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Assessment of Canopy Conductance Responses to Vapor Pressure Deficit in Eight Hazelnut Orchards Across Continents
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A remarkable increase in vapor pressure deficit (VPD) has been recorded in the last decades in relation to global warming. Higher VPD generally leads to stomatal closure and limitations to leaf carbon uptake. Assessing tree conductance responses to VPD is a key step for modeling plant performances and productivity under future environmental conditions, especially when trees are cultivated well outside their native range as for hazelnut (Corylus spp.). Our main aim is to assess the stand-level surface canopy conductance (Gsurf) responses to VPD in hazelnut across different continents to provide a proxy for potential productivity. Tree sap flow (Fd) was measured by Thermal dissipation probes (TDP) probes (six per sites) in eight hazelnut orchards in France, Italy, Georgia, Australia, and Chile during three growing seasons since 2016, together with the main meteorological parameters. We extracted diurnal Fd to estimate the canopy conductance Gsurf.. In all the sites, the maximum Gsurf occurred at low values of VPD (on average 0.57 kPa) showing that hazelnut promptly avoids leaf dehydration and that maximum leaf gas exchange is limited at relatively low VPD (i.e., often less than 1 kPa). The sensitivity of the conductance vs. VPD (i.e., -dG/dlnVPD) resulted much lower (average m = −0.36) compared to other tree species, with little differences among sites. We identified a range of suboptimal VPD conditions for Gsurf maximization (Gsurf > 80% compared to maximum) in each site, named “VPD80,” which multiplied by the mean Gsurf might be used as a proxy for assessing the maximum gas exchange of the orchard with a specific management and site. Potential gas exchange appeared relatively constant in most of the sites except in France (much higher) and in the driest Australian site (much lower). This study assessed the sensitivity of hazelnut to VPD and proposed a simple proxy for predicting the potential gas exchange in different areas. Our results can be used for defining suitability maps based on average VPD conditions, thus facilitating correct identification of the potentially most productive sites.

Keywords: stomatal sensitivity, sap flow, orchard management, global warming, Corylus avellana (L.)


INTRODUCTION

The role of the leaf to air vapor pressure deficit (VPD) is increasingly recognized as a leading limiting factor to determine plant gas exchange (Novick et al., 2016; Grossiord et al., 2020), while the influence of climate change on VPD rise becomes more and more evident. Anthropogenic-related global warming has increased unceasingly by 0.2°C every decade for more than 30 years (IPCC, 2018). A sharp increase of VPD was observed in the last decades (Yuan et al., 2019) and climatic projections show a future scenario where VPD increase is a diffuse phenomenon in many areas of the globe (Ficklin and Novick, 2017; Barkhordarian et al., 2019).

Higher VPD is in general detrimental for plant productivity because of the negative exponential response of stomatal conductance gs to increasing VPD (Schulze et al., 1972; Jones, 1992; Oren et al., 1999). This response limits plant dehydration, but, at the same time, reduces carbon assimilation once stomata are partially closed. This explains why VPD was identified as a climatic factor related to tree mortality (McDowell et al., 2013) and limits crop productivity (Eamus et al., 2013). Prolonged periods of high VPD have been related to reduced growth (Sanginés de Cárcer et al., 2018) or large-scale forest die-off (Breshears et al., 2013; Will et al., 2013). Similarly, major crops such as maize, wheat, soybean, and fruit trees were reported to have decreased yields in response to high VPD (Challinor and Wheeler, 2008; Lobell et al., 2011; Zhao et al., 2017; Hsiao et al., 2019). Because plants are at the base of human life, the impact of changing climate and VPD rise on food provided by plants are a main issue in the upcoming future.

