and therefore the effect of water deficits on leaf N could indirectly reinforce the signal on δ13C.



The Use of δ13C for Zoning Vineyard Variability

The variability in plant water status may influence the yield (Guilpart et al., 2014) and berry chemistry of fleshy fruits, such as grapes (Brillante et al., 2017), and originate spatial variability in agriculture performances between and within plots, as confirmed here. Although in some rain-fed premium wine regions, with a long cultivation history, this may be exploited for site-specific management purposes or to distinguish agricultural products, i.e., as one part of the terroir effect (van Leeuwen et al., 2004), in the majority of vineyards, and agricultural systems, under irrigation, this variability may be considered a problem to deal with. Having a reliable, cost and time-effective measurement of plant water status, such as the δ13C, is crucial in managing variability, across different spatial scales, from the field to the region, and for large surface modeling purposes of plant performances, such as yield (Santesteban et al., 2016). The use of δ13C to map an overall estimation of plant water status was already proposed (Herrero-Langreo et al., 2013). However, the efficiency of zoning fruit composition, compared to maps obtained through water potential measurements (Brillante et al., 2017; Gaudin et al., 2017) was never evaluated. We provide evidence that the two strategies are equivalent in their performances of delineating vineyard management zones having different anthocyanin composition (Figure 9), useful for implementing a selective harvest approach (Bramley et al., 2011). However, it is the opinion of the authors that evaluation of plant water status by direct measurement and kriging is inefficient and costly to be implemented in commercial agriculture because of the numbers of measurement points needed in space and time for a successful interpolation and estimation of vineyard conditions. The use of sensors, such as electrical resistivity or NDVI as in here, to assess variability in vineyards is straightforward and inexpensive but requires a rigorous ground-truthing to provide reliable information that could be used for informed management. For example in our case, δ13C was correlated to shallow ER, but not to deep ER or NDVI (Table 3). Measurement of δ13C in grapes is reliable and effective for this purpose, especially considering that physical limits and physiological differences between management zones are influenced by the weather of the season and as such can change across years demanding for yearly checking. Vineyard variability can be easily mapped through the use of sensors, and physiological differences between management zones obtained in this way could be assessed on a single composite berry sample for each zone. A difference in δ13C by 1‰ between the zones, corresponding to an average difference of 0.2 MPa in ψstem during the ripening period, would be enough to produce sensible effects on the grape composition, as in the case reported here.



CONCLUSION

Measuring carbon isotope discrimination of grape juice is fast and effective, needs to be performed only once a year for a comprehensive and reliable assessment of plant water status during the whole ripening season. The measurement is carried out on the same substratum routinely sampled to assess grape ripening and requires little additional processing. As demonstrated in this article, the relationships with grapevine gas exchange and water potentials are very robust. Noisy factors such as differences in regions, varieties, or leaf nitrogen are minimized and could be neglected when using δ13C to map variability at the within vineyard scale, but may need to be considered if the variability is expected to be large, which also depends on the space-time scale. One solution would be comparing relative and not absolute differences in δ13C values.

Carbon isotope discrimination is a continuous assessor and as such provides a more comprehensive estimate of plant physiology respect to discrete measurements obtained with other instruments or techniques allowing discrete measurements (Ψ, gas exchange). This is even more important when daily environmental variability is high. As shown here, the difference in sample granularity may affect the relationship with the discrete measurements and bring to conflicting results when the discrete measurement is aggregated from a small number of time points that do not consent a good assessment of the temporal variability.

The ability to provide reliable estimates of plant average conditions from a single measurement is an advantage of the δ13C for zoning, thus in precision viticulture, and a limit for irrigation scheduling. With the increasing availability of sensor data to monitor plant performances in agriculture fields, we need fast and reliable ground-truthing able to characterize plant physiology efficiently with a large scale and high resolution. This article demonstrated that δ13C of grape must is a reliable and repeatable assessor of grapevine water status and gas exchange in vineyard systems that are crucial for zoning vineyards, independently if irrigated, and for rapid validation of sensor maps in precision viticulture from a physiological standpoint.
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FIGURE S1 | Relationship between stem water potential and leaf gas exchange in grapevine across three different vineyards in three different viticulture areas and two different varieties (Merlot and Cabernet-Sauvignon). Each point is an aggregate of minimum 3 measurements on different leaves and plants within a single experimental unit. (a) relationship with stomatal conductance; (gs) (b) relationship with AN; (c) relationship with intrinsic water use efficiency (WUEi). Lines are linear regression line and color is mapped to cultivar; in gray is the confidence interval.

FIGURE S2 | Relationship between δ13C (‰) of grape musts at harvest and means of leaf gas exchange across three different vineyards in three different viticulture areas and two different varieties (Merlot and Cabernet-Sauvignon). (a) relationship with stomatal conductance (gs), (b) 4 relationship with AN; (c) relationship with intrinsic water use efficiency (WUEi). Blue line is a linear regression line; in gray is the confidence interval.
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THE CONCEPT OF TERROIR: USE AND ABUSE
Terroir is a French term with roots in the Latin term terra meaning ground or land. In the international wine jargon, the term has assumed a more specific and nuanced meaning: it is the result of “collective knowledge of the interactions” between the environment and the vines mediated through human action and “providing distinctive characteristics” to the final product (i.e., wine; OIV, 2010). Terroir is not just a geographical site, but includes:
(i) the physical environment (e.g., climate, geology, soil, and topography);
(ii) the biological material and production practices;
(iii) cultural, socio-economical and political aspects.
Nowadays, the storytelling of terroir is abundant in both the popular press and marketing of wine. Although there is no reference to wine quality in the description of the terroir concept (OIV, 2010), wines which may be associated with a single vineyard are often deemed superior, although wines derived from multiple sites may also be highly regarded (Bramley, 2017).
According to OIV, 2010, which should be considered an accepted definition, terroir is a loose interpretation of a protected designation of origin (PDO), thus questioning the need for a wine-specific term. For example, in the regulation of the European Union (EC No. 510/2006 Art. 2.1(a), Council of the European Union, 2006), in order to benefit from PDO status, an agricultural product needs to:
i) originate and be produced, processed and prepared in the defined geographical area and
ii) have “quality or characteristics essentially or exclusively due to a particular geographical environment with its inherent natural and human factors.”
The concept of geographical origin can be used in all crops and foods, and PDOs are defined and regulated. Conversely, the terroir interpretation applies mostly to wine and is not regulated, which leaves it open to abuse and self-assessment without control, scientific evidence or socio-historical recognition (Matthews, 2016). As a result, in the current popular use, the term terroir has erroneously become jargon for vineyard site.
A designation of origin is a strict regulation. In order to maintain characteristics related to the place and the traditional practices, PDO products are made according to production standards, and are evaluated before introduction to the market, to ensure conformity to the important and distinctive characteristics that are the reason for the designation. It should be clear that, when including all aspects, a PDO is a product that brings a sense of place (although, PDO delineation most commonly follows political boundaries and not the limits derived from scientific understandings). Reverse engineering of geographically designated products may be straightforward, but it is definitely harder to recreate the collective knowledge, the human and cultural aspects, which are crucial to the past but also the future developments of food.
SCIENTIFIC APPROACHES
The predominant scientific focus of terroir research is on the relationships between plants and the environment, driven by site variability, and the effects of production methods, in interaction with the environment, on crop composition (van Leeuwen et al., 2004). Somewhat confusingly, in wine science, this specific branch that does not include cultural or socio-economical aspects, is also referred to using the term terroir. Terroir de base (Deloire et al., 2005), or less confusingly, a “functional zone” is the smallest area where it is possible to objectively describe the effect of environment on plant physiology and agricultural production, and which could be differentially managed (Bramley, 2005; Acevedo-Opazo et al., 2008; Bonfante et al., 2015; Brillante et al., 2016a; Brillante et al., 2017; Priori et al., 2019; Bramley, 2020). The approach to studying relationships between terroir and wine peculiarities is scale dependent, as different factors influence agricultural choices and vine performance at the regional or the within vineyard level (Vaudour, 2002). Recently, the science on the topic has shifted from a largely descriptive regional science to a technical research field, focused on the study of variation in the biophysical characteristics of the vineyard site (soil, climate, topography, etc.) and its interaction with vine performance; much of this work has involved precision agriculture methodologies (Bramley, 2020 and references therein). Currently, most of this biophysical research relating to terroir is based on zoning and the description of plant-environment interactions at a given site (Vaudour et al., 2015; White, 2020).
The science of describing site-specific relationships between the physical environment, the vine and the wine has a shorter life than the social and historical recognition of regions and vineyards. A better scientific understanding of the mechanisms ruling vineyard variability and grape quality (also with more fundamental biological approaches, e.g., Tramontini et al., 2013; Dal Santo et al., 2018) would definitely benefit all players in the industry, from producers to marketers and wine writers in both the “New” and the “Old World.” We would expect the science to be a critical and proactive investigation, using current understanding of viticultural systems to provide directions for managing the quality of wines or suggesting more efficient viticultural practices; and not simply serving the role of justifying the status quo preferred by wine writers and wine marketers of iconic wines and regions.
The identification and mapping of agricultural sites with similar characteristics from a physical point of view, also called zoning, is the first step in defining a designated area and has crucial importance also in precision and sustainable agriculture, with positive economic implications. Furthermore, the availability of spatial-temporal data obtained through affordable and rapid sensing technologies has paved the path to an efficient delineation of within-field variability so that this scale of study has become more valuable to growers for management purposes. The adoption of precision viticulture and variable rate technologies is presently exploding, but issues persist in data synthesis from multiple and not always reliable sources, and with the practical implementation of information obtained (Vaudour et al., 2015).
Agricultural zoning procedures applied at different spatial scales enable site-specific planning and contribute to the optimization of management in vineyard agroecosystems. Site-specific management is expected to improve the efficiency of production (Bramley et al., 2011; Tardaguila et al., 2011; Bramley, 2020), while the optimization of agricultural decisions according to the site characteristics is likely to enhance the peculiarities of the product that depend on these characteristics.
There is no unique zoning method. Sometimes the quantitative link between the soil–plant-atmosphere system and wine only relies on empirical description, but instead, it should be analyzed with regard to its spatial structure and spatio-temporal patterns (Brillante et al., 2016a; Brillante et al., 2016b; Bramley, 2017; Brillante et al., 2017) and causal relationships (Bonfante et al., 2011; Bonfante et al., 2015; Bonfante et al., 2018). In other words, the terroir concept has often been treated and accepted as a “black box” or a marketing construct in which the relationships between a wine and its origin have not been clearly elucidated. There is a need for more and new multidisciplinary approaches in terroir analysis and zoning, to study the effects of soil, plant and climate systems on the characteristics of wines, and their resilience to stressors such as climate change. It is accepted that elements of what is needed have been researched in the context of improved viticultural management. But here our focus is on understanding terroir with the view that through such understanding, our ability to manage the production of wines of desired style will be enhanced (e.g., Bramley, 2017). Quantitative dynamic and spatial modeling approaches are likely an essential part of such research.
FUTURE DIRECTIONS
Reflecting the origin and production methods is a property of all wines. The whole industry will therefore benefit from an enhanced understanding of the mechanisms regulating the effects of the site on the wine free from dogmas and preconceptions based on our current assumptions. Knowledge that was often derived by the description of specific conditions in geographically limited places, and is likely hard to scale across space and time, especially given the current change in climate is no longer sufficient. For example, soil hydraulic properties are clearly an important element of terroir (Seguin, 1986; Choné et al., 2001; van Leeuwen et al., 2004; Bonfante et al., 2011; Bonfante et al., 2018), yet their importance relative to other factors may depend on whether irrigation is a part of the production system as in dry areas where rainfall is not sufficient.
A key factor in the production of winegrapes is the conditions during ripening. This derives from the fact that the current notion of terroir effects originated from the historical viticultural areas of Europe, predominantly located at high latitudes and presenting limiting growing conditions because of relatively short growing seasons, rain and cold weather. In such environments, soil conditions that enhance ripening, independently of seasonal effects, facilitate consistent quality and have been associated with presence of water or nitrogen deficits (van Leeuwen and Seguin, 2006). Such stresses have been thought to enhance the composition of grapes primarily as a consequence of the acceleration in ripening, effects on secondary pathways (Castellarin et al., 2007a; Castellarin et al., 2007b) and also for the fact that they promote an ability to harvest fruit before any incidence of rot. Such considerations may be less important in other viticultural regions (e.g., predominantly dry areas such as Australia, California, and Southern Europe), where quality wine is nevertheless produced and recognized to be representative of its origins. There is much to understand about site-specific relationships and effects on grape composition beyond the role of variability in major drivers of plant physiology (water and nitrogen) and their effects on ripening status and kinetics; these should be investigated in future studies in both “Old World” and “New World” terroirs.
Plant water availability has for a long time being recognized as a major driver in the production of fine wines (Seguin, 1986), yet irrigated vineyards under uniform management have been shown to exhibit within-vineyard variations (e.g., Bramley et al., 2011; Brillante et al., 2017); that is, and given the associated demonstrated variation in vine vigor and fruit composition, the use of irrigation has not dulled the effect of the site. Similarly, all vineyards are fertilized in one way or another and higher nitrogen supply is considered necessary to high quality white wines (des Gachons et al., 2005), yet crop nutrition is rarely mentioned as a driver of terroir (Costantini et al., 2013; White, 2020). It is obvious that with excess nutrition and water, a large part of the environmental influence on plant physiology response may be eliminated, eventually flattening out a portion of the variability in grape composition between sites. Other cultural practices would have the same effect if drastically applied, but reasoned and moderate applications would not compromise differences between sites, even at the within-vineyard scale (Brillante et al., 2017).
We should not neglect that climate change will definitely impose a huge challenge on our current understandings and traditions, that will most likely also affect terroirs. In theory, the concept is dynamic, meaning that growers would adapt to changing conditions to preserve the unique character of their wine (van Leeuwen et al., 2013). However, it is not clear how the whole system will be affected, especially in heavily regulated viticulture areas where vineyards are ranked in a non-mutable way. Will these ranks, and the claimed superiority of specific sites withstand the effects of climate change? Not all aspects will be challenged in the same way. The core of the concept is independent from changes (site variability will always influence the final product although in different ways), but the social/historical recognition is not; will social appreciation change if varietal composition changes? For this same reason, it would be wise to abandon the idea of arbitrary climatic limits for the production of fine wines which express their place (van Leeuwen and Seguin, 2006), the validity of which has never been scientifically demonstrated.
The science of grapes and wines risks entering a seIf-referential bubble if it does not acknowledge that other crops are doing the same with different names. It is important to keep in mind that what really matters is the idea that variability in the environment affects agricultural production. This variability can be identified and managed to smooth differences when the goal is uniformity and consistency across vintages or to enhance differences when trying to produce distinctive wines. This is possible only through the development of fundamental, objective and unbiased understandings of vine-environment relationships and their application through precision agriculture techniques. That is, both wine research and wine production should rely on science rather than myths. Accordingly, communication of terroir to consumers should be based on evidence. Such an approach can only reinforce the concept of terroir and ensure its persistence and utility, even in instances where this relates primarily to the marketing of wines.
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Climate change has challenged growers and researchers alike to better understand how warm temperatures may impact winegrape plant development across varieties. Yet multi-variety studies present challenges. Here we review studies of controlled warming on winegrape varieties alongside a new study of the budburst and flowering phenology of 50 varieties of Vitis vinifera subsp. vinifera in the lab, with a small set of plants exposed to higher temperatures (20, 26, 30, 34, and 37°C mean temperatures in growth chambers) during flowering. We found few studies have examined more than one variety, which may be due to the challenge of growing diverse varieties together. Indeed, we found high variability in flowering success across varieties in the lab (28 out of 50 varieties had no flowering), which made it impossible to study variety-specific response to temperature. Across varieties, however, we found results in line with a literature review (which we also present): higher temperatures did not have a significant effect on the rate at which vines progressed through the flowering stage, but higher temperatures did correlate with flower abortion. These results suggest a potential decrease in winegrape yields in a warmer climate due to flower abortion, but also highlight the challenges of understanding heat responses across many varieties.
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INTRODUCTION

As the climate changes, the viticulture industry needs to adapt to shifting terroir. Terroir – the critical link between the flavor and style of a wine and the characteristics of the environment in which it is grown – is shaped strongly by climate, and the matching of climates to varieties (Van Leeuwen et al., 2019). Thus, as climate change continues to raise temperatures in winegrowing regions across the world, the viticulture industry will be continually challenged to adapt to new terroirs over future decades. Already, the industry has shifted growing areas toward the poles and higher elevations to maintain ideal growing temperatures for winegrapes (Mozell and Thach, 2014; Wang et al., 2020). This trend is predicted to continue (Schultz and Jones, 2010; Hannah et al., 2013), raising concerns that vineyards could move to land that is currently conserved for biodiversity and ecosystem services (Hannah et al., 2013).