The response of plants to VPD variation has been extensively studied both at the leaf and at stand level. The latter is more suitable for assessing the effect of different management systems and structures in a specific site/orchard. At stand level, the surface canopy conductance Gsurf (mol m–2s–1) refers to the capacity of gas exchange of the whole canopy expressed per unit of ground area, which includes a wide variety of heterogeneous leaf conditions (Medrano et al., 2015) and the community structure in terms of leaf area, roughness, soil properties, and species (Grossiord et al., 2020). In stands where the decoupling coefficient Ω is low (Jarvis and McNaughton, 1986), stomata experience a VPD close to the free atmosphere and the total canopy conductance is assumed to be driven largely by stomata aperture (Köstner et al., 1992; Hogg and Hurdle, 1997; Chapin et al., 2002). Thus, canopy conductance Gsurf can be estimated from the rate of canopy transpiration (Ec) and VPD simply as: Gsurf = k × Ec/VPD (Köstner et al., 1992; Arneth et al., 1996) where k is a temperature-dependent parameter (see below). Gsurf includes two components: the stomatal component (average of different canopy leaves) and the aerodynamic component, which is a function of the orchard structure (i.e., density, height, roughness). Thus, when it is considered on a relatively long-term scale (weeks, months), Gsurf can be a proxy for carbon uptake of the community, which, in turn, should also determine the carbon pool for reproductive allocation and seed production. In its turn, maximum value of Gsurf (i.e., Gmax) indicates the potential gas exchange of the whole canopy.

The potential conductance is reached under non-limiting conditions of soil water availability, light, and optimal temperature. In forests, these conditions are rarely met and Gmax is generally estimated. Thus, Oren et al. (1999) proposed to use the Gsurf reached at 1 kPa (Gsurf@1kPa) as reference maximum conductance. Gsurf@1kPa is highly variable across ecosystems because it depends both on the stand characteristics and species. In natural forest formations, it ranges from 0.2 to 0.7 mol m–2s–1 from savannah to deciduous forests (Grossiord et al., 2020). Tang et al. (2006) reported Gsurf@1kPa 0.024 (mol m–2s–1) for some broad leaves of the genera Betula, Acer, and Ostrya and Fernández et al. (2009) from 0.28 to 0.44 in Nothofagus antarctica and Diostea juncea. On conifers, Köstner et al. (1996) and Köstner et al. (1996) reported Gsurf@1kPa = 0.16–0.4 (mol m–2s–1) in Pinus sylvestris.

At the same time, some studies showed that many species, including hazelnut, present Gmax occurring before 1 kPa (Tang et al., 2006; Herbst et al., 2008). Some other species reach Gmax even above 1 kPa such as for example Pseudotsuga menziesii, where the Gmax = 0.64 (mol m–2s–1) is reached at about 1.8 kPa (Fernández et al., 2009). Also some studies on leaves of fruit trees as olive (Rodriguez-Dominguez et al., 2019), walnut (Rosati et al., 2006), and different apple cultivars (Massonnet et al., 2007) show that Gmax is reached between 1.5 and 2 kPa, probably related to the incidence of the fruit load in the whole tree physiology. Indeed, a correct approach to define the maximum potential gas exchange would be to consider the actual Gmax, which may occur at different VPD according to the species or stand management.

Still, the reference Gsurf@1kPa is often used to determine the sensitivity of a species. The sensitivity of stomatal response (even at canopy level) to VPD refers to the relative reduction in G with increasing VPD (i.e., -dG/dlnVPD). It is commonly believed that high Gsurf@1kPa predicts high sensitivity (Oren et al., 1999). The sensitivity is measured as the slope (m) of the function Gsurf = Gsurf@1kPa – m lnVPD. Gsurf@1kPa and m seem highly correlated (average R2 = 0.75) with a slope of approximately 0.6 across species. In other words, the higher the Gsurf@1kPa, the faster the stomata close with VPD increase, compared to species or individuals that present a lower Gsurf@1kPa. However, it is likely that the sensitivity changes whether we consider Gsurf@1kPa or Gmax.

In this study, we explored the relationship between VPD and whole tree conductance Gsurf as a contribution to understanding the limitations of potential productivity in eight commercial hazelnut orchards distributed in different countries. These sites have been considered as eight representative orchard conditions in a range of bearable climates for hazelnut growth, going from mild temperate to dry warm. Increasing VPD connected to global warming (IPCC, 2018; Barkhordarian et al., 2019) will certainly threaten these areas. Thus, we aimed at: (I) identifying the maximum canopy conductance and its sensitivity to VPD at each site and (II) providing a procedure to quantify the maximum potential gas exchange of a site by knowing the frequency of occurrence of VPD values.