Alternatively, vineyards could take advantage of the high geno- and phenotypic diversity that already exists by planting varieties better suited to the new climate (Ollat et al., 2015, 2016; Wolkovich et al., 2017; Morales-Castilla et al., 2020) or breeding new varieties (Myles, 2013; Duchêne, 2016). Vitis vinifera subsp. vinifera (winegrape) has at least 6000 genetically distinct varieties grown for many purposes, but only ∼1100 are grown currently by the viticulture industry, and an even smaller number dominate the global market (Lacombe, 2012; Anderson, 2013). However, for this adaptation to be effective, growers need better information on how different varieties fare in warmer climate regimes, with phenology being one important component (Ollat et al., 2016).

Studying the phenology of different varieties of winegrapes would help viticulturists better adapt to climate change, because winegrape phenology is extremely sensitive to temperature (Parker et al., 2011, 2013; Jones, 2013; García de Cortázar-Atauri et al., 2017). Timing for leafout and flowering of diverse plant species has advanced six to 20 days in the last 30–40 years of warming (Root et al., 2003; Menzel et al., 2006), equivalent to 4–6 days per °C. A similar advance is seen for winegrape harvest dates, which can change about 6 days per °C (Cook and Wolkovich, 2016; Labbé, 2019). The time between flowering and veraison also decreased by a little more than 1 day per °C (Duchêne and Schneider, 2005). In winegrapes, phenological timing varies across varieties, and this variability could be used to better adapt to future climates. Generally, timing of phenology can vary from 3 to 6 weeks across varieties (Boursiquot et al., 1995; Wolkovich et al., 2017).

However, most varieties still have little phenological data and far fewer varieties have data from many different environments. In this context, it is difficult to describe where many varieties could best be grown and how they respond to higher temperatures during critical phenological phases, such as flowering. While recent efforts have greatly expanded our resources for understanding phenological responses to climate in the field across varieties – yielding information on approximately 100 varieties (Parker et al., 2011, 2013) this is still less than 10% of currently planted varieties. For growers to select varieties for adapting to shifting terroirs, they will need information on more varieties and across diverse temperature regimes.

A first step toward this goal is research on an increased number of varieties and an understanding of whether phenology in semi-artificial conditions (i.e., greenhouses, labs, and growth chambers), where temperatures can be controlled more easily, matches field-based phenology. To date, much research has focused on a limited number of varieties (Sepúlveda et al., 1986; Mullins, 1992), making it difficult to know how much results for one variety can be extrapolated to another. Yet, if a greater diversity of varieties can be grown in lab conditions, lab studies could quickly increase our understanding across varieties. Further, if lab phenology appears similar to field phenology, it would suggest such results could be relevant to field conditions. Beyond this first step then, researchers will want to examine how varying temperature regimes affect particular phenological stages.

Understanding how climate change will affect winegrape flowering may be a particularly important aspect of the overall effect on phenology and the impact of temperature on the flowering process will ultimately influence harvest yields. Studies of vegetative growth and photosynthesis in other perennial crops exposed to a range of temperatures show that extreme temperatures tend to slow or inhibit certain processes in the plants (Zaka et al., 2016, 2017), with temperatures in between extremes generally speeding development. In this context, we would expect that grapevine flowering development may similarly slow down at higher temperatures.

Here we address these issues through first, a literature review of warming studies on winegrape phenology to examine how many varieties have been studied, over which temperatures, and their findings, and second, our efforts to examine experimentally how temperature affects flowering in a variety-rich study. To explore this second issue, we had two major aims: (1) to test whether the phenological stages of budburst and leafout in lab conditions correlated with field phenology for 50 varieties in the lab, and (2) to examine the effect of higher temperatures on flowering development, by following the flowering response of a small subset of these varieties across mean temperatures of 20 to 37°C in growth chambers. Overall, we aim to provide both an overview of experiments to date, and to outline how our findings and challenges may guide future efforts to conduct variety-rich lab experiments.



MATERIALS AND METHODS


Literature Review

We conducted a literature review by searching Google Scholar, ISI Web of Science, and ScholarOneSearch for several searches, each search included “Vitis vinifera” combined with (AND) “heat tolerance∗” OR “growth chamber” OR “phenolog∗” OR “temperature manipulation.” Then we reviewed papers that experimentally manipulated temperatures of growing grapevines and reported phenological responses (excluding all studies without experimental warming or of warming applied to dormant cuttings or plants or focused only on berry ripening). We additionally included any relevant papers of which we were aware that we did not find in these searches. While some studies included additional treatments (e.g., drought, CO2 manipulation) we focus on results relating to warming and phenology.



Variety-Rich Study

Observations of field-grown winegrapes in the UC Davis Robert Mondavi Institute (RMI) Vineyard (Davis, CA, United States) using the modified Eichorn-Lorenz (EL) scale (Coombe, 1995) began 6 March 2015 and continued generally every 3–4 days until 2 April 2015, when almost all plants had reached EL stage 11 or higher (data and full methods available at: https://knb.ecoinformatics.org/view/ 10.5063/F18G8J29). Dormant winegrape cuttings were then taken in December of 2015.

Following collection, cuttings were chilled for 21 days (4°C) at the Arnold Arboretum (Boston, MA, United States), then forced in greenhouses in 26 cm diameter (9.6L) pots in January 2016. After several months of growth, on 27 May they were placed in growth chambers with day/night temperatures of 6/4°C and an 8-h photoperiod to induce dormancy, though the plants did not appear visibly dormant until 20 June 2016.

On 15 August 2016, the 351 potted cuttings were moved out of the chambers and into a greenhouse where the initial day temperature was 18.5 ± 1.5°C and night temperature was 16.75 ± 1.25°C. After the first week, the temperatures were slowly raised to 25.5 ± 2.5°C during the day and lowered to 10°C at night. The cuttings were pruned the day they were removed from the chambers so that each cutting had two spurs and each spur had two nodes. Then, the diameter of each spur and node and the distance between the two nodes on each spur were measured with calipers. About every 2 days, the plants’ soil was checked for moisture, and they were watered as needed to keep soils moist. Starting 1 October, plants were also fertilized once a week with a 50% dilution.

Twice a week, beginning 22 August, each plant’s development was recorded using the modified EL scale (Coombe, 1995) and soil moisture was measured with a probe in three locations in each pot. Each spur was kept at two shoots, but only the dominant shoot on each spur had observations recorded. Each shoot was trained up a stake for support. When an inflorescence had developed (EL stage 12), the plant was randomly assigned to one of five growth chambers if it was a part of the heat tolerance experiment (varieties were chosen for inclusion in the experiment to include a diversity of phenology from those varieties for which there were five or more replicates growing). Otherwise, observations on each plant continued in the greenhouse.

The five chambers all had a 12-h photoperiod with 800 m–2s–1 of fluorescent light, but varied in their temperature: Chamber 1 was set at 17/23°C Chamber 2 was set at 23/29°C, Chamber 3 was set at 27/33°C, Chamber 4 was set at 31/37°C, and Chamber 5 was set at 34/40°C (all temperatures given as night/day). Initially, CO2 levels were set at 400 ppm during the day and 600 ppm at night, because plants respire at night, increasing CO2 levels (we used 600 ppm given a review of the literature in natural and crop systems where we found little evidence of levels above 550 ppm near plants, e.g., Buchmann and Ehleringer (1998) and Mortazavi and Chanton (2002), though we did not find grape-specific studies). Each inflorescence was contained in a paper bag to collect the flower caps as they fell. Every 10 days, the plants and their assigned temperatures were rotated to a new chamber to minimize individual chamber effects on the experiment.

Observations of the percent of flower buds that flowered on each inflorescence (% flowering), leaf number, stem length, and number of fallen flower caps were made three times a week, along with soil moisture. On 19 September, it was noted that some inflorescence bags also contained aborted buds that had yet to flower, and thereafter observations of aborted buds were also recorded. Once a plant had reached 100% flowering, or, in the case of plants where the entire inflorescence had abscised, each plant had spent a minimum 14 days in the chamber, it was returned to the greenhouse. No further observations were made once no more plants were developing inflorescences and all plants in the chambers had finished flowering (data available at: https://knb.ecoinformatics.org/view/doi:10.5063/F1TM78HS).

To determine if there was any correlation between the chamber temperatures and the other variables, we used ANOVA. Linear regression was used to compare the development of the plants in the greenhouse with the data collected in the RMI Vineyard growing season. All analyses were performed in R version 3.3.3 (R Core team, 2013). Given limited replicates per variety all analyses of the growth chamber study were done across varieties.



RESULTS


Literature Review

Most studies (7/10) examined only one variety, while at most one study examined five varieties. Certain varieties were studied often (e.g., Semillon, Shiraz, and Cabernet-Sauvignon); given the overlap in varieties across studies, all 10 studies yielded information on only a total of 10 varieties (Table 1). Experimental warming was split between being applied in the vineyard (through passive and active warming) or in the lab (growth chambers or greenhouses) with temperatures generally ranging from 20 to 40°C, while some field conditions exceeded 40°C. Warming generally advanced phenology, save for one field study that showed temperatures above 40°C delayed veraison (Greer and Weedon, 2013). Studies focused on flowering found decreased flowering at higher temperatures applied near budburst (Petrie and Clingeleffer, 2005) and flower abscission at higher temperature applied during flowering (Greer and Weston, 2010).


TABLE 1. Literature review of studies applying experimental warming to winegrapes during development and following phenological responses.
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Variety-Rich Study

The plants underwent budbreak (EL 4) between 17 August and 6 September (mean = 29 August) and leafout (EL 7) between 22 August and 22 September (mean = 4 September). Budbreak and leafout timing among the varieties were similar in the lab and field (Figure 1, budburst: F(1,47) = 14.55, p < 0.001; leafout: F(1,47) = 18.51, p < 0.001). The first inflorescence formed on 5 September, and 51 plants reached this stage (EL 12) later, with substantial variation in terms of the number of plants of each variety that flowered at all. Most varieties (28/50 total) did not form inflorescences, while for a few varieties nearly half of the plants underwent flowering (e.g., Sauvignon Blanc, Tempranillo, Verdelho). Due to this high variation in inflorescence appearance, only 26 of the flowering plants were used in the experiment corresponding to 10 varieties.
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FIGURE 1. Day of budburst (A) and leafout (B) in the Robert Mondavi Institute Vineyard (Davis, CA, United States) from the 2015 growing season correlates to the day of budburst (F(1,47) = 14.55, p < 0.001) and leafout (F(1,47) = 18.51, p < 0.001) in greenhouse conditions across 50 varieties (each point represents a different variety that was grown both in the vineyard and in the greenhouse).


Given the low number of plants that formed inflorescence, most varieties could be placed in only one or two temperature treatments (with very low or no replication per variety: chamber 1 (mean of 20°C) had one plant each of Cabernet-Sauvignon, Durif, Sauvignon Blanc, and Verdelho. Chamber 2 (mean of 26°C) had one plant each of Durif, Pinot Gris, Sauvignon Blanc, and Verdelho. Chamber 3 (mean of 30°C) had three Durif plants, then one plant each of Gewürztraminer, Tempranillo, and Verdelho. Chamber 4 (mean of 34°C) had two Tempranillo plants, then one each of Dolcetto, Pinot Gris, Sauvignon Blanc, Syrah, and Verdelho. Chamber 5 (mean of 37°C) had two Tempranillo plants, and one each of Sauvignon Blanc, Verdelho, and Vinhão). Because of the limited number of replicated per variety, we do not report variety-specific estimates and all statistics are done across varieties. Plants that had thicker spurs were more likely to develop inflorescence (Z(340) = 2.21, p = 0.03), and more likely to reach 50% flowering (Figure 2, Z(340) = 2.85, p = 0.004).
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FIGURE 2. Spur diameter in greenhouse-grown vines (measured when plants were removed from dormancy) related to the probability that a plant would reach 50% flowering (Z(340) = 2.85, p = 0.004), with larger spur vines more often reaching 50% flowering. Histograms show the vines that did not reach 50% flowering (recorded in this analysis as 0 values, bottom) and those that did reach 50% flowering (recorded in this analysis as 1 values, top).


Soil moisture in the chambers varied by chamber temperature (F(1,24) = 8.05, p = 0.01), ranging from 69 to 76% over time. There was no directional relationship between the moisture levels and the chamber temperature (i.e., the warmest chambers were not the driest) and means were similar across treatments, ranging from 71 to 74%.

There was also no directional relationship between chamber temperature and either change in stem length or leaf appearance rate (stem length: F(1,24) = 0.53, p = 0.47; leaf appearance: F(1,24) = 0.05, p = 0.83).

Chamber temperatures did not affect the time it took for the plants to reach 10% and 50% flowering and there was no trend in the duration of flowering (Figure 3, 10%: F(1,20) = 0.43, p = 0.52; 50%: F(1,15) = 0.50, p = 0.49). Within treatments, the number of days after forcing it took plants to reach 10% flowering ranged from 34 to 51 days (mean = 42.6 ± 0.9).


[image: image]

FIGURE 3. These figures illustrate the relationship between mean chamber temperature (treatments shown in panel (A) and (B) the days it took the plants to reach 10% flowering (F(1,20) = 0.43, p = 0.52), (C) the days it took the plants to reach 50% flowering (50%: F(1,15) = 0.50, p = 0.49), or (D) the number of flower buds lost while in the chamber (F(1,24) = 7.43, p = 0.01). The black points and bars show the average and error in each chamber. The number above each chamber’s data is the sample size. The colored points represent individual plants. The legend in the top left corner gives the night/day temperature for each chamber.)


The number of flower buds aborted per plant was significantly affected by the chamber temperature (Figure 3, F(1,24) = 7.43, p = 0.01). The two warmest chambers saw the greatest number of flower buds lost during the time in the chamber, with the greatest average number of flower buds aborted seen in 37°C treatment (mean number of flower buds aborted at 20°C: 4.5, 26°C: 2.8, 30°C: 5.8, 34°C: 27.6, 37°C: 57.3).



DISCUSSION

Increasingly, winegrape diversity is suggested as a way for growers to cope with warming, but we know little about how experimental warming temperature differentially affects most varieties (Ollat et al., 2015, 2016; Wolkovich et al., 2017). Research to date has focused on very few (only 10 according to our literature review) varieties, but suggests responses vary depending on variety. For example, Greer and Weedon (2014) found a curvilinear ripening response to temperature (with warmer temperatures speeding development up to some high temperature, above which development slowed) across three varieties – but the temperature yielding the highest ripening varied for each variety (25, 35, and 40°C for Chardonnay, Semillion, and Merlot, respectively). Such variation is critical for growers who want to adapt to warming by shifting varieties, but to make useful variety recommendations we need more information on how temperature affects development across varieties and developmental stages. Our lab work on 50 varieties, however, highlights the challenges of growing diverse varieties for experimental research.


Effects of High Temperatures on Winegrape Flowering

Our lab work to examine how temperature affects flowering across diverse varieties failed to produce enough grapevines to study variety-specific effects. Yet, in pooling results across varieties, we found trends in line with previous studies.

Overall, we studied the effects of temperatures between a minimum of 17°C and maximum of 40°C (means of 20 to 37°C) on flowering for 26 winegrape plants. We found no directional relationship between temperature and soil moisture, stem length, leaf number, or the number of days it took to reach 10 or 50% flowering. Contrary to expectations of most phenological models (García de Cortázar-Atauri et al., 2010; Cuccia et al., 2014) and one previous growth chamber studies (Buttrose and Hale, 1973), we found that flowering phenology was not significantly delayed in either the coldest or warmest chambers. We expected development would slow (and thus phenology delay) at temperature extremes, especially at our upper temperature extreme of 37°C, however, phenology should generally advance until that extreme temperature. Our results suggest 37°C is not high enough to induce delays, a result in line with much of our literature review which found growth and phenology generally advanced up to 40°C (Table 1). Further, our results support previous work, which found that plants in the hotter treatments aborted a higher number of flowers than those in the cooler treatments (Greer and Weston, 2010). This abortion, because it translated to fewer observations of higher percentages of flowering (i.e., 50%), may have limited detection of slowed phenology at higher temperatures. Furthermore, our plants were only exposed to the higher temperatures during flowering, not before, which could have diminished potential differences in timing of phenology during that developmental phase.

The majority of literature on winegrape heat tolerance focuses on the effects of heat on berry ripening. In their 2010 study of Semillon winegrapes, Greer and Weston noted that plants treated with elevated temperatures at fruit set were much less vulnerable and suffered few ill-effects when compared with those treated at flowering, veraison, and mid-ripening. When heat-treated at fruit set, berry growth was unimpeded and sugar content increased normally. This could mean that winegrapes are more vulnerable to high temperatures during certain periods of development, i.e., flowering. If winegrapes are especially susceptible to heat during flowering, viticulturists will have to take extra precautions during this period to ensure the survival of the flowers through to fruit set.

Although we did not measure fruit-set, future studies may want to investigate how it could be affected by elevated temperatures during the flowering period. There could be a delay in response between the period of warming and the effects of high temperatures that was not seen in our experiment because the plants were heated during the developmental phase in which we were interested. Continuing observations through fruit-set could be an important next step to help understand more exactly how harvest yields will be impacted in a warming climate.