The assessment of critical thresholds of VPD that guarantee optimal Gsurf will become of great importance in defining suitability maps to locate new plantations and predict the responses of current crops to future climate change.



MATERIALS AND METHODS


Study Areas, Orchard Characteristics, and Experimental Setting

This study occurred in eight different commercial orchards of European hazelnut (Corylus avellana, L.) distributed in both the hemispheres. In the northern hemisphere: in France (Cancon, 44°18′N, 0°34′E, named “F1”), Italy (Baldissero d’Alba, 44°45′N, 7°55′E, named “I1”), and Georgia (Gejeti, 42°19′N, 42°12′E, named “G2”); in the southern hemisphere: in Chile (Camarico, 35°18′S, 71°21′W, named “C1”; San Sebastian, 35°17′S, 71°32′W, named “C2”), and Australia (Glendale farm, 34°48′S, 146°40′E, named “A0”; Narrandera, 34°48′S, 146°40′E, named “A1”; Orange, 33°19′S, 149°5′E, named “A2”). The experiment included three main commercial cultivars: Tonda Trilobata (TT), Tonda di Giffoni (TG), and Ennies. Table 1 presents the biometrics and orchard features for all the study areas. The differences of orchard characteristics between sites are representative of diverse types of orchard management systems of the species. The total tree basal area refers to the sum of basal area of all the sprouts belonging to each single individual tree, which is normally grown as multistem. The leaf area index (LAI) derives from estimation of the tree leaf area (m2), which, in turn, is derived by a species-specific allometric equation, namely leaf area = 0.16 × D2.22 (R2 = 0.93), where D is the diameter (in cm) at the base of each stem. The relationship was established by using both the cultivars TT by Pisetta (2012) and TG (data not published). These orchards all entered the productive stage. Because hazelnut has a strong alternance in fruit bearing between years (almost two times of magnitude between years) and the fruit load (kg/tree) in Table 1 is the maximum value recorded in the three growing seasons in the parcel of the site where the trial was located. Thus, the data reported to the tree level shall be considered as an estimation of the maximum potential.


TABLE 1. Tree biometrics in the study areas: tree spacing, estimated tree height, sprout number per individual tree, total basal area (SD in brackets), estimated leaf area index (LAI), fruit load (maximum value recorded in the period), cultivar (TG, Tonda di Giffoni; TT, Tonda Trilobata; E, Ennies), and training system.
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These orchards all entered the productive stage. Trees were in their productive stage in all the orchards (between 5 and 10 years old). Orchards are subjected to standard agronomic practices to support nut production (Roversi, 2014). Irrigation starts just before the nut cluster formation with about 3 mm of water per day distributed by a drip irrigation system. This study covered three growing seasons from 2016 to 2019. Sap flow was monitored by mean of thermal dissipation probes Granier type, 20 mm long (self-made in the Department of Territorio e Sistemi Agro-Forestali lab). Details on the construction and installation of Thermal dissipation probes (here after TDPs) are given in Pasqualotto et al. (2019). TDPs were installed in six trees per site in the phenological phase V03–V04 (bud brake and leaf emergence). Hazelnut phenology was collected at the orchard level according to a protocol proposed by Ferrero Agri-Farms, built on the (Biologische Bundesanstalt, Bundessortenamt and Chemical Industry, i.e. the German scale used to identify the phenological development stages of a plant) and on Romano et al. (1998). TDPs were set north-east facing on one branch per tree at about 50 cm above the ground in order to avoid thermal disturbance or humidity from the soil and possible damages to the sensors from the mechanical removal of sprouts. Further, TDPs were thermally insulated with aluminum heat insulation foil and Styrofoam. Two soil water content probes measuring the volumetric water content (TDR probe, Mod. CS650, Campbell Scientific Incorporation, Logan, USA) were installed between monitored trees at 30 and 60 cm depth. A data logger (CR1000, Campbell Scientific Incorporation, Logan, United States) recorded all the data every 15 min over the entire growing season, i.e., up to V08, leaves senescence, and shedding. A solar panel and a battery provided constant power supply to the stations. Air temperature (°C) and relative humidity (RH%) were recorded right on top of tree crowns in the orchard. Sap flow probes were replaced at the beginning of each growing season to prevent signal decaying.



Data Elaboration

The sap flow density Fd (dm3 dm–2 h–1) was calculated by using the classic equation form Granier (1985):
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k = (ΔT0–ΔT)/ΔT, where ΔT is the temperature difference between the two probes (the heated vs. the reference one), ΔT0 is the maximum temperature difference (i.e., the condition corresponding to zero flow). For this study, we used specific parameters calibrated for hazelnut b = 1.45 and the constant a = 13.86 (Pasqualotto et al., 2019). Canopy transpiration (EC) (g m–2 s–1) was calculated from mean Fd by multiplying it with the total sapwood area (AS) over the orchard ground surface (AO) (Oren et al., 1998):
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The total water vapor transfer capacity or conductance at stand/orchard level (Gsurf) in mm s–1 was estimated from the canopy transpiration EC and air VPD (Tang et al., 2006):
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Where k = 115.8 + 0.4226 T (m3 kPa °C kg–1), T is the temperature (°C), and VPD = es – ea = es – (RH × es/100), where ea is a function of the relative humidity expressed in percent (Monteith and Unsworth, 2013). This was converted to mol m–2 s–1 according to Jones (1999) to allow for comparisons with recent reports. We also calculate the same values per unit of leaf area as EL = Ec/LAI and Gsurf per unit of leaf area. The data set were subset to obtain diurnal data from 6 a.m. to 6 p.m. for the growing season: May to August for the northern hemisphere and November to February for the southern hemisphere. This choice means to extract the transpiration values related to positive carbon dioxide (CO2) assimilation condition. To compare the slopes of the response curve between Gsurf and VPD, we calculated the relative value of canopy conductance Grel:
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where Gmax is the maximum value of Gsurf that occurs in the interval VPD80. For the sake of better understanding of the site dynamic, data have been aggregated per site by averaging the response of Grel to VPD of multiple growing seasons. An ANOVA was applied to the dataset to check for differences of stomata sensitivity between sites. Grel is averaged into VPD classes of 0.1 kPa to simplify the response analysis in a continuous pattern (Hogg and Hurdle, 1997). The response of Grel to VPD site by site aims at defining which are the best conditions for gas exchange around the optimum (Gmax) in each study area. To meet this target, values of Grel > 80% were selected and the corresponding VPD values were defined in a specific range of VPD at site level (VPD80). Every time trees experience VPD belonging to the VPD80 range and we can assume that canopy gas exchange was relatively high.

Trees experience conditions of VPD80 at different times during the day throughout the year. The frequency of VPD80 over the growing season in a specific site is critical to determine the total achievable gas exchange capacity (GEC). In order to include the temporal factor, we calculated the integral of the daily Gsurf curve only in the intervals of VPD80 occurrence (e.g., in Figure 1 for day of the year 175 in site I1—Italy). The sum of these integrals at site level for the entire growing season gives the GEC:
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FIGURE 1. Example of daily pattern of canopy conductance Gsurf (mol m– 2s– 1) in site I1 day of the year 175 (i.e., Italy 24th June). The light blue area underlies the time interval in which vapor pressure deficit (VPD)80 occurs.
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Where n.VPD80 is the number of occurrences (expressed in seconds) of VPD80 per site during each growing season (mean occurrences per growing season) and Gsurf80 is the mean value of Gsurf recorded in the VPD80 at each site. We obtained an estimation of the total GEC of a growing season at site level according to the orchard characteristics and to the average climatic conditions (Mmol m–2).




RESULTS


Climatic Conditions

The mean daily air VPD condition during the growing season ranged widely from 1.01 kPa day–1 in site C1 and G2 to 1.93 and 2.66 kPa day–1 in the Australian sites A0 and A1, respectively (Table 2) (Kruskal–Wallis nonparametric test, p < 0.001). Site A1 also resulted the warmest with peaks of 46°C, while C1 the coolest with minimum reaching −5°C during the growing season. The global radiation was higher in southern hemisphere sites, especially in Chile (sites C1 and C2) (about 30 MJ m–2 day–1), while in northern hemisphere sites, the global radiation was generally lower (about 20 MJ m–2 day–1). The volumetric water content (VWC) of the soil ranged between 0.09 and 0.45 m3 m–3 and it is linearly correlated (R2 = 0.75) with the mean VPD at site level, being highly dependent on the site temperature. The remaining difference can be explained by the soil texture, which is, for example, high in sandy soil in site A1.