Utility of Lab-Grown Winegrape Plants for Future Research

Because the majority of the plants’ development did not form inflorescences (EL stage 12), sample sizes for our heat experiment were smaller than planned (each chamber had four to six plants). This meant there were not enough plants of each variety in each chamber to test for a difference in varietal response to the heat treatments, and instead we analyzed our findings across varieties (as most varieties were only represented in a single treatment). Still, it is important to note that we studied ten different varieties in the chambers, which greatly increased the genetic diversity of the experiment. It has been shown that controlled ecological experiments in labs that include greater genetic diversity are more easily replicated (Milcu et al., 2018).

Further, we found high variation in flowering success – plants with larger spurs were more likely to form inflorescence and flower and some varieties were far more successful in flowering than others. This suggests plants with greater carbohydrate reserves were more likely to develop inflorescence and flower, similar to the results of Eltom (2013) on the effects of girdling and leaf removal on inflorescence development, but with additional variation across varieties, as other studies have found (Lebon et al., 2005). Thus, future experiments may want to (at least initially) focus lab efforts on these more successful varieties and tease out high and low temperature limits to help guide further research.

The rate of development seen in the plants grown in the greenhouse was significantly correlated with that seen in the winegrapes grown in the Robert Mondavi Institute Vineyard, from which the cuttings in this experiment were taken (Figure 1). This suggests that the overall progression and timing of phenological development was not dramatically altered by the lab setting and supports the use of potted plants in the lab used alongside field data to better understand and predict winegrape responses to climate change. Our finding that plants with larger spurs were more likely to flower, however, suggests that our results regarding flower development in the greenhouse and flowering (and flower abortion) in the growth chambers should be interpreted cautiously.

Our vines, taken from field cuttings, were in only their first growing season, and this represents a major limitation of our study. We expect flowering success across varieties would be greater for older, larger vines, and our findings should be interpreted cautiously until further studies are completed on older vines. In the literature, studies vary in using <1 year-old potted cutting, to 3-to 5-year-old potted vines, to established vineyard plants. This diversity of vine age across studies that also vary treatments makes it difficult to attribute variation in findings to age, but our results suggest older vines may be most relevant and useful for studies on heat tolerance and warming effects.

While this study was unable to adequately address varietal differences in response to warming as a result of climate change, it provided valuable insight into challenges of variety-rich winegrape studies. Based on the outcome of our study, we recommend the following strategies to improve the success of similar future studies: (1) Use older vines or those with thicker diameters (which indirectly corresponds to greater carbohydrate reserves) to ensure a higher number of plants form inflorescences and undergo flowering. (2) Consider mesh bags to trap flowers; because we contained inflorescences in paper bags, we may have restricted air flow during a critical period of development, limiting photosynthesis. (3) Examine effects of gradual versus sudden temperature increases. Providing a transitional period for plants when they are moved into chambers and raising temperatures gradually could prevent shock or stress on the plants that could exacerbate flower abscission, but a more sudden temperature changes may be relevant for weather changes with climate change (Gouot et al., 2019).



CONCLUSION

Helping growers adapt to shifting terroirs requires research on a greater diversity of Vitis vinifera varieties across diverse temperature regimes. Here we showed that budburst and leafout phenology of 50 varieties grown in the field correlated with field-based phenology and that higher temperatures can negatively impact flowering. While heat treatments during flowering did not affect the phenology of the grapes we studied, we found a significant impact from the elevated temperatures on flower abortions, in line with previous studies, which could lead to substantial negative impacts on yield. Despite the difficulties we faced implementing a variety-rich experiment, lessons we learned can inform future studies to increase success and provide further guidance for academics and professionals alike. Our findings underscore the importance of modeling more than the plants’ phenology to fully understand the impacts climate change will have on the viticulture industry. As data across more diverse varieties and temperature regimes increases, it can help support mapping when and where different varieties may perform best as warming continues.
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In southern Mediterranean areas, vineyards are facing the combination of increasing air temperature, drought and frequency of extreme events (e.g., heat waves) due to climate change. Since most of the berry growth and ripening phases occur during the aridity period, such environmental constraints are responsible for limitations in yield and berry quality. Within this scenario, to achieve vineyard sustainability, renewed approaches in vineyard management have been proposed and the use of plant biostimulants seems a prominent and environmental friendly practice. The aim of this study was to test four combinations of a tropical plant extract and conventional chemicals for disease control on morpho-anatomical, physiological, biochemical and berry quality in Vitis vinifera L. subsp. vinifera “Aglianico.” In particular, we aimed to evaluate the possibility to counteract the negative effects of the reductions in copper distribution, by applying the tropical plant extract enriched with: micronutrients, enzymes involved in the activation of natural defense, aminoacids, and vitamins. The halved dose of Cu in combination with the tropical plant extract allowed maintaining a reduced vegetative vigor. In the second year of treatment, the addition of the plant extract significantly improved leaf gas exchanges and photochemistry as well as the synthesis of photosynthetic pigments. At berry level, the plant extract induced an increase in phenolics accompanied by a decrease in soluble sugars. The overall results showed that the expected differences in growth performance and productivity in vines are linked to different eco-physiological and structural properties induced by the various treatments. The tropical plant extract also primed plant defenses at the leaf and fruit levels, mainly due to modifications of some structural and biochemical traits, respectively.

Keywords: plant-based biostimulant, copper, eco-physiology, functional anatomical traits, soil-plant-atmosphere continuum, Vitis vinifera L.


INTRODUCTION

The scientists and extension specialists are called to make local farming communities and crop production more resilient to climate change. There is an urgent need for developing mitigation and adapting solutions to cope with the scarcity of natural resources and to the increase yield stability under multiple stress conditions. Such objectives can be achieved through a sustainable agriculture targeted to improve the use efficiency of farm resources, simultaneously increasing crop yield and quality. Indeed, the climate conditions for world winegrowing regions are expected to change (Webb et al., 2013) with severe repercussions on viticulture which is an high-income agricultural sector (Jones and Webb, 2010; Goode, 2012).

In Europe, where viticulture is one of the most important agricultural sectors (average annual production of 168 million hectoliters, 54% of global consumption; FAOSTAT, 2020), a decrease in rainfall, associated with an increase in temperature, is expected especially in the Mediterranean region (IPCC, 2014). The combination of high air temperature and water deficit, coupled with marked inter-annual and intra-annual climate variability and scarce water resources (Costa et al., 2007; Rogiers and Clarke, 2013; Lopes et al., 2014; Valverde et al., 2015), leads to a severe depletion in soil water availability resulting in an important vulnerability of rainfed agriculture. Mediterranean viticulture is highly threatened by such projected environmental limitations because berry growth and ripening occur under conditions of high air temperature and soil water deficit which may limit yield and berry quality (Medrano et al., 2003; Chaves et al., 2007, 2010; Lereboullet et al., 2013, 2014). Moreover, this phenomenon is exacerbated by the competition for water resource with other sectors (e.g., industry) and by the prohibition of irrigation in most “Demarcation of controlled production areas” (DOC).

Other than climate change, European viticulture is facing also a legislative rearrangement which includes several restrictions in the use of chemical compounds suitable for pest and disease management. In particular, copper compounds, that have been used for more than one century mainly to control downy mildew in vineyards at relatively high rates depending on climatic conditions, caused a metallic copper accumulation in the topsoil of many vineyards (Rusjan et al., 2007), especially in organic cultivation. Therefore, the use of copper fungicides has been strongly restricted by the European Commission, firstly by the UE Reg. n. 889//2008, that allowed to use no more than 6 kg ha–1 of metallic copper per year, and recently even more by UE Reg. n. 1981/2018 that limits the amount of metallic copper to the maximum cumulated threshold of 28 kg ha–1 in seven consecutive years. However, despite its unfavorable ecotoxicological profile, copper is still tolerated due to its distinctiveness as wide spectrum fungicide, at least until an alternative product or control strategy will be identified (Dagostin et al., 2011). During the last two decades, significant efforts have been done by researchers and by European agricultural policy makers to comply with environmental safety and organic farming needs in the screening and evaluation of several alternatives to metallic copper compounds, including both inorganic substances at lower concentration of copper and plant extracts (Cohen et al., 2006; Chuang et al., 2007).

In this framework, securing yield stability and improving berry quality under multiple/combined stressful conditions (i.e., high temperature and drought stress) are two important goals of viticulture, winemaking industry and scientists, especially in a context of climate change (Poni et al., 2018). A promising, efficient and sustainable innovation for the achievement of such objectives could be the use of biostimulants (Rouphael and Colla, 2018, 2020). The definition of biostimulants has been intensively debated over the last decade, mainly for regulatory purposes (du Jardin, 2012, 2015; Yakhin et al., 2017; Caradonia et al., 2019). Recently under the EU fertilizer regulation 2019/1009: a plant biostimulant shall be “an EU fertilizing product able to modify plant physiological functions, with the objectives of enhancing one or more of the following agronomic claims: i) tolerance/resistance to abiotic stressors, ii) nutrient uptake and efficiency, iii) qualitative characteristics and iv) availability of nutrients confined in the rhizosphere or to the soil” (European Union [EU], 2019). The effectiveness of natural plant biostimulants (humic acids, seaweed and plant extracts, protein hydrolyzates, and silicon) in imparting tolerance for horticultural crops (fruit trees, grapevine, and vegetables) against sub-optimal conditions (high temperature and radiation, drought, and biotic pressure), has been attributed to several putative direct and indirect physiological and molecular mechanisms. Among these, there are: 1) enhanced macro and micronutrient uptake due to a modulation of the root system architecture in terms of biomass, soil exploitation, branching and density, 2) increased physiological status (higher leaf CO2 exchange rates, stomatal conductance, leaf water potential, and water use efficiency), 3) regulation of key genes involved in detoxification process and synthesis of osmolytes (proline, glycinebetaine and sorbitol), and 4) modulation of phytohormone signaling (Mancuso et al., 2006; Calvo et al., 2014; Yakhin et al., 2017; Rouphael and Colla, 2020). Researches on the beneficial use of biostimulants in the fruit production sector, grapevine in particular, are still limited compared to cereals and vegetables, and the findings are not always consistent in terms of repeatability and efficacy (Basile et al., 2020). This evidence is probably associated to the perennial nature of the woody tree species and the variability of the environmental conditions occurring year after year under field conditions.

Despite the fact that several studies regarding the application of biostimulants in the frame of modulating the nutritional, functional and aromatic profile of berries, musts and wines composition have been conducted (Parrado et al., 2007; Ferrara and Brunetti, 2010; Martínez-Gil et al., 2012, 2013; Sánchez-Gómez et al., 2016a, b; Frioni et al., 2018; Popescu and Popescu, 2018), the information on the effects of biostimulant application on grapevine morpho-anatomical, biochemical and physiological response mechanisms to counteract biotic/abiotic stresses is still missing.

The aim of this experiment was to evaluate, in a concurrent climate and regulation change scenario, the application of a plant extract to mitigate possible negative effects due to the reduced doses of synthetic chemicals, in particular metallic copper, in Vitis vinifera L. subsp. vinifera “Aglianico.” Therefore, four combinations of a tropical plant extract and conventional chemicals for disease control were applied in a vineyard in southern Italy, over two years, and vine response was evaluated in terms of growth performance, morpho-physiological traits and berry quality.



MATERIALS AND METHODS


Plant Material, Cultural Practices and Experimental Design

The experimental trial was conducted in a commercial vineyard (Fonzone-Caccese winery, F-Cw) (40°57′50.0′′N 15°03′49.8′′E, 400–450 m asl), located in Paternopoli (Avellino, Campania region, Southern Italy). The study was conducted during two consecutive growing seasons 2017–2018 on Vitis vinifera L. “Aglianico” (clone VCR 23), grafted onto 420 A (V. riparia × V. berlandieri). Vines were planted in 2006 on a medium west-faced slope (about 10%), with W-E row direction. A meteorological wireless station (WatchDog, PCE Instruments) was installed at the beginning of 2017 to collect air temperature and rainfall data during the two years of experimental trials.

Along the slope, two different soils (in the upper and lower parts, Haplic Calcisols and Calcaric Cambisols, respectively; IUSS Working Group WRB, 2015) were identified by Brook et al. (2020) through a pedological survey supported by georadar investigations. Although both soils were classified as silt loam, they showed a different hydraulic behavior due to the different presence of sand and rock fragments in their horizons (Brook et al., 2020). Therefore, the experimental trial was realized only on the slope surface characterized by the presence of Calcisol.

Plantation spacing was 2.2 × 1 m, yielding a plant density of 4,500 vines ha–1; vines were trained to a vertical shoot positioned espalier system, spur pruned (horizontal spur cordon at 90 cm height from the ground), with a bud load of about 10 vine–1 on 5 spurs. During both years, canopy management operations were performed in terms of suckering (i.e., the mechanical removing of shoots arising from the trunk and from the cordon, except those from spurs) and vertical shoot positioning.

The experimental trials were based on different treatments for disease control management. More specifically, different spraying plant protection mixtures were obtained by the combination of two levels of a copper oxychloride commercial product (Coprantol WG, Syngenta) and only one level of wettable sulfur (Tiovit jet, Syngenta) with or without the addition of a tropical plant extract in liquid formulation (Trym®, Italpollina, Rivoli Veronese, VR, Italy). The trials were conducted on 12 adjacent vine rows (3 rows × 4 disease control treatments) of a vineyard homogeneous for exposition, slope and pedological characteristics. The experimental design compared four treatments: T1, F-Cw industry water mixture of copper oxychloride (thus considered the control treatment), obtained following ordinary dose prescriptions (400 g hL–1) for copper oxychloride and wettable sulfur (400 g hL–1); T2, F-Cw industry water mixture (copper oxychloride at 400 g hL–1 + sulfur at 400 g hL–1) plus Trym® (0.5 lt ha–1); T3, F-Cw industry water mixture with halved dose of copper oxychloride (200 g hL–1) and ordinary dose for wettable sulfur (400 g hL–1); T4, F-Cw industry water mixture with halved dose of copper oxychloride (200 g hL–1) and ordinary dose for wettable sulfur (400 g hL–1) plus Trym® (0.5 lt ha–1). The mixtures were sprayed directly on canopy with a shoulder sprayer pump (GeoTech SP 300 4T), equipped with three flat spray nozzles, operating at a pressure of about 15 bar, dispensing up to 10 hL of water solution according to the canopy growth. During both years, six spraying applications were performed, starting from the phenological phase of the third-fourth leaves unfolded (BBCH 13-14) to the berry touch complete (BBCH 79) as reported in Lorenz et al. (1995).



Biostimulant Characteristics

The tropical plant extract biostimulant Trym® was provided by the Italpollina Company (Rivoli Veronese, Italy). Trym® is a commercial plant biostimulant produced through water extraction and fermentation of tropical plant biomass from Aloe spp. and Hybiscus spp. The final product contains mostly micronutrients, enzymes involved in the activation of natural defense genes (proteases, N-acetyl-D-glucosamine kinase, B-glucuronidase, and B-galactosidase), aminoacids, and vitamins. Trym® has a density of 1.023 kg L–1, a pH of 4.1. It contains 0.85 g kg–1 of total proteins, 6.22 g kg–1 of sugars (3.97 g kg–1 of glucose, 2.10 g kg–1 of fructose, and 0.15 g kg–1 of sucrose) and 1.62 g kg–1 of starch.

It contains 221 g kg–1 of free amino acids, including 56 g kg–1 of essential aminoacids. The aminogram of the product (in g kg–1) is as follows: Ala (0.29), Arg (0.20), Asn (0.12), Asp (0.38), Glu (0.01), Gly (0.10), His (0.14), Ile (0.22), Leu (0.48), Lys (0.14), Orn (2.92) Phe (5.01), Pro (0.32), Ser (0.26), Thr (0.08), Trp (4), Tyr (0.05), and Val (0.23). The total phenolics, determined following the methods reported by Carillo et al. (2019), are 6.51 mg of gallic acid equivalent per gram of f.w. product. The Trym® mineral composition, determined by ion chromatography as described by Cirillo et al. (2019), is as follows (g kg–1 f.w): N–NH4 (0.92), N–NO3 (1.92), K (2.71), Na (1.64), Ca (2.86), Mg (2.02), Cl (5.12), and SO4 (13.30). No detectable phytohormones have been reported in Trym®.



Biometric Analyses and Yield

Biometric analyses were performed during four main phenological phases:pre-flowering, fruit set, veraison and harvest on 15 plants per treatment, selected on the central row of each treatment, in order to avoid drift interference. Two-year-old shoots (holding the production of the year) per plant were selected to monitor growth by recording shoot length, number of leaves and leaf area. Leaf area was estimated by measuring the lamina width and applying the equations calculated based on the measurement of width and area of 25 leaves per treatment by means of a electronic leaf area meter (LI-3100 model, LI-COR Inc., Lincoln, Nebraska, United States), according to Caccavello et al. (2017).

The bud break rate was determined on the selected shoots as the ratio between the number of shoots and buds.

The fruit set was also analyzed on the same shoots. More specifically, all the bunches on the shoots were photographed with a digital camera and images were subjected to digital image analysis through the software Image J (Rasband, NIH) to count the number of visible flowers per bunch. On the same date, from other plants, 12 bunches for treatment were photographed and sampled: for them, the number of flowers per bunch was counted both through digital image analysis and manually to achieve the real flower number. The relationships between the flowers counted through image analysis and the real number of flowers were extracted and the equations used to estimate the real number of flowers per bunch also in all the other bunches. In addition, at the harvest phase, the same procedure was repeated for the berries in order to calculate the fruit set rate as the ratio between the number of berries and of flowers. Finally, at the harvest phase, the number of bunches, their weight (total yield per vine) and the berry diameter (on 150 fruits per treatment) were also recorded. Vine fertility was then estimated as both real fertility (RF, the bunch number per number of buds) and potential fertility (PF, the bunch number per number of shoots.



Leaf Gas Exchange and Chlorophyll “a” Fluorescence Emission

Leaf gas-exchange and chlorophyll “a” fluorescence emission measurements were carried out on 2 well-exposed and fully expanded leaves per 15 plants during the veraison phase of the two growing seasons (2017–2018). Net CO2 assimilation rate (Pn) and stomatal conductance (gs) were performed by means of a portable infra-red gas-analyzer (LCA 4; ADC, BioScientific, Hoddesdon, United Kingdom) equipped with a broad-leaf PLC (cuvette area 6.25 cm2). Chlorophyll “a” fluorescence emission was measured using a portable FluorPen FP100 Max fluorometer with a light sensor (Photon System Instruments, Brno, Czech Republic). A blue LED internal light of 1–2 μmol photons m2 s–1 was used to induce the ground fluorescence F0 on 30′ dark adapted leaves. A saturating light pulse of 3.000 μmol photons m2 s–1 was applied to induce the maximal fluorescence level in the dark, Fm. The following parameters were considered: the maximum PSII photochemical efficiency (Fv/Fm) calculated as (Fm − F0)/Fm, the quantum yield of PSII linear electron transport (ΦPSII) and non-photochemical quenching (NPQ) (Genty et al., 1989; Bilger and Björkman, 1990). The measurements in the light were conducted from 12:00 to 14:00 pm under environmental Photosynthetic Photon Flux Density (PPFD) ranging between 1,800 and 2,300 photons m2 s–1.



Leaf Traits and Chlorophyll Quantification

During the growing season 2018, at the veraison phase, leaf functional traits, namely specific leaf area (SLA), leaf dry matter content (LDMC), and relative water content (RWC) were determined on 10 well-exposed and fully expanded leaves per treatment, following the methods reported in Cornelissen et al. (2003). The SLA was calculated as the ratio between leaf area and leaf dry mass (cm2 g–1). LDMC was measured as the leaf oven-dry mass (at 75°C for 48 h) divided by its water-saturated fresh mass and expressed as g g–1 wslm (water-saturated leaf mass). The RWC was expressed as percentage of (fresh weight − dry weight)/(saturated weight − dry weight). The saturated fresh weight was measured submerging the petiole of leaf blades in distilled water for 48 h in the dark.

From the same plants, five leaves per treatment were collected and used for the extraction of chlorophylls and carotenoids. Pigments were extracted in ice-cold 100% acetone with a mortar and pestle and centrifuged at 5,000 rpm for 5 min (Labofuge GL, Heraeus Sepatech, Hanau, Germany). The absorbance of supernatants was quantified by a spectrophotometer (UV-VIS Cary 100, Agilent Technologies, Santa Clara, CA, United States) at wavelengths of 470, 645, and 662 nm. The pigment content was calculated according to Lichtenthaler (1987) and expressed in μg cm–2.



Functional Anatomical Traits in Leaves and Fruits

During the growing season 2018, at the veraison phase, five fully expanded leaves were sampled from five plants per treatment. Each leaf was dissected to obtain two sub-samples from the median region of the lamina: one devoted to thin sectioning, the other to peeling for stomata characterization. The subsamples were immediately submerged in the FAA chemical fixative (5 mL 40% formaldehyde, 5 mL glacial acetic acid, and 90 mL 50% ethanol) for several days. During the harvest phase, five berries from five plants per each treatment were collected by dissecting them directly on the plant in order to analyze fruit samples having the same exposition to the light. Fruit samples were fixed in FAA as well. The sampled leaves and berries were further dissected under a reflected light microscope (SZX16, Olympus, Hamburg, Germany) to obtain subsamples of leaves (5 × 6 mm) and berries (8 × 8 mm, removing the seeds) which were dehydrated in an ethanol series (up to 95%), infiltrated and embedded in the JB4® acrylic resin (Polysciences, United States). Cross sections of the leaf lamina and longitudinal sections of the fruits were cut by means of a rotary microtome at 5 μm thickness. Leaf sections were stained with 0.5% toluidine blue in water (Feder and O’Brien, 1968), mounted with mineral oil for microscopy, and observed under a transmitted light microscope (BX60, Olympus, BX 60). Fruit sections were mounted, unstained, with mineral oil for fluorescence microscopy and observed under an epi-fluorescence microscope (BX60, Olympus) equipped with a mercury lamp, band-pass filter of 330–385 nm, dichromatic mirror of 400 nm and above, and a barrier filter of 420 nm and above, for the observation of simple phenolic compounds and suberized/lignified cell walls (Fukazawa, 1992; Ruzin, 1999; De Micco and Aronne, 2007). Images of leaf and fruit sections at different magnifications were captured though a camera (CAMEDIA C4040, Olympus) and analyzed through the image analysis software Olympus AnalySIS 3.2, in order to quantify the following morpho-anatomical traits: the thickness of the leaf lamina (total leaf thickness, TLT), of the palisade and spongy parenchyma (palisade tissue thickness, PT and spongy tissue thickness, ST); the ratio between the thickness of the palisade parenchyma and the thickness of the entire foliar lamina (PT/TLT); the ratio between the thickness of the spongy parenchyma and the thickness of the entire foliar lamina (ST/TLT); the percentage of intercellular spaces per surface area in the spongy parenchyma (intercellular spaces, IS); the thickness of the collenchyma located in the subepidermal portions of the upper (TCU) and lower (TCL) lamina surfaces at the vein level.

As regards the quantification of stomata traits, the abaxial epidermis was carefully peeled off with a tweezer, and the epidermis strips were flattened and mounted on a glass slide with distilled water. Three film strips from each sample were observed under a transmitted light microscope (BX60, Olympus, Hamburg, Germany). Digital images of the epidermis were collected and analyzed as reported above to measure: stomata frequency (SF), calculated by counting the number of stomata in five regions of the epidermis and expressed as the number of stomata per mm2; the guard cell length (GCL), quantified by measuring the length pole to pole, and the guard cell width (GCW) in the median position, in 20 stomata per sample.



Leaf Mineral Composition

During both growing seasons, at the veraison phase, six fully expanded leaves per treatment were sampled. Leaf dry tissues were finely ground with a mill (IKA, MF10.1, Staufen, Germany) with 0.5 mm-sieve. For the evaluation of mineral leaf composition in terms of cations (Na, NH4, K, Mg, and Ca), anions (NO3, SO4, PO4, and Cl) and organic acids (malate, tartrate, citrate, and isocitrate), 250 mg of dried material were suspended in 50 mL of ultrapure water (Milli-Q, Merk Millipore, Darmstadt, Germany), freezed and subjected to 10 min shaking in a water bath (ShakeTemp SW22, Julabo, Seelbach, Germany) at 80°C. Anions and cations were separated and quantified by ion chromatography equipped with a conductivity detection (ICP 3000 Dionex, Thermo fisher Scientific Inc., MA, United States), according to Zhifeng and Chengguang (1994).



Fruit Quality Traits

During both growing seasons, at the harvest phase, analytical determinations of standard chemical parameters, namely soluble solids content (SSC), juice pH and titratable acidity (TA), were carried out on a sample of 10 berries per each of 15 plants per treatment. To ensure a representative sample, berries were picked from the top to the bottom and from the internal to the external part of the bunch. The SSC was determined by refractometric analysis (HI96801 digital refractometer, HANNA Instruments Italia Srl, Padua) on unfiltered juice, obtained by squeezing the berries (European Union [EU], 1990), and expressed in Brix. The remaining juice was filtered and diluted 1:1 in distilled water and used to measure the juice pH and the TA. Juice pH values were recorded using a digital pH meter (CLB22, Crison Instruments, Alella, Barcelona, Spain); whereas for TA determination, diluted sample were titrated with a 0.1 N NaOH solution up to pH 8.2 and the titratable acidity was expressed as g L–1 of tartaric acid equivalent.



Statistical Analysis of Data

All experimental data were analyzed with the SPSS 13 statistical software (SPSS Inc., Chicago. IL, United States). The growth data were analyzed by three-way analysis of variance (ANOVA) considering the year (Y), the foliar treatment (T) and the phenological phase (PP) as main factors. A two-way ANOVA was performed on data collected at fruit set for shoot fertility and fruit set, and at harvest for yield components (total bunch weight and the number of bunches per vine) and for main qualitative parameters of berries (average berry diameter, SSC, pH, and TA), considering the year (Y) and the foliar treatment (T) as main factors. Whenever the interactions were significant, a one-way ANOVA was performed. Leaf traits and anatomical data were subjected to one-way ANOVA. To separate treatments per each measured parameter, the Duncan’s multiple range test was performed. The verification of normality was performed through the Shapiro–Wilk test; the percentage data were previously subjected to arcsine transformation.




RESULTS


Meteorological Course

The montly average mean air temperature was similar during the two growing seasons, with an annual mean temperature of 14.2 and 14.5°C in 2017 and 2018, respectively (Figure 1A). The hottest month was August in 2017 (monthly average mean temperature of 26.2°C; maximum temperature of 34.9°C), while July in 2018 (monthly average mean temperature of 23.8°C; maximum temperature of 30.9°C). The cumulative annual precipitation was 568 mm in 2017, while 955 mm in 2018. The monthly precipitation of July and August was of 6.3 and 0.5 mm, respectively in 2017, while it was of 7.6 and 110.4 in 2018. Therefore, during the second year of trial the calculated difference between monthly rainfall and ET0 indicates a lower water availability during the grapevine growing season in 2017 (Figure 1B).
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FIGURE 1. Diagrams showing the monthly average mean air temperature (A) and water deficit (calculated as difference between rainfall and ET0) (B) for 2017 (black line) and 2018 (gray line).




Growth Analysis and Production

Growth parameters (bud break percent, shoot length, number of leaves, and leaf area per shoot) of the four treatments applied to Aglianico vines, measured at the four phenological phases during the two growing seasons, are reported in Table 1. Considering the effects of year as main factor, results showed that in 2018, all growth parameters were significantly higher than 2017. Concerning the foliar treatment, the T4, containing Cu at 50% and Trym®, caused a significant reduction of all growth parameters but bud break percent. In particular, the average shoot length was reduced by 17% compared to T1 (Cu at 100%) and by about 9% compared to both T2 (Cu at 100% and Trym®) and T3 (Cu at 50%) (Table 1). Similarly, the total leaf area and leaf number per shoot were significantly decreased by T4 application compared to the other treatments (Table 1).


TABLE 1. Main effects of year, foliar treatment and phenological phase on vine bud break, shoot length, number of leaves per shoot, total leaf area per shoot of V. vinifera “Aglianico” vines. Mean values and significance of main factors’ interactions are shown. Different letters within column indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05).
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Overall, among the vegetative phases, the major increment of growth parameters was recorded at veraison. The interaction between year and foliar treatment (Y × T) was significant for the average shoot length, number of leaves, and total leaf area (Table 1). In detail, the highest shoot length was observed in T1 during the year 2018; moreover, this parameter resulted significantly lower in all the other treatments both in 2017 and in 2018, with the lowest value in T4 in 2017 (Figure 2A). Similarly, the T4 treatment in 2017 induced the lowest leaf number and leaf area per shoot, whereas T2, the treatment containing the same dose of Cu but added with Trym®, showed the highest values (Figures 2B,C).
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FIGURE 2. Combined effects of year and foliar treatments shoot length (A), leaf number (B) and total leaf area (C) per shoot of V. vinifera “Aglianico” vines (mean ± SE). Different letters indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05). [T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym®; T3 – half dose of copper oxychloride water mixture; T4 – half dose of copper oxychloride water mixture plus Trym®].


Significant differences were also found in grapevine production components (Table 2). Compared to 2017, in 2018 there was a decrease in potential fertility (−13.3%) and in the number of bunches per vine (−41%), and a contemporary increase in the fruit set (+19.4%) and in the average diameter of berries (+28.1%). The real fertility and weight of bunches per plant, however, were not significantly influenced (Table 2).


TABLE 2. Main effects of year and foliar treatment on potential and real fertility of shoots, fruit set, bunch weight and number, berry diameter, berry juice soluble solids content (SSC), pH, and titratable acidity (TA) of V. vinifera “Aglianico” vines. Mean values and significance of main factors’ interactions are shown. Different letters within column indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05).
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Fruit set was affected by the Y × T interaction, with foliar treatment T1 and T2 in 2018 resulting in 54 and 53% of fruit set, followed by T2 (45%) and T1 (39%) in 2017 and T4 (44%) in 2018 as intermediate values, finally by T3 (28.5%) and T4 (26.5%) in 2017 and T3 (16%) in 2018.

The Y × T interaction resulted significant in all the main components of the yield, since the bunch number per vine was generally higher during 2017, with the highest number of bunches obtained in T1 treatment, whereas the lowest values were recorded in T2 and T4 treatments of 2018 (Figure 3A). On the contrary, the T1 treatment in 2018 induced the highest yield in terms of total bunch weight (nearly 1 kg per vine) and the T4 treatment in 2017 showed the lowest yield harvested (Figure 3B). Furthermore, even though in general the berry size resulted significantly increased in all the treatments in 2018, the T4 treatment in 2018 showed the highest value and the overall lowest one in 2017 (Figure 3C). Finally, SSC of berries was highest in T1 and T3 in 2017, intermediate in T2 and T4 in 2017 and T1 in 2018 and reached the lowest level in T2, T3, and T4 in 2018 (Figure 3D).
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FIGURE 3. Combined effects of year and foliar treatments on bunches number (A) and weight (B) per vine and berry diameter (C) and soluble solids content (D) in V. vinifera “Aglianico” vines (mean ± SE). Different letters indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05). [T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym®; T3 – half dose of copper oxychloride water mixture; T4 – half dose of copper oxychloride water mixture plus Trym®].




Leaf Gas Exchange, Chlorophyll Fluorescence Emission and Photosynthetic Pigment Quantification

With the exception of stomatal conductance (gs), which was affected by the year only (with the highest values recorded in 2018), the physiological data at veraison, in particular the net photosynthetic rate (Pn) and the transpiration rate (E), were influenced by the interaction Y × T (Table 3). Indeed, Pn reached the highest level in T2 in 2018 and the lowest in T2 in 2017, whereas all the other treatments were intermediate (Figure 4A). Differently, the highest value of transpiration rate was found in T3 and T2 of year 2017 (3.63 and 3.28 mol H2O m–2s–1, respectively), whereas all the treatments in 2017 reached the lowest values (on average 0.93 mol H2O m–2s–1) (data not shown).


TABLE 3. Main effects of year and foliar treatment, on net photosynthetic rate (Pn), stomatal conductance (gs), leaf transpiration rate (E), maximum quantum efficiency of PSII photochemistry (Fv/Fm), quantum yield of PSII linear electron transport (ΦPSII), non-photochemical quenching (NPQ) and leaf pigment quantification of V. vinifera “Aglianico” vines at veraison. Mean values and significance of main factors’ interactions are shown. Different letters within column indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05).
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FIGURE 4. Combined effects of year and foliar treatments on net photosynthetic rate (Pn) (A), maximum quantum efficiency of PSII photochemistry (Fv/Fm) (B), total chlorophyll content (C) and total carotenoids content (D) of V. vinifera “Aglianico” vines (mean ± SE). Different letters indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05). [T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym®; T3 – half dose of copper oxychloride water mixture; T4 – half dose of copper oxychloride water mixture plus Trym®].


The maximum PSII photochemical efficiency (Fv/Fm) was significantly affected by the interaction Y × T, whereas the quantum yield of ΦPSII and NPQ were mainly influenced by the year, with all parameters in 2018 reaching higher values than in 2017, and by foliar treatment (Table 3). For instance, the lowest values of Fv/Fm were recorded in T1 and T3 treatments vines during the year 2017 (Figure 4B). T2 and T4 elicited significant increase (12.4 and 8.8%, respectively) in ΦPSII compared to the treatments without Trym® (T1 and T3), whereas the NPQ resulted significantly lowered in the foliar treatments containing Trym®, such as T2 and T4 (Table 3).