TABLE 2. Main climatic parameters at each site during the growing season (May to August or November to February).
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Conductance of Orchard Systems

The response curve of Gsurf to VPD classes (bin size 0.1 kPa) showed an initial increase of Gsurf at very low VPD, followed by the typical exponential decrease with higher VPD (Figure 2). Different maximum values of Gsurf were recorded at site level and explain the behavior of different orchard systems with different LAI: Gmax was very low in site A1 (Gmax = 0.094 mol m–2s–1), but much higher in site G2 (Gmax = 0.586 mol m–2s–1) (Table 3). The maximum canopy conductance Gmax (Table 3) occurred on average at VPD = 0.57 kPa across sites, ranging between 0.35 and 1.1 kPa (Table 4). In Supplementary Figure 1, the same response curve is presented with Gsurf normalized by leaf area. In this case, Gmax differences collapse to a range of 0.1 mol m–2s–1, while in some sites (e.g., F1), the response to VPD per leaf area unit is highly reduced (Figure 1).
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FIGURE 2. Response of Gsurf to VPD in different sites (absolute values). Data are binned using 0.1 kPa bin size. SE per each interval of 0.1 kPa of VPD is shown on site-related markers.



TABLE 3. Output of the linear model computed as lm = [Grel∼log(VPD) + log (VPD) × site, where b and m are the parameter of the equation Grel = m × ln (VPD) + b.
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TABLE 4. Mean values of VPD at Gmax and at the lower and upper limit of the VPD80 interval, i.e., when Gsurf = 80% of Gmax.
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The response of Gsurf to VPD resulted well fitted in all the sites by a semi-log transformation of the type y = -m × log (x) + b as suggested in Oren et al. (1999). Globally, the regression between surface conductance (Gsurf) and log (VPD) resulted highly significant (R2 = 0.978) meaning that Gsurf is strictly determined by the VPD measured at site level. The parameter m, i.e., the slope of the logarithmic function, was significantly different between sites (ANOVA, p < 0.01). Still, two main clusters were identified. The first included Australian sites A0, A1, and A2, where m values were between −0.027 and −0.046 describing a very low decrease of Gsurf with VPD. The second cluster showed higher m values ranging from −0.134 in C1 to −0.192 in C2 (Table 3). Together with higher Gmax, these orchard systems have a higher GEC of the canopy together with a faster decrease of Grel with an increase in VPD.

The clustering of site sensitivity emerges clearly in the regression between –m and the maximum canopy conductance. We compared the variation of the sensitivity parameter –m to Gmax and G@1kPa (Figure 3). Even if a better correlation resulted from the linear regression of –m against G@1kPa (R2 = 0.96, p < 0.001) with respect to Gmax (R2 = 0.85, p < 0.01), the linear regressions are not significantly different from each other (p > 0.05). Thus, Gmax can be used as reference value. Overall, lower sensitivity (lower –m values) corresponded to lower values of both the reference conductance Gmax and G@1kPa.
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FIGURE 3. The sensitivity of average stomatal conductance at site level to increasing vapor pressure deficit (– dG/d lnVPD) as a function of the canopy stomatal conductance at VPD = 1 kPa and at its maximum value. The two axes represent the slope and intercept of the relationship G = – m ln(VPD) – b. G@1 kPa: y = 0.50X–0.016 (R2 = 0.96; Gmax: y = 0.36X–0.005 (R2 = 0.85).


In addition, four sites with two different cultivars were selected to detect whether there was any clustering effect on the response of Gsurf to VPD. Sites C2 and I1 were selected for cultivar TT and C1 and F1 for cultivar TG. However, we did not observe any difference related to the cultivar.