The total chlorophyll and carotenoid contents also increased in 2018 compared to 2017 and were affected by the Y × T interaction (Table 3 and Figures 4C,D).

Indeed, vines treated with sprays containing Cu and Trym® (T2 and T4) limitedly to 2018 also showed a significant rise in the photosynthetic pigment content compared to the other treatments.



Leaf Traits and Functional Anatomical Traits in Leaves and Fruits

As reported in Table 4, leaves subjected to the 50%Cu dose showed a significant reduction in the RWC compared to leaves treated with 100% Cu dose, whereas no significant differences were found in SLA and LDMC.


TABLE 4. Main effects of foliar treatments on functional anatomical traits in leaves of V. vinifera “Aglianico” vines. Different letters within column indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05).
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Microscopy observations of leaves and fruits showed that there were no treatment-induced qualitative alterations in the tissue organization (Figure 4). The thickness of lamina, of palisade and spongy parenchyma tissues, as well as the spongy parenchyma density (i.e., percent of intercellular spaces) were not influenced by the foliar treatments (Table 4). Stomata traits, either frequency or size, were not significantly influenced as well (Table 4). The sole leaf anatomical parameter significantly influenced by the foliar treatments was the thickness of the collenchyma layers under the upper epidermis, in correspondence of the veins. This trait showed the lowest value in T1, significantly increased in T3 and T4 which in turn presented significantly lower values than T2 (Table 4).

Regarding the fruits, epi-fluorescence microscopy showed an intrinsic fluorescence, due to the presence of waxy substances on the surface of the exocarp, and of phenolic compounds both in vacuoles and along the membranes. The yellow-orange autofluorescence of these phenolic compounds was stronger at the subepidermal layers of cells compared to the inner parenchyma cell layers of the flesh. Indeed, the autofluorescence gradually faded moving toward the inner layers of the flesh. The intensity of autofluorescence was significantly affected by the foliar treatments. In particular, the reduction in the copper dose in T3 and T4 led to an increase in the intensity of phenolic autofluorescence especially in the cells of the sub-epidermal layers if compared to T1 and T2 (Figures 5E,F). T4 fruits showed not only the highest autofluorescence but also a thicker zone showing such an autofluorescence moving toward the inner part of the flesh (data not shown).
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FIGURE 5. Light (A–D) and epi-fluorescence (E,F) microscopy views of leaf (A–D) and fruit (E,F) sections in V. vinifera “Aglianico” vines. (A,B) leaf cross section of T1 and T3; (C,D) detail of the collenchyma in T1 and T3; (E,F) fruit longitudinal section showing yellow-orange autofluorescence of phenolics in the sub-epidermal layers in T1 and T3, respectively. Bars = 100 μm in (A–D), 50 μm in (E,F). [T1 – only industry water mixture of copper oxychloride; T3 – half dose of copper oxychloride water mixture].




Leaf Mineral Composition

Leaf mineral composition in the first year of trial (2017) showed higher values of Na+, tartrate and citrate compared to 2018. However, in 2018 PO43– increased, while no differences were assessed for NH4+ between the two years (Table 5). The foliar spray treatment as main factor induced no significant differences for Na+, NH4+, PO43– and tartrate, whereas T2 and T4 affected positively the citrate concentration in the leaves compared to the two control treatments without Trym®, such as T1 and T3 (Table 5).


TABLE 5. Main effects of year and foliar treatments on leaf mineral composition of V. vinifera “Aglianico” vines. Mean values and significance of interactions are shown. Different letters within column indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05).
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The Y × T interaction influenced significantly K+, Mg2+, and Ca2+ which increased in the leaves of vines treated with the foliar spray containing Cu at 50% and Trym® in the year 2018 (Figures 5A–C). On the other hand, the nitrate content resulted highest in T1 treatment in 2018 and reached the lowest values in all the other treatments in the same year, whereas it was increased in both the treatments containing the Trym® (T2 and T4) compared to related controls (T1 and T3) in the year 2017 (Figure 5D). The concentration of sulfate was generally decreased in all the treatments of 2018 compared to 2017, with the lowest level in T3 (Figure 5E). Finally, also the concentration of malate resulted significantly increased in the treatments T3 and T4 of 2018, while no differences were detected among all the other treatments (Figure 5F).



Fruit Quality Traits and Mineral Composition

Considering the year as main factor, 2018 showed a decrease in the SSC and an increase in titratable acidity (TA), while the pH was not influenced (Table 6). The TA was the only parameter significantly influenced by the dose of copper, showing a decrease in response to 50% Cu. Furthermore, TA in 2017 showed no significant differences among the four treatments. In 2018, however, it decreased in T4 (Figure 6). Trym® application, caused a reduction in the SSC compared to T1, while the other parameters were not affected.


TABLE 6. Main effects of year and foliar treatments on fruit mineral composition of V. vinifera “Aglianico” vines. Mean values and significance of interactions are shown. Different letters within column indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05).
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FIGURE 6. Combined effects of year and foliar treatments on leaf content of potassium (A), magnesium (B), calcium (C), nitrate (D), sulfate (E), and malate (F) of V. vinifera “Aglianico” vines (mean ± SE). Different letters indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05). [T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym®; T3 – half dose of copper oxychloride water mixture; T4 – half dose of copper oxychloride water mixture plus Trym®].


Except for the concentration of potassium, the mineral composition of berries was affected as main factors by year and by foliar treatment (Table 6). In particular, in the second year of measurements (2018) an increase in the content of NH4+, PO43–, malate, and a decrease in Mg2+, NO3–, Cl–, tartrate, was recorded compared to the first year (2017) (Table 6). Concerning the foliar treatment as the main factor, the reduction of the copper content to 50% led to an increase in Na+ and PO43– when applied alone (T3 vs T1) and to a decrease in NH4+ and tartrate content when applied with Trym® (T4 vs T2) (Table 6).




DISCUSSION

In this study, we demonstrated that the reduction of Cu application coupled with the distribution of a tropical plant extract through foliar spraying in grapevine can be a promising strategy to support plant protection respectfully of chemical control restrictions. The application of plant-based biostimulants, in grapevine is increasing and has been proven to influence many plant processes, including nutrient absorption, photosynthesis, mechanisms of defense against biotic and abiotic stresses (Gutiérrez-Gamboa et al., 2019). Indeed, the effects are strictly dependent on chemical composition, dose, time of distribution, and cultivar, often leading to distinct plant responses such as increasing or decreasing vegetative growth and photosynthesis (Salvi et al., 2016; Gutiérrez-Gamboa et al., 2019). In the case of Aglianico, the application of the halved dose of Cu together with the tropical plant extract allowed maintaining a reduced vegetative vigor, only partly due to decreased photosynthetic levels, at least compared to the treatment with full Cu dose plus the Trym®. The reduction in vegetative growth, in agreement with other studies, is a desirable trait in Aglianico that is a cultivar characterized by high vigor thus being high-demanding in terms of canopy management (Bavaresco et al., 2005). Interestingly, the reduced dose of Cu determined a significant reduction in the fruit set that was partially recovered by the application of the Trym®. This suggests that the tropical plant extracts could have helped a different allocation of resources, still high due to high photosynthetic efficiency.

It is noteworthy that the application of the different treatments has induced a diverse regulation of plant photosynthetic capacity, determining an adaptation of grapevines to the new environmental conditions. The improvement in photosynthetic performance was evident only in the second year of the treatments. In the first year, the lower levels of gas exchanges (Pn and gs and photosynthetic pigments were not accompanied by any decrease in photochemistry when the tropical plant extract was applied. Conversely, in the second year, the addition of Trym® significantly improved leaf gas exchanges and photochemistry as well as the synthesis of photosynthetic pigments. The differential responses observed in the two years, may be ascribed to the different climatic conditions especially regarding the water deficit intensity and duration throughout the growing season. Indeed, the improvement in all the morphological and physiological traits recorded in the second year of the trial, especially with the application of Trym®, might be due to the higher cumulated rainfall compared to the previous year. Another explanation may be that many critical physiological processes, such as nutrient uptake by soil and photosynthetic carbon assimilation, need more time to be influenced, and that the plant extract exerts a long-lasting effect on the photosynthetic capacity. Even if plants did not show stress signals, as indicated by the comparable Fv/Fm ratio, the prolonged application of Trym® on leaves for two consecutive years might have promoted the PSII electron transport activity, allocating the reductive power of the electron transport chain in carbon fixation, rather than in non-radiative dissipation mechanisms. This assumption is confirmed by the higher Pn rates and lower NPQ index in plants treated with Trym® and both levels of copper oxychloride compared to plants without the Trym® application, during the second year of treatments. The positive effects exerted by the tropical plant extract on gas exchanges and photochemistry in the second year of treatment may also be ascribed to the enhancement of some leaf functional traits. More specifically, the increase in total leaf area, as well as the high content of chlorophylls and carotenoids found in plants treated with vegetal-based plant biostimulant, may have helped the light interception and conversion by the photosynthetic apparatus, thus favoring the photosynthesis. A direct presumed mechanism in the rise of photosynthesis could be attributed to the increase in N assimilation in crops, due to the positive effects of signaling molecules (amino acids and soluble peptides present in the product) on the production of C skeletons and energy supply, which are needed for amino acid biosynthesis (Colla et al., 2015, 2017). Moreover, another putative indirect mechanism behind the biostimulant activity (especially in T4) of tropical plant extract is the modulation of the root system architecture (e.g., length, number, density, and expansion of lateral roots) thus improving nutrient uptake (higher K, Ca, and Mg concentration in leaf tissue). Particularly, Mg is an essential element for plant growth and/or development and is involved in a wide range of biochemical and physiological activities, including pigment synthesis and photosynthetic carbon fixation (Gransee and Führs, 2013; Kumar et al., 2015). It is well known that the addition of copper-based foliar fertilizer increases photosynthetic pigment content compared to untreated samples by improving of soil chemical properties (Zhu et al., 2012). In our case, the treatment obtained mixing a half dose of copper oxychloride with Trym® did not produce a stimulatory effect on photosynthetic performance, despite the increased pigment content, probably because the chosen dose is not suitable for grapevine plants at veraison stage. However, the gas exchanges and photochemical behavior are also dependent on changes in plant structural traits induced by the different treatments. Hence, it cannot be excluded that the harmonization of structural and functional plant traits at the whole plant level has determined the overall grapevine physiological response.

The lack of any changes in the mesophyll and stomata traits related to the control of water conductivity and gas-exchange control, suggests that the treatments did not induce permanent structural changes in leaves, but adaptation relies more on short-term physiological adjustment.

Furthermore, the application of the tropical plant extracts, although slightly reducing yield compared to the normal farm practice, allowed reducing the SSC in grapes while maintaining a satisfying level of titratable acidity and also acting on berry size, content of some minerals and histological traits. In grapevine, it has been reported that foliar application of seaweed extracts induced a raise in uptake of cations, such as potassium and calcium that turned in an increased vegetative growth (Mancuso et al., 2006), In the present experiment, despite increased leaf concentrations of potassium, magnesium and calcium were observed when Trym® was added to the halved Cu dose, our data indicate a reduction in average shoot length whenever the tropical plant extract was applied independently of the copper dose. A higher level of magnesium in leaves has been suggested to counteract the incidence of bunch stem necrosis, that is a well-known physiological disorder in grapevine, related to magnesium deficiency (Bondada and Keller, 2012). As regards histological traits, the half dose of Cu together with the tropical plant extract lead to an increased autofluorescence of phenolics in the subepidermal layers and also an increase in the thickness of the flesh containing such phenolics, likely indicating an augmented content in phenolics in berries. This suggests a redirection of plant resources toward the production of secondary metabolites, whose accumulation is a typical strategy adopted by plants to improve the physiological defenses against abiotic and biotic stresses. Indeed, phenolic compounds are produced through the phenylpropanoid pathway which is soon activated to mediate plant interaction with abiotic and biotic factors and is considered the key of the robustness of gymnosperms and angiosperms to cope with stresses (Vogt, 2010). The biostimulatory action of the tropical plant extract on the synthesis and accumulation of antioxidant molecules (phenolic compounds) was likely related to the activation of secondary metabolism, in particular the increase in gene expression of the phenylalanine (tyrosine) ammonia-lyase enzyme, involved in the phenylpropanoid pathway (Schiavon et al., 2010; Ertani et al., 2011). Phenolics are generally accumulated in various plant tissues, especially in the subepidermal layers of organs, in order to protect them by predators and pathogens, being non-lethal feeding deterrents. Their localization at the periphery of plant organs enhances their role in chemical protection given that any injury at the tissue surface would cause the prompt release of the phenolics stored in the cells, thus likely activating inducible defenses (Franceschi et al., 1998; Graham et al., 2004). In the current experiment, the distribution of the tropical plant extract would likely have not only a role in berry defense, but is also a positive trait for the achievement of the phenolic maturity. Indeed, the optimal grape maturity is cultivar specific and defined by a specific combination of three main factors: i) technological maturity (i.e., sugar, acids or their ratio); ii) phenolic maturity (i.e., quantity and quality of all tannins and pigments); iii) aromatic ripeness (i.e., typical olfactory features reached without appearance of untypical aging or excessive veggie-green aromas). The decoupling between the above three factors is strongly aggravated under a global warming scenario (Palliotti et al., 2014). Higher temperatures increase the speed of sugar accumulation, hasten acid degradation, alter flavor compounds (Coombe and Iland, 2004; Lund and Bohlmann, 2006; Conde et al., 2007), and affect the synthesis/degradation of certain compounds as polyphenols and anthocyanins (Bergqvist et al., 2001; Spayd et al., 2002; Mori et al., 2007; Teixeira et al., 2013; Zarrouk et al., 2016). In the Campania region, a shifting of the suitable thermal areas for the Aglianico grapevine is expected (Bonfante et al., 2018), resulting in inadequate growing season temperatures, and then immature berries for winemaking. For this reason the potential beneficial effect of fitostimulants on nutritional use efficiency, yield and berry quality traits has recently gained raising interest in grapevine cultivation, despite the limitations related to the yearly different climatic conditions in open-field cultivation systems (Basile et al., 2020 and literature therein). In our study case, the plant extract-induced increase in phenolics’ content, coupled with the decrease in soluble sugars in berries, would help counteracting the decoupling between the technological and phenolic maturity.

This is in agreement with other studies reporting the distribution of biostimulants to delay the sugar accumulation (technological maturity), while favoring the achievement of phenolic maturity at harvest as a strategy to control sugar and phenolic accumulation during the ripening process (Salvi et al., 2016). Indeed, the use of aminoacid-based biostimulants is a widespread practice also in other crops as a way to improve the content of phenolics like flavonoids with ROS scavenger activity (Kocira, 2019). The increase in phenolics is also influenced by many other factors, especially drought and nutritional stresses: for example, the reduced levels of nitrogen found in the leaves compared to the control treatment would also have enhanced the accumulation of secondary metabolites (Downey et al., 2006; Król et al., 2014). On the contrary, the application of the plant extract did not reduce nitrogen concentration that is important for adequate fermentation (Bisson and Butzke, 2000). The reduction in Cu distribution likely induced the activation of a plant response also linked with the improvement of mechanical defenses at the leaf level, in particular based on the thickening of the collenchyma at the upper side of veins. Such a thickening was also stimulated by the application of the Trym®. The increased thickness of collenchyma layers and/or the thickening of the cell walls has been reported in grapevine as a leaf response to stress and is considered a strategy to protect the leaves not only from mechanical injuries, but also from fungal invasion (Nicole et al., 1992; Rhimi et al., 2016). The thickening of subepidermal layers of fruits also goes in this direction: subepidermal layers of cells of berries are characterized by elongated cells, parallel to the skin, and whose size and cell wall thickness are respectively much smaller and thicker compared to the cells of the inner layers of the flesh. Therefore, a thicker layer of subepidermal cells indicates a higher resistance of fruits to mechanical injury and pathogen attack (De Micco and Aronne, 2012). In the vines treated with half Cu dose plus Trym®, the occurrence of phenolics at the periphery of berries would also protect them from excessive solar radiation, which could be consequent to the reduced total leaf area, thus limiting radiation-induced oxidative damage by protecting the membranes (Lattanzio et al., 2008).

In conclusion, the foliar application of the tropical plant extract induced a differential response depending on the environmental factors and on the oxycloride copper dose distributed, with promising implications on Aglianico vegetative growth regulation, on improvement in leaf mechanical and berry antioxidant defenses, as well as on berry quality traits.

The applied multidisciplinary approach proved to be useful to achieve a comprehensive understanding of the vine behavior in the continuum soil-plant-atmosphere, thus providing information as valuable inputs to manage terroirs in the sight of climate change and chemical control restrictions.
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1T1 - only industry water mixture of copper oxychloride; T2 — industry water mixture of copper oxychloride plus Trym®; T3 — half dose of copper oxychloride water mixture;
T4 - half dose of copper oxychloride water mixture plus Trym®.
2NS,* ** ***: Non-significant or significant at P < 0.05, 0.01, 0.005, respectively.
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2NS,* ** ***: Non-significant or significant at P < 0.05, 0.01, 0.005, respectively.
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171 - only industry water mixture of copper oxychloride; T2 — industry water mixture of copper oxychloride plus Trym®; T3 — half dose of copper oxychloride water mixture;

T4 — half dose of copper oxychloride water mixture plus Trym®.