Gmax was used to calculate the relative canopy conductance (Grel) in order to compare the pattern of conductance response to VPD between sites (Figure 4). The interval width of the VPD80, i.e., the interval of VPD in which Grel is maintained ≥ 80% of its maximum was variable between sites. Even if the upper limit of VPD80 occurred on average at 1 kPa, there was high variability between sites. Sites A0, A1, and G2 resulted as having a narrower interval of VPD80 due to an initial pronounced peak in Grel followed by a flatter decline; the upper limit of the VPD80 remained within 0.75 kPa in these sites (Table 4), where we registered the highest maximum and minimum air temperature. On the contrary, the rest of the sites showed a wider interval of VPD80 that reached the maximum value of 1.75 kPa in site A2, which is also the one with the lowest minimum temperature. These observations suggest that these plants might have acclimated to most extreme sites by changing their response to climate.
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FIGURE 4. Response of Grel to VPD class (kPa) in different sites. Study areas are marked with the corresponding site ID as described in “Materials and Methods” section. Markers refer to mean values of Grel in each VPD class (0.1 kPa). Data are binned using 0.1 kPa bin size. Vertical dashed line shows the VPD value at maximum Grel, while the solid line shows the limits of VPD value at 80% of the Grel.


Finally, the mean Gsurf value in each VPD80 resulted well correlated (R2 = 0.61) to interval with the fruit load per tree (maximum value over the 3 years) at site level (Supplementary Figure 2).



Maximum Gas Exchange Capacity

The sum of time with VPD80 calculated over the 4 central months of the growing season (May to August and November to February) amounted to about 4 weeks in site A2 and 3.5 in site F1 (Figure 5A). Site A1 appeared the less suitable site in terms of climatic conditions with less than 1 week per growing season in which Grel is above 80% of its potential. Even if some sites have a higher frequency of VPD80 over the growing season, they might have low mean Gsurf in this interval, as, for example, site A2 with 4 weeks of VPD80 but only Gsurf = 0.15 mol m–2s–1.
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FIGURE 5. (A) Cumulated VPD80 expressed as weeks per site during the main growing season. As the growing season, we considered the period from May to August in the northern hemisphere and from November to February in the southern; maximum gas exchange capacity (GEC) per site: (B) GEC = n.VPD80 × Gsurf; (C) GECleaf = n.VPD80 × Gsurf per unit of leaf area.


By combining these two characteristics per site, we obtained the maximum GEC of the orchard (Figure 5B). The GEC resulted the highest in site F1 because of the joint occurrence of high frequency of VPD80 and high mean Gsurf. Most of the other sites are similar in terms of GEC (about 0.45 Mmol m–2) because the differences in mean Gsurf are compensated by the width of the VPD80 interval. Site A1 remains the site with the lowest GEC produced by the joint occurrence of very high VPD and very low mean Gsurf. These results represent the whole orchard response. Due to this, they implicitly include the effect of the orchard structure (i.e., density, LAI, etc.). If we consider the GEC per unit of leaf area (Figure 5C), the differences decrease and they are parallel to variations of the mean VPD80.




DISCUSSION

The comparative study of a species grown in different sites and under different orchard managements is a useful experimental setting to understand orchard responses under climate warming and VPD rise in the field. These study areas had different mean daily VPD during the growing season and despite irrigation, the soil water content was also affected. Australian sites A0 and A1 showed the most severe evaporative conditions with peaks of 5.2 kPa and daily mean temperature up to 46.6°C. These sites could represent the worst climatic scenario in which hazelnut can grow, together with a soil water content of 0.09 m3 m–3. Italy was also an area with high VPD together with the Australian site A2 located at a higher altitude with respect to A0 and A1. All these regions combined with high daily global radiation in the southern hemisphere represent a very challenging environment for hazelnut that potentially limits the canopy conductance and growth. At present, France (F1) and Chile (C1 and C2) are in a milder condition, but climatic projections forecast increasing atmospheric water demand at global level (i.e., higher VPD) with extreme cases in the southern hemisphere related to the dry phase of El Niño cycles (Zhang et al., 2015; Barkhordarian et al., 2019). Thus, even milder sites may become challenging places to grow hazelnut and it is crucial to know how orchards will respond to these changes in order to adapt the cultivation systems.

The hazelnut response of Gsurf to VPD across sites showed some differences between orchards in terms of both the pattern and Gmax values. Differences in Gmax are representative of wide range of LAI, which developed in orchards; thanks to different management strategies (spacing and training system). Different orchard managements were reported to have a significant effect also on grapevines gas exchanges