2NS, %, ** *** Non-significant or significant at P < 0.05, 0.01, 0.005, respectively.
SLA, specific leaf area; LDMC, leaf dry matter content; RWC, relative water content; TLT, total leaf thickness; PT/TLT, ratio between the thickness of the palisade
parenchyma and the thickness of the entire foliar lamina; ST/TLT, ratio between the thickness of the spongy parenchyma and the thickness of the entire foliar lamina; IS,
percentage of intercellular spaces per surface area in the spongy parenchyma; TCU and TCL, thicknesses of the collenchyma located in the subepidermal portions of the
upper and lower lamina at the vein level; SF, stomata frequency; GCL, guard cell length; GCW, guard cell width.
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171 - only industry water mixture of copper oxychloride; T2 — industry water mixture of copper oxychloride plus Trym®; T3 — half dose of copper oxychloride water mixture;
T4 — half dose of copper oxychloride water mixture plus Trym®.
2NS,*, ** ***: Non-significant or significant at P < 0.05, 0.01, 0.005, respectively.
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Potential Real Fruit set Bunch weight Bunch number Berry diameter SSC pH TA (g I tartaric

fertility fertility (%) (g vine™1) (no. vine™1) (cm) (°Brix) acid equivalent)
Year (Y)
2017 1.152 1.072 34.90° 0.5972 10.642 1.14b 23.582 3.162 7.19°
2018 0.91b 0.972 41,707 0.675% 6.280 1.462 22.51b 3.252 7.702
Foliar treatment (T)!
T 1.012 1.032 46.502 0.8352 9.33? 1.29° 23.482 3.19 7.652
T2 1.112 1.132 49.307 0.680° 8.772 1.300 22.74b 3.272 7.712
T3 1.012 0.972 22.30° 0.683° 8.502P 1.332 23.172 3.1482 7.44ab
T4 0.982 0.942 35.10° 0.347¢ 7.28° 1.29P 22.81° 3.208 6.98°
Significance?
v “ NS NS NS "
T NS NS ; NS .
VX T NS NS o . NS NS

171 - only industry water mixture of copper oxychloride; T2 — industry water mixture of copper oxychloride plus Trym®; T3 — half dose of copper oxychloride water mixture;
T4 — half dose of copper oxychloride water mixture plus Trym®.
2NS,*, ** ***: Non-significant or significant at P < 0.05, 0.01, 0.005, respectively.
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Bud break  Shoot length Leaves Total leaf area
(%) (cm) (n shoot1)  (cm? shoot™1)

Year (Y)
2017 92.70° 82.09° 25.38° 1,584.520
2018 99.502 110.182 44.692 3,287.562
Foliar treatment (T")
T1 95.607 105.418 36.17° 2,482.022
T2 99.302 95.91P 30.222 2,653.31@
T3 94.207 95.62° 36.08° 2,537.062
T4 95.207 87.60° 28.70° 2,071.78°
Phenological Phase (PP)
Pre-flowering na. 80.08° 26.74P 1,960.70°
Fruit set n.a. 104.602 43.214 2,954.23P
Veraison n.a. 100.702 46.202 3,312.914
Harvest na. 99.052 24.01° 1,516.329
Significance?
v -
T NS -
PP AE
VxT NS o
Y x PP n.a. NS o X
T x PP n.a. NS NS NS

Y~ only industry water mixture of copper oxychloride; T2 — industry water mixture
of copper oxychloride plus Trym®; T3 — half dose of copper oxychloride water
mixture; T4 — half dose of copper oxychloride water mixture plus Trym®.

2NS, * ** ***: Non-significant or significant at P < 0.05, 0.01, 0.005, respectively.
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Mean WS, period Variance diff.

stage Year WHC Local Meso Local Meso Ratio (%) P-value Sign
Bud-Flo 2014 50 077 087 00330 00709 a7 29E-05
150 099 099 00017 00032 54 81E-04
2015 50 085 085 00085 00254 3 31E-09
150 099 099 00003 00014 20 49617
2016 50 1.00 1.00 0.0018 0.0017 102 9.0E-01 -
150 1.00 1.00 0.0003 0.0003 o7 87E-01 -
Flo-Ver 2014 50 067 060 00172 00725 24 19E-14
150 082 085 00234 00720 32 1.1E-09
2015 50 021 018 00294 00870 £ 37E-09
150 053 052 00285 0.0894 a2 6.1E-10
2016 50 038 045 00656 01124 58 34E-03 5
150 080 085 00519 0.0645 81 25€-01 -
Ver-Har 2014 50 082 072 00280 0.1835 15 74E-22
150 093 088 00328 0.1136 29 22611
2015 50 045 059 00516 0.1367 38 11E-07
150 040 050 00432 0.1034 a2 1.8E-06
2016 50 030 030 00340 0.1333 2 29613
150 025 037 00366 0.1342 27 29E-12

WHC, soil water-holding capacity (mmy; Locl, local scale level simulations (Hydravitis network); Meso, mesoscale level simulations (Climeo network); Ratio, oca/a meso,
i.e., the ratio between local scale to mesoscale standard deviations; Variance diff, the results of the Bartlett test of variance homogeneity, with ts p value and significance
code (**'p < 0.001; *p < 0.01 and “p < 0.05). The values in bold comrespond to periodis/years for which local WDSI variance if not statistically significant (o > 0.05)
mesoscale WDS! variance.
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Budbreak B-F Flowering F-v Veraison V-H Harvest B-H

Dates 2014 4-Apr 66 8Jun 69 15-Aug 27 10-Sep 159
Duration 2015 12-Apr 56 6-Jun 61 5-Aug 3 7-8ep 148
2016 12-Apr 71 21-dun 66 25-Aug a2 25-Sep 166

1986-2015 14-Apr 59 11-Jun 64 12-Aug 35 15-Sep 154

Rainfall (mm) 2014 - 61 - 243 - 29 - 333
2015 - o7 - 82 - 59 - 27

2016 - 254 - 14 - 3 - 402

1986-2015 - 130 - 131 - 67 - 329

Temperature (average) (*C) 2014, - 14 g 202 = 17.6 s 172
2015 & 164 , B . 20 . 191

2016 - 139 - 207 - 208 - 17.8

1986-2015 - 148 - 207 - 19.1 - 18.1

B-F, budburst to flowering period; F-V; flowering to veraison period; V-H, veraison to harvest period; B-H, budburst to harvest period. Colors within the table highiight
dry (yellow tone) to wet (blue tone) or ool (blue tone) or warm (red tone) periods, in comparison to those during the 2014-2016 period. Phenological dates correspond
to Vits vinifera cv. Pinot noir phenological observations from a winery near Beaune; ciimate data correspond to the Meteo-France/Climeo Beaune weather station (red
dot in Figure 1C). Values in bold correspond to the 1986-2005 average.
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Paper
Edwards ot al, 2017

Gouotetal. 2019

Greor and Woedon, 2013

Groor and Woedon, 2014

Grear and Weston, 2010

Kadk, 2006

Kievar, 1977

Pevio and Cingdeier,
2005

Salazar-Para et al 2010

Soaretal, 2000

‘Semiton, Piot Not,
Chardonnay.
Cabermat-Sauignon,
ynthiana (s aestials)
Cabermat Sauvignon,
Tolay, Pnot Nok,
Carignane

Chardonnay

Tempranito

snaz

Type

Fied experimental warming
(passive chambers)
System to heat only
aboveggound parts of
plnts

Fild experimental cooing

Growth chambers

Growth chambers

Growh chambers

Growh chambers

Fied experimental waming
(passive chambers)
Greenhouse

Fiod experimental warming
(chambers with fans)

We provide the rate at which temperature treatments were applied parenthetically.

Temperature

2°C warming from average temperature
(passive heating)

46°C at end o it se and again prior
1o veraison fmmediate)

‘Some vines protected flom 404°C.
ambient temperatures (passive heating)
20-40°C range, four treatments,
post-veraison (lemperatures raised in
chamber 10 days after plants were
atocated to chambers)

40/25°C a flowerng,fu set, veraison
and miipening stages (mmediate)

20-40°C range, three treatments
evmecate)

35, 40°C warming during 2-8 days.
before 10 12-18 days aftor bloom
25/20°C controls (mmediate)
Range of 3°C across treatments
(passive heating)

2818°C vs. 24/14°C, daylnight at
veraison (mmedate)

65-7.3°C above ambientfor 3 days
(passive heating)

Effocts

Al aspects of vine phenoogy ackvanced

Photosynthesis decreased when heating led 10 46°C
temperatures, but ot when only 40°C

Heat delayed riparing

Varied by variey: Meriot:no efect on berry,
‘Chardonnay: rapid expansion at 20 and 25°C but
‘decine in sizo at 40°C, Semilon: expansion at 20:and
25°C but notat higher temps

Heat did ot afect eaf rovih o stem extension, but
fowers completely abscised. Beres teated at it set
‘developed nomaly and those teated at veraison and
mic-rpening stopped expanding and sugar content
stopped increasing

Increass in vegetative growth for . virfera from 20 to
30°C, but most growth stunted at 40°C -V vinkera
affected loss by high temperatures.

Variabl efects on bery set and weight, depending on
vasity;no efect on rate of shoot growth

Resultod n decrease in flowering of 15 10 25% duo to
temperature.

Warring shortened the time botween grape veraison
and full maturty

No efect on beny growth or sugar accumuation

Vine age
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Tyears

6years

Syears
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“establishod
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Cluster no.
per vine

Cluster

weight (g)

Leaf area
(m?)

Leaf area/
fruit (m2/kg)

TSS TA(gL™Y)
(°Brix)

Severe Water

Stress + SD

Moderate Water

Stress + SD
p-value

Severe Water

Stress + SD

Moderate Water

Stress + SD
p value

Year x Zoning

98.57 + 26.78

ns

78.19 % 17.02

89.53 £21.95

ns
0.01571
ns

110.22 £19.32 80.03 + 16.69

90.71 +£9.88

ns

61.35 £ 9.04

67.01 +£5.45

ns

<0.0001

ns

7387.6 £ 894.48

6930.9 + 1783.45

5058.34 + 1304.35

5825.56 + 1549.39

4.514+1.09

4.33 £0.59

ns
5.72 + 0.93

5.86 £ 0.62

ns
ns
ns

0.55 £0.19

0.51 £0.10

ns
1.26 +£0.36

1.01 £0.14

ns
<0.0001
ns

21.63+1.22 9.43 £+ 0.56

2233+ 1.66 9.45+0.35

ns ns
26.12+1.28 829+025b

27.01 £1.283 8.92+0.73a

ns 0.034
<0.0001 <0.0001
ns ns

2ANOVA to compare data (p-value indicateq); Letters within columns indicate significant mean separation according to Tukey’s HSD test.
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2018 Severe Water
Stress + SD

Moderate Water
Stress + SD

p-value

Severe Water
Stress + SD

Moderate Water
Stress + SD

p-value

2019

Year
Year x Zoning

Myricetin Quercetin Kaempferol Total flavonols Delphinidin Cyanidin Petunidin Peonidin Malvidin Total
anthocyanins
mgg~! mg mgg'! mg mgg'! mg mgg'! mg mgg'! mg mgg'! mg mgg'! mg mgg~'! mg mgg' mg mgg~' mg

skin dry wt berry~1 skin dry wt berry~1 skin dry wt berry~1 skin dry wt berry~1 skin dry wt berry~1 skin dry wt berry~1 skin dry wt berry~1 skin dry wt berry~1 skin dry wt berry~1 skin dry wt berry~1

087+ 0.05+
0.11 0.00 0.19 0.01 0.05
0.77 £ 0:056+ 100+ 006+ 027+
0.13 0.01 0.33 0.02 0.05
ns ns ns ns ns
092+ 006+ 058+ 0.04+ 0.18+
0.16 0.01 020 001b 0.03
1.07 £ VO7rL 076+ 005+ 020+
0.26 0.01 022 0.01a 0.04
ns ns ns 0.074 ns
<0.0001 ns  <0.0001 <0.0001 0.003
ns ns ns ns ns

1:.06+ 006+ 028+ 002+ 278+ 0.6+ 862+ 0.39+

0.00 0.38 0.01 0.68 0.05
002+ 256+ 016+ 802+ 043+

0.00 0.52 0.03 1.61 D12
ns ns ns ns ns
001+ 207+ 014+ 398+ 050+
0.00 0.37 0.02b 0.53 0.12
001+ 2424+ 016+ 4524+ 048+
0.00 0.55 0.03a 1.01 0.11
ns ns 0.081 ns ns

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001

ns ns ns ns ns

1.06+ 002+ 613+ 025+ 289+
0.07 0.00 0.42 0.03 017

1.06+ 003+ 562+ 027+ 3.04+
0.19 0.02 0.83 0.06 0.45

ns ns ns ns ns

038+ 006+ 313+ 035+ 215+
0.07 0.01 0.37 0.07 0.20

045+ 006+ 348+ 034+ 243+

0.12 0.02 0.71 0.06 0.41
ns ns ns ns ns
0.034 <0.0001 <0.00010.001071  ns
ns ns ns ns ns

2ANOVA to compare data (p-value indicateq); letters within columns indicate significant mean separation according to Tukey's test.

0.10+ 4007+ 1.33+ 5877+ 322+
001b 220a 011b 297a 024

013+ 3636+ 1.44+ 5408+ 3.44 +
0.03a 3.32b 0.09a 3.72b 0.33

0.078 0.036 0.068 0.026 ns

017+ 2406+ 224+ 3371+ 333+
0.04 2.89 0.14 3.67 0.36

019+ 2555+ 229+ 3643+ 3.37+

0.04 4.33 0.08 6.37 0.20
ns ns ns ns ns
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
ns ns ns ns ns
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Sub soil (0.75 - 1.50 m) Severe Water Stress + SD
Moderate Water Stress + SD
p value
Top soil (0-0.75 m) Severe Water Stress + SD
Moderate Water Stress + SD
p-value

oM

1.14 £0.07
1.14 £ 0.19
ns
1.93+0.27
1.93+0.31
ns

Sand (%)

29.00+7.95b
4163+ 1225a
0.026
41.83 +2.48
40.00 £ 9.56
ns

Silt (%)

33.67 £3.20a
2825 +4.65b
0.031
31.17 £1.83
29.25 +4.03
ns

Clay (%)

37.33+6.15a
30.13+7.86b
0.063
27.00 +1.67
30.75 + 7.03
ns

Gravel (%)

10.32 £3.60 b
1412 +£56.79a
0.086
13.62 + 2.66
14.84 + 3.67
ns

a8ANOVA to compare data (p-value indicated); Letters within columns indicate significant mean separation according to Tukey'’s HSD test.
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Year Vineyard Grape variety Wine name 875r/868r,, 2se n

2011 a Greco Greco 0.710053 +0.000006 114
2006 a Greco, Sauvignon Numero Sei 0.709983 +0.000006 115
2006 a Greco, Sauvignon Numero Sei 0.709972 +0.000006 116
2006 a Greco, Sauvignon Numero Sei 0.709977 +0.000008 116
2007 a Greco, Sauvignon Numero Sei 0.709988 +0.000006 116
2007 a Greco, Sauvignon Numero Sei 0.709984 +0.000006 114
2007 a Greco, Sauvignon Numero Sei 0.709981 +0.000007 115
2011 a Greco, Sauvignon Numero Sei 0.709970 +0.000007 115
2011 a Greco, Sauvignon Numero Sei 0.709978 +0.000007 116
2011 a Greco, Sauvignon Numero Sei 0.709975 +0.000007 115
2015 b Trebbiano Tufo Bianco 0.709567 +0.000009 116
2015 b Trebbiano Tufo Bianco 0.709565 +0.000006 117
2006 a Greco, Sauvignon, Trebbiano Isolina 0.710014 +0.000006 116
2006 a Greco, Sauvignon, Trebbiano Isolina 0.710019 +0.000006 115
2006 a Greco, Sauvignon, Trebbiano Isolina 0.710022 +0.000007 115
2007 a Greco, Sauvignon, Trebbiano Isolina 0.709927 +0.000007 115
2007 a Greco, Sauvignon, Trebbiano Isolina 0.709928 +0.000007 118
2011 a, b Greco, Sauvignon, Trebbiano Isolina 0.709691 +0.000007 115
2011 a, b Greco, Sauvignon, Trebbiano Isolina 0.709677 +0.000006 114
2011 a, b Greco, Sauvignon, Trebbiano Isolina 0.709693 +0.000006 116
2012 a, b Greco, Sauvignon, Trebbiano Isolina 0.709688 +0.000006 114
2013 a, b Greco, Sauvignon, Trebbiano Isolina 0.709517 +0.000007 114
2013 a, b Greco, Sauvignon, Trebbiano Isolina 0.709510 +0.000006 111
2014 a, b Greco, Sauvignon, Trebbiano Isolina 0.709853 +0.000006 116
2014 a, b Greco, Sauvignon, Trebbiano Isolina 0.709848 +0.000007 116
2014 a, b Greco, Sauvignon, Trebbiano Isolina 0.709882 +0.000009 115
2015 a, b Greco, Sauvignon, Trebbiano Isolina 0.709343 +0.000006 113
2015 a, b Greco, Sauvignon, Trebbiano Isolina 0.709351 +0.000007 116
2015 a, b Greco, Sauvignon, Trebbiano Isolina 0.709589 +0.000007 114
2015 a, b Greco, Sauvignon, Trebbiano Isolina 0.709591 +0.000006 114

The mean values of the (n) measurements and 2 se deviations are reported. The Greco and the Tufo Bianco are mono-cultivar white wines. The Numero Sei is a blend
composed by 50% of Greco and 50% Sauvignon. The Isolina wine is a blend composed by ca. 70% of Trebbiano, 156% of Sauvignon and 10% of Greco, with a minor
contribution of other cultivars; these percentages can vary through the vintage years according with productivity of the single varieties.
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Year Vineyard Grape variety 878r/80Sr 2se n

2013 a Greco grape 0.709749  +0.000010 55
2013 a Greco grape-juice 0.710040  +0.000007 113
2014 a Greco grape 0.709960  £0.000006 112
2014 a Greco grape 0.710029  +0.000007 117
2015 a Greco grape 0.710082  +0.000008 116
2015 a Greco grape 0.710050  +0.000007 115
2016 a Greco grape 0.710129  £0.000048 101
2016 a Greco grape 0.710005  +0.000086 101
2013 a Sauvignon grape 0.709738  +0.000010 75
2013 a Sauvignon grape-juice  0.709939  +0.000008 114
2014 a Sauvignon grape 0.709749  +0.000010 55
2014 a Sauvignon grape 0.710048  +0.000007 116
2014 a Sauvignon grape-juice  0.710059  +0.000006 113
2014 a Sauvignon grape-juice  0.710050  4+0.000006 111
2014 a Sauvignon grape-juice  0.710052  +0.000007 115
2015 a Sauvignon grape 0.710095  +0.000042 60
2015 a Sauvignon grape 0.710065  +0.000008 81

2016 a Sauvignon grape 0.710042  +0.000028 82
2016 a Sauvignon grape-juice  0.710110  £0.000007 116
2016 a Sauvignon grape-juice  0.710105  £+0.000007 116
2015 a Trebbiano 0.710069  £0.000008 115
2015 a Trebbiano 0.710049  £0.000008 114
2016 a Trebbiano 0.710086  +£0.000008 92
2016 a Trebbiano 0.710084  +£0.000009 93
2016 b Trebbiano 0.709527  £0.000007 115
2016 b Trebbiano 0.709526  £0.000007 114

The mean values of the (n) measurements and 2 se deviations are reported.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		BIOGEOSCIENCES AND WINE: THE MANAGEMENT AND ENVIRONMENTAL PROCESSES THAT REGULATE THE TERROIR EFFECT IN SPACE AND TIME



		Editorial: Biogeosciences and Wine: The Management and Environmental Processes That Regulate the Terroir Effect in Space and Time



		Author Contributions



		References









		The Value of Soil Knowledge in Understanding Wine Terroir



		INTRODUCTION



		CONCEPTS OF TERROIR



		PHYSICOCHEMICAL FACTORS – WATER, NITROGEN AND TEMPERATURE



		PHYSICOCHEMICAL FACTORS – SOIL NUTRIENTS



		OTHER QUESTIONS



		MICROBIOLOGICAL FACTORS



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES









		Proximal Sensing of Soil Electrical Conductivity Provides a Link to Soil-Plant Water Relationships and Supports the Identification of Plant Water Status Zones in Vineyards



		INTRODUCTION



		MATERIALS AND METHODS



		Vineyard Site, Plant Materials, and Weather



		Experimental Design



		Soil Property Assessment



		Plant Water Status, Gas Exchange and Yield Component Assessment



		Berry Primary Metabolite Assessment



		Extraction of Skin Flavonoid Compounds



		Berry Skin Flavonoid Analysis



		Statistical Analysis









		RESULTS



		Weather and Soil EC at Experimental Site



		Plant Water Status, and Photosynthetic Activity



		Yield Components, Berry Composition, and Berry Skin Flavonoids



		Relationship Between Proximal Soil Sensing and Physiological Indicators









		DISCUSSION



		Soil Characteristics, Soil EC and Plant Water Status Relationships in Space



		Yield Components



		Berry Primary Metabolisms



		Berry Secondary Metabolisms – Skin Flavonoids









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Temperature Variability at Local Scale in the Bordeaux Area. Relations With Environmental Factors and Impact on Vine Phenology



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area



		Temperature Monitoring



		A Dense Network of Temperature Sensors



		Weather Station



		Bioclimatic Indices









		Vine Development Monitoring



		Environmental Co-variables



		Statistical Analyses









		RESULTS



		Temperature Variability (2012–2018)



		Daily Temperature Amplitude Analysis



		Temperature Variability Over the Vegetative Season



		Canopy Winkler Index









		Temperatures Modeling



		Spatial Modeling of Daily Temperatures



		Spatial Distribution of Minimum and Maximum Temperatures During the Vegetative Season



		Spatial Distribution of Canopy Winkler Index



		Environmental Factors Explaining Temperature Distribution









		Relationship Between Vine Development and Temperature



		Phenological Observations



		The Timing of Mid-Flowering and Mid-Véraison Modeled by Means of the GFV Model



		Temperature data correction



		Validation of GFV model



		Spatial modeling of the timing of mid-flowering and mid-véraison (2012–2018)



		Validation of phenological maps





















		DISCUSSION



		Spatio-Temporal Temperature Analysis



		Relationships Between Vine Development and Temperature



		Comparing Amplitude of Temperature and Phenology Observations With Amplitude of Temperature and Phenology on Maps Obtained by Spatial Modeling



		Relationships Between Day–Night Temperature Amplitude and Wine Quality



		Terroir Characterization at Local Scale for a Better Adaptation of Current and Future Technical Management Strategies









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		Microbial Functional Diversity in Vineyard Soils: Sulfur Metabolism and Links With Grapevine Plants and Wine Quality



		Introduction



		Materials and Methods



		Description of the Study Area



		Pedological Survey and Soil Sampling



		Soil Chemical and Physical Analyses



		DNA Extraction, Purification, and Whole Genome Amplification



		GeoChipTM Hybridization and Analysis



		Soil Enzyme Assays



		Statistical Analyses









		Results



		Soil Pedological Survey and Chemical-Physical Analysis



		Overview of the Detected Gene Diversity



		Phylogenetic Structure of Soil Microbial Communities



		Analysis of the Functional Gene Categories



		Enzymatic Analyses















		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Defining and Managing for Healthy Vineyard Soils, Intersections With the Concept of Terroir



		INTRODUCTION



		WHERE SOIL HEALTH MANAGEMENT AND THE EXPRESSION OF TERROIR INTERSECT



		Soil Temperature



		Soil Chemical Fertility



		Soil Nitrogen Supply and Retention



		Water Availability and Drainage



		Soil Biodiversity



		Soil Carbon Sequestration and Greenhouse Gas Emissions









		COVER CROPS AND COVER CROP MANAGEMENT FOR IMPROVED VINEYARD SOIL HEALTH AND EXPRESSION OF TERROIR



		COMPOST USE AND MANAGEMENT FOR IMPROVED VINEYARD SOIL HEALTH AND EXPRESSION OF TERROIR



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Spatial Variability of Soil and Plant Water Status and Their Cascading Effects on Grapevine Physiology Are Linked to Berry and Wine Chemistry



		INTRODUCTION



		MATERIALS AND METHODS



		Vineyard Site, Plant Materials, and Weather



		Experimental Design



		Vineyard Soil Property Assessment



		Grapevine Physiology Assessments



		Berry Total Soluble Solids, pH, and Titratable Acidity



		Extraction of Skin Flavonoid Compounds



		Berry and Wine Flavonoid Analysis



		Statistical Analysis



		Winemaking Procedures









		RESULTS



		Weather at the Research Site



		Soil Property Assessment



		Plant Water Status and Leaf Gas Exchange



		Yield Components, Must Soluble Solids, pH, and Titratable Acidity



		Berry Skin Anthocyanins at Harvest



		Wine Flavonoids



		Linking Soil to Grapevine Physiology









		DISCUSSION



		Soil Bulk EC and Plant Water Status Spatial Relationships



		Components of Yield



		Must-Soluble Solids, pH, and Titratable Acidity



		Berry Skin and Wine Flavonoids









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Sensitivity of Grapevine Soil–Water Balance to Rainfall Spatial Variability at Local Scale Level



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area and Rain Gauge Networks



		Water Balance Modeling









		RESULTS



		Local Variability of Rainfall



		Water Balance Variability at Local Scale



		Local to Mesoscale Water Balance Variability









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES









		Conservation of 87Sr/86Sr During Wine-Making of White Wines: A Geochemical Fingerprint of Geographical Provenance and Quality Production



		INTRODUCTION



		MATERIALS AND METHODS



		Geological and Pedological Setting and Geochemical Framework



		Sampling



		Sample Preparation and Analysis









		RESULTS AND DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Carbon Isotope Discrimination (δ13 C) of Grape Musts Is a Reliable Tool for Zoning and the Physiological Ground-Truthing of Sensor Maps in Precision Viticulture



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Sites and Plant Material



		Chemical Analysis



		Carbon Isotope Composition of Musts



		Grape Berry Anthocyanin Extraction and Analysis



		Leaf Nitrogen Content and Plant Biomass









		Supportive Analysis



		Spatial Data Acquisition and Terrain Analysis



		Soil Electrical Resistivity



		Normalized Difference Vegetation Index



		Solar-Noon Stem Water Potential



		Leaf Gas Exchange









		Statistical Analysis









		RESULTS



		Relationships Between Ψstem and Leaf Gas Exchange



		Relationships Between Plant Water Status, Leaf Gas Exchange and δ13C of Grape Musts



		Leaf Nitrogen Concentration and Its Relationship to Gas Exchange and δ13C



		Comparing δ13C and Plant Water Status to Delineate Management Zones for Selective Harvest in Precision Viticulture



		Relationships Between Sensed Site Characteristics and Whole Grapevine Physiology



		Interpolating Plant Water Status Deriving Management Zones



		Selective Harvest Zoning Using δ13C









		Effect of Sampling Granularity on the Correlation Between Ψstem and δ13C









		DISCUSSION



		Carbon Isotope Composition of Grape Musts Is a Sensitive Bio-Data Logger of Plant Water Status and Gas-Exchange During Sugar Accumulation in Berries



		Genetic and Environmental Factors and the Role of Nitrogen



		The Use of δ13C for Zoning Vineyard Variability









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Unbiased Scientific Approaches to the Study of Terroir Are Needed!



		The Concept of Terroir: Use and Abuse



		Scientific Approaches



		Future Directions



		Author Contributions



		References









		Exploring Grapevine Phenology and High Temperatures Response Under Controlled Conditions



		INTRODUCTION



		MATERIALS AND METHODS



		Literature Review



		Variety-Rich Study









		RESULTS



		Literature Review



		Variety-Rich Study









		DISCUSSION



		Effects of High Temperatures on Winegrape Flowering



		Utility of Lab-Grown Winegrape Plants for Future Research









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		Counteracting the Negative Effects of Copper Limitations Through the Biostimulatory Action of a Tropical Plant Extract in Grapevine Under Pedo-Climatic Constraints



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Material, Cultural Practices and Experimental Design



		Biostimulant Characteristics



		Biometric Analyses and Yield



		Leaf Gas Exchange and Chlorophyll “a” Fluorescence Emission



		Leaf Traits and Chlorophyll Quantification



		Functional Anatomical Traits in Leaves and Fruits



		Leaf Mineral Composition



		Fruit Quality Traits



		Statistical Analysis of Data









		RESULTS



		Meteorological Course



		Growth Analysis and Production



		Leaf Gas Exchange, Chlorophyll Fluorescence Emission and Photosynthetic Pigment Quantification



		Leaf Traits and Functional Anatomical Traits in Leaves and Fruits



		Leaf Mineral Composition



		Fruit Quality Traits and Mineral Composition









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES























OPS/images/fpls-11-00244/fpls-11-00244-g001.jpg
}.000000 4 - 10).000000 - - < ~ 2().000000 *E1470 }.000000

e

-






OPS/images/fpls-11-00790/fpls-11-00790-t005.jpg
SWP Int Deep EC Shallow EC TSS Berry weight Skin weight TSA Yield

2016 SWP Int 0.6*¢ 0.68"* —-0.81* 0.46** 0.22 0.24 0.19
Deep EC 0.6 0.5 —0.69"* 0.03 0.07 0.24 017
Shallow EC 0.68™* 0.5 —0.57 0.25 0.22 0.27 0.06
2017 SWP Int 0.73"* 0.59* —0.83"* 0.49* 0.49* 0.6 0.20
Deep EC 0.73* 0.5 —0.68"* 0.18 0.35 0.63* 0.41*
Shallow EC 0.59"* 0.5 —0.67 0.51 0.565 0.39* 0.02

agdf = 33. °SWP Int: stem water potential integrals, EC: soil bulk electrical conductivity, TSS: total soluble solids, TSA: total skin anthocyanins. ®Asterisks represents
significant levels p: **p < 0.001, *p < 0.01, *p < 0.05.
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2016

2017

Year
Year x Zoning

Zone 1 £ SEW

Zone 2 4
p-value

Zone 1

Zone 2 +

p-val

Yield (tons-ha=1)

7.06 &+ 0.48
670 o 077
ns
13.66 + 0.66
11.68 £ 1.45
ns
<0.0001
ns

Skin weight (mg)

60.54 + 2.71
55.12 £ 2.76
ns
6225+ 1.80a
52.98 +£2.04b
0.002
< 0.0001
ns

Berry (no.-m—1)

2879.42 +£157.73
2529.03 £ 230.84
ns
5997.40 & 341.15
4408.16 & 434.27
ns
<0.0001
ns

Pruning weight (kg-vine~1)

2.08 £0.05

2.07 £0.14
ns
1.66 £ 0.07
1.70 £0.14
ns
0.002
ns

Ravaz index (kg-kg~1)

2.43 £ 0.26

2.31 £0.45

ns

5.88 £ 0.37

4.92 +£1.02
ns

0.0001

ns

TSS (°Brix) ¢

29.88+0.25a°
26.32 +0.38b
0.027
26.72+0.39 a
23.71 £ 040b
<0.0001
<0.0001
ns

pH

38240024
3.75+0.01b
<0.0001
3.65+0.03a
3.58+0.01b
0.024
< 0.0001
ns

TA (g-L1)d

540+011b
6.01 £0.12a
0.001
6.53+0.12b
722+0.10a
<0.0001
<0.0001
ns

an = 35, ns: not significant, the data for 2016 in this table was partially published in Brillante et al. (2017), courtesy of American Chemical Society. ® Except skin weight, components of yield were expressed as numbers
or weight per meter of vineyard row. °TSS, total soluble solids; TA, titratable acidity. dzone 1: lower plant water status zone, Zone 2: higher plant water status zone. Numbers in the column were expressed as their

means =+ standard error of the mean. ®Different letters indicate significant mean separation according to Tukey’s HSD test (p < 0.05).
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Delphinidin (mg-g~') Cyanidin (mg-g~') Petunidin (mg-g~') Peonidin (mg-g~') Malvidin (mg-g~') Tri-OH (mg-g~') ¢ Di-OH (mg-g~') Total anthocyanins (mg-g~')
2016 Zone 1+ SEM 0.34 £ 0.03 0.03+0.01b® 0.20+£0.01b 0.15+0.01b 1.13+0.05b 1.67 £0.09 b 0.18 £ 0.02b 1.856£0.10b
Zone 2 + SE 0.42 +0.03 0.06 +£0.01 a 0.24 +£0.01a 0.20+0.01 a 1.33+£0.06 a 199 £0.10a 0.25+0.02a 224+ 011a
p-value ns 0.010 0.039 0.007 0.018 0.027 0.007 0.016
2017  Zone1 £ SE 0.34 + 0.01 0.05 + 0.00 0.24 + 0.01 0.17 £ 0.01 1.33+£0.04 a 191 £0.05a 0.21 £ 0.01 212 4+ 0.06 a
Zone 2 + SE 0.33 +0.02 0.05 + 0.01 0.23 + 0.01 0.18 +0.01 1.14+£002b 1.70£005b 0.24 +0.02 1.94 £ 0.06 b
p-value ns ns 0.002 ns 0.000 0.005 ns 0.000
Year 0.018 <0.0001 0.001 <0.0001 ns ns 0.0001 ns
Year x Zoning ns ns ns ns 0.012 0.021 ns 0.020

an = 35, ns: not significant, the data for 2016 in this table was partially published in Brillante et al. (2017), courtesy of American Chemical Society. by compounds are expressed in the unit of mg per g of berry fresh
weight. All anthocyanins comprised of their -glucoside, -acetyl glucoside, and -coumaroy! glucoside derivatives. ¢-OH, hydroxylation. Tri-OH included delphinidin, petunidin and malvidin, di-OH included cyanidin and
t standard error of the mean. ®Different letters indicate significant mean

peonidin. dzone 1: lower plant water status zone, Zone 2: higher plant water status zone. Numbers in the column were expressed as their means 4
separation according to Tukey’'s HSD test (p < 0.05).
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2016 Zone1 + SEA

Zone 2

p-val

2017  Zone 1
Zone 2

+ SE
ue

+ SE
+ SE

p-val
Year
Year x Zoning

ue

Delphinidin (mg-L~1)

21.36+0.36b°®
51.35+1.98a
<0.0001
75.88 +1.46
76.77 £1.65
Ns
<0.0001
<0.0001

Cyanidin (mg-L-1)

0.80+0.01b
2.37 £0.09 a

< 0.0001
4.94 4+ 0.08
4.82+0.12

ns
< 0.0001
< 0.0001

Petunidin (mg-L~1)

21.01+036b
4545 +154a
<0.0001
53.97 4+ 0892
53.94 + 0.99
0.002
<0.0001
<0.0001

Peonidin (mg-L-1)

8.58+0.13b
21.33+0.75a

< 0.0001
33.42 + 0.47
33.40 £0.58

ns
< 0.0001
< 0.0001

Malvidin (mg-L—1)

16869+ 2760
36028 £ 9.73 a8
<0.0001
614.15 +£8.48
597.09 £9.75
0.000
<0.0001
<0.0001

Tri-OH (mg-L~1)°

206.06 £3.45b
447.03 £ 13.25a
< 0.0001
743.99 £ 10.01
727.80 £ 11.77
0.005
< 0.0001
< 0.0001

Di-OH (mg-L~1)

9.38 +£0.14b
2753 £097a
<0.0001
38.37 + 0.54
38.22 + 0.69
ns
<0.0001
<0.0001

Total anthocyanins (mg-L—1)

2156.44 £ 3.59b
470.73 £ 14.08 a
< 0.0001
782.36 £ 10.39
766.02 £ 12.28

ns

< 0.0001
< 0.0001

an = 9, ns: not significant. ®All compounds are expressed in the unit of mg per L. All anthocyanins comprised of their -glucoside, -acetyl glucoside, and -coumaroyl glucoside derivatives. © -OH, hydroxylation. Tr-OH
included delphinidin, petunidin and malvidin, di-OH included cyanidin and peonidin. dZone 1: lower plant water status zone, Zone 2: higher plant water status zone. Numbers in the column were expressed as their
means =+ standard error of the mean. ®Different letters indicate significant mean separation according to Tukey’s HSD test (p < 0.05).
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2016 Zone 1 + SEd
Zone 2 + SE
p-value
2017 Zone 1 £ SE
Zone 2 + SE

p-value

Year
Year x Zoning

Extension subunits (mg-L~1)

Terminal subunits (mg-L~7)

EGC °

75.07 £7.08 b®
107.94 £ 10.05 a
0.017
453.89 + 40.68
519.56 + 68.02
Ns
<0.0001
Ns

ce EC°®

10.07 £0.36 b 123.056 £9.13b
1414 £0.90 a 17411 +£12.40a

0.001 0.004
33.83 + 2.07 611.69 + 46.57
38.77 + 4.42 690.87 + 80.86

ns ns
< 0.0001 <0.0001
ns ns

ECG °

273+ 0.16b
3.70£0.10 a
<0.0001
9.18 £ 0.78
14.21 £ 2.67
ns
<0.0001
0.012

ce EC°®

53.21 £1.57b 21.39+0.86b
7821 +1.97a 38.756+0.90a

< 0.0001 <0.0001
113.95 £ 9.33 106.00 £+ 9.25
139.08 £ 18.43 127.54 £+ 6.85
ns ns
<0.0001 <0.0001
ns ns

Total proanthocyanins (mg-L~7)

285.52 +£18.14 b
416.85 +£22.70 a
< 0.0001
1328.55 + 86.78
15630.08 + 169.24
ns
<0.0001
ns

mDP ¢

3.73+£0.12
3.51 +£0.14

5.80 £ 0.38
5.59 £+ 0.41
ns
< 0.0001
ns

an = 9, ns: not significant. ® All compounds are expressed in the unit of mg per L. °C, (+)-catechin; EC, (-)-epicatechin; ECG, (-)-epicatechin-3-O-gallate; EGC, (-)-epigallocatechin; mDP: mean degree of polymerization.
mDP was calculated as the ratio of total proanthocyanidins to the terminal subunits. dZone 1: lower plant water status zone, Zone 2: higher plant water status zone. Numbers in the column were expressed as their
means =+ standard error of the mean. ®Different letters indicate significant mean separation according to Tukey’s HSD test (p < 0.05).
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Category Unique BRO12 Unique BRO11 Shared Tot Shared Simper BRO11/ P-value

% % BRO12 ratio
Actinobacteria 7 4 57 68 838 95 027 0.012*
Alpha-Proteobacteria 1 23 97 121 80.2 31.7 0.92 0.013*
Beta-Protecbacteria 2 1 42 45 93.3 6.1 0.33 0514
Delta-Proteobacteria 0 12 14 85.7 19 1.00 0.349
Gamma-Proteobacteria ) 14 64 80 80.0 20.7 0.75. 0.001*
Epsilon-Proteobacteria 0 o 2 4 100.0 05 0.00 0373
Archaea 1 0 9 10 90.0 18 0.00 0519
Bacteroides 1 1 8 10 80.0 12 0.00 0.643
Firmicutes 1 4 38 43 88.4 17 0.60 0.031*
Cyanobacteria 0 1 12 13 923 53 1.00 0.024*
Chlorobi 0 1 7 8 875 19 1.00 0.251
Other 2 2 45 49 91.8 856 0.00 0.018*
Total bacteria 17 53 3938 463 849 - 0.51 0.011%

Number of unique genes, shared genes, and total gene number, shared abundance (%), SIMPER dissimilarity index (%), and BRO11/BRO12 ratio are indicated.
Statistically significant differences in terms of total number of genes between BRO11 and BRO12 are indicated with *p < 0.05, *'p < 0.01.
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Gene category (genes) Unique BRO12  Unique BRO11  Shared  Tot Shared  Simper BRO11/ P-value

% % BRO12 ratio
C degradation o7 267 1800 2,164 832 - 047 0019*
Cellulose 6 25 159 190 83.7 19 0561 0,002
Chitin 19 55 262 336 78 206 049 0.087*
Hemicellulose 20 32 285 337 84.6 104 023 0081
Lignin 6 29 176 211 83.4 136 066 0.007*
Starch 23 64 456 543 84 235 047 0018*
Pectin 2 2 12 16 75 14 o 0069
Others 21 60 450 531 847 19.1 048 0.038"
Nitrogen cycle 70 302 1620 1,912 795 - 064 0.030*
N fixation (NifH) 5 37 213 255 835 203 076 0,002
Nitrification (amoA) 9 25 243 277 87.7 149 047 0021
Dissimilatory N reduction (napA, nrfA) 9 19 102 130 785 34 036 0.19
22 51 377 450 83.8 16.7 0.40 0.091

Denitrification (nirk) 6 23 124 153 81 1.7 059 0016*
Denitrification (nirS) 3 15 19 137 86.9 76 0.67 0.038"
Denitriication (norB) 1 2 33 36 917 13 033 0579
Denitrification (nosZ) 5 10 65 80 813 35 033 0.139
Denitrification tot 37 101 718 856 839 4038 0.46 0054
Assimilatory N reduction (nasA) 2 3 45 50 %0 16 020 0374
Assimilatory N reduction (niR) 1 2 46 49 939 23 033 0.025°
Assimilatory N reduction (nirA) 1 5 1" 17 64.7 22 0.67 0.008"
Assimilatory N reduction (nirB) 0 4 14 18 778 28 1.00 0.001***
Assimilatory N reuction tot 4 14 116 134 866 89 056 0011*
Anammox (hzo) 0 0 3 3 100 02 0 0374
Ammonification (ureC) 4 22 224 250 896 102 069 0089
Ammonification (gdh) 2 2 3 7 429 14 o 0349
Ammonification tot 6 2 227 257 883 16 060 0.104
Sulfur cycle 61 86 826 973 849 - 017 0381
Adenylylsulfate reductase (aprA) 0 4 30 34 88.2 24 1.00 0.115
Adenylylsulfate reductase (APS-AprA) 1 3 40 44 909 27 050 0.448
Adenylylsulfate reductase (APS-AprB) 1 5 19 25 7% 35 067 0041
Sulfite reductase (CysJ) 12 3 146 161 9.7 156 060 0045*
Sulfte reductase (dsrA) 6 38 206 250 824 352 073 0,001+
Sulfte reductase (dsrB) 12 20 154 186 828 103 025 0.108
Sulfte reductase (si) 10 0 50 60 833 105 ~1.00 0,009
Sulfide oxidation (fccAB) 9 0 4 50 82 8.1 -1.00 0.004*
Sulfide oxidation (scr) 2 0 5 7 714 24 ~1.00 0.039*
Sulfur oxication (sox) 8 13 135 156 865 97 024 0339

Number of unique genes, shared genes and total gene number, shared abundance (%), SIMPER dii
differences in terms of total number of detected genes are indicated with *p < 0.05, *'p < 0.01, or

imilarity index (%), and BRO11/BRO12 ratio are indicated. Statistically significant
< 0.001.
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Horizon ~ Sand  Clay pH CaCo, soc ™ Exchangable complex s0%-

Tot. Active CEC ca K Mg
dag-kg~" dag-kg~! g-kg™! meq-100 g ppm
BRO11 Ap 522 20° 812 15.6° 3.0 65° o7 107 9.8 03 05 7.3
Bw 60° 17 842 173 3.3 2.8° 0.4° 9.8 912 02 042 8.3
BRO12 Ap 72 10° 8.4 6.4° 1.1° 1.1 0.2¢ 7.” 7.3° 0.1® 0.3% 6.2°
Bw 70° 120 7.8° 55° 12° 120 0.2 79 7.8 0.1° 02° 8.1°

For each horizon, sand and clay content, pH, carbonates, soil organic carbon (SOC), total nitrogen (TN), exchangeable complexes (CEC, Ca, K, Mg), and total sulfates (SO3") were
determined. Different letters indicate significant differences between topsoil (Ap) and subsoil (Bw) at each site (p < 0.05, t-test).
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Vineyard Cultivar Rootstock Trellis system Pruning Experimental Experimental Cultural practices
design Units (#)
Sonoma Cabernet-Sauvignon 110R High-quadrilateral Spur Equidistant grid 35 None
Galt Cabernet-Sauvignon 1103 P High-quadrilateral Spur Stratified random 16 Variable-rate irrigation;
sampling leaf removal; zone
control
Paso Robles Merlot Noir 1103 P Vertical Shoot Spur Stratified random 24 Leaf removal; Shoot
Positioning sampling thinning; Leaf removal *
Shoot; thinning; zone
control
Delano Crimson Seedless Freedom Gable Cane Stratified random 16 Deficit irrigation 0.65

sampling

ETc, 0.8 ETc; zone
control (1 ETc)
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Slope Elevation (m) SAGA WI TWI Shallow ER DeepER NDVI Wood(kg) SWPInt 3813C ggint AyInt WUEiInt

NDVI 0.54 0.43 0.36 0.48" 0.03 0.59 0.60* —0.29 003 -0.04 -0.12 0.05
¥ stem Int  —0.27 —0.78" -0.57*  -0.07 —0.70** —-0.63* -0.29 0.23 0.82** -0.83"* -0.86"* —0.79"*
5 18C —0.07 0.46 0.37 —0.05 0.56" 0.42 —0.03 —0.52* 0.82** —-0.92* -0.89"*  0.92"*
gs Int —0.05 —0.52 —0.40 —0.03 —0.62** —0.36 —0.04 —0.51* 0.83* —0.92* 0.977* —0.92"*
An Int —0.09 -0.57* —0.43 —0.07 —0.61** —0.38 —0.12 0.39 0.86™* -0.89"* 0.97 —0.85"*
WUEI Int 0.09 0.52 0.44 0.01 0.57* 0.48 0.05 —0.51* -0.79™  0.92** —-0.92"* —0.85"*

Column level Bonferroni significance threshold for alpha = 0.05 is 0.008. Stars indicate adjusted p-values, * < 0.05; ** < 0.01; ™ < 0.001.





OPS/images/cover.jpg
BIOGEOSCIENCES AND WINE: THE
MANAGEMENT AND ENVIRONMENTAL
PROCESSES THAT REGULATE THE
TERROIR EFFECT IN SPACE AND TIME

EDITED BY: Simone Priorl, Antonello Bonfante, Emmanuelle Vaudour,
Silvia Winter, Sandro Conticelll and Luca Brillante
PUBLISHED IN: Frontiers In Environmental Sclence, Frontiers in Plant Science
and Frontiers In Earth Science






OPS/images/fenvs-08-00075/fenvs-08-00075-g006.gif
© Actvty ratio (BROVIBRO1Z)

Fromoraor

)

it o)
Proosciere wn

[T

"

oo o)
GaDNA

)
i

g

ot et






OPS/images/fenvs-08-00075/fenvs-08-00075-g002.gif





OPS/images/fenvs-08-00075/fenvs-08-00075-g003.gif
Mumber of detectedgenes 8 7T

B . ol

Fefo o

et o

| ==
son eronz -





OPS/images/fenvs-08-00075/fenvs-08-00075-g004.gif
Total number of detected genes

oy ocion
ot

WBROI1 m BROL12





OPS/images/fenvs-08-00075/fenvs-08-00075-g005.gif





OPS/images/fpls-11-00515/fpls-11-00515-t001.jpg
Maximum temperature (°C)

Minimum temperature (°C)

Canopy Winkler index (degree-days)

Estimate  Std. error ¥2-value Estimate  Std. error ¥2-value Estimate Std. error ¥2-value
Elevation (m) —6.9E-03 9.0E-04 126.0 (<0.001) 2.3E-02 1.0E-08 681.9 (<0.001) 1.85E+00 1.37E-01 174.6 (<0.001)
Slope (%) 6.7E-02 1.6E-02 16.6 (<0.001) 1.1E-01 1.8E-02 108.0 (<0.001) 2.03E+01 2.38E+00 133.0 (<0.001)
South/north 2.0E-01 5.1E-02 0.1 (0.7) —2.5E-01 5.8E-02 6.4 (0.01) —6.78E+00 3.07E+00 4.9 (0.03)
exposure
West/east —4.1E-01 6.8E-02 7.3 (0.007) 2.9E-01 7.6E-02 14.8 (<0.001) 3.28E+00 3.69E+00 0.8(0.4)
exposure
Longitude (m) —6.2E-07 5.0E-06 0.02 (0.9) —1.3E-04 5.0E-06 574.1 (<0.001) —1.00E-02 1.00E-03 377.3 (<0.001)
Latitude (m) —1.0E-05 4.0E-06 1.9(0.2 —4.0E-05 5.0E-06 68.0 (<0.001) —4.85E-03 1.00E-03 62.7 (<0.001)
Elevation (m) * —1.0E-03 3.2E-04 10.3 (0.001) —1.2E-03 3.6E-04 10.3 (0.001) —2.60E-01 4.90E-02 28.8 (<0.001)
slope (%)
Elevation (m) * —3.5E-03 8.4E-04 17.2 (<0.001) 3.5E-03 9.5E-04 13.2 (<0.001) / / /
south/north
exposure
Elevation (m) * 7.0E-03 1.8E-03 29.7 (<0.001) —3.7E-03 1.4E-03 6.6 (0.01) / / /

west/east exposure

P-values are indicated within brackets and significant effects are shown in bold.
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Years Number of flowering RMSE (days) of RMSE (days) of Number of véraison RMSE (days) of RMSE (days) of

observations flowering observa- flowering observa- observations véraison observa- véraison observa-
tions/flowering tions/flowering dates tions/véraison tions/véraison dates
modeled from extracted from a map modeled from extracted from a map
corrected created with corrected created with
temperatures by GFV modeled flowering temperatures by GFV modeled véraison
dates using GFV dates using GFV
2012 17 2.2 2.3 17 3.7 3.7
2013 64 4.7 3.6 63 7.6 6.2
2014 59 1.7 2.4 59 3.4 3:5
2015 60 1.4 1.5 60 24 2.6
2016 58 1.8 1.8 60 22 2:3
2018 62 1.7 2.4 55 2.6 2.4
Mean (2012-18) 2.2 2.3 3.6 3.5

Std (2012-18) 1:2 0.7 2.0 1.5
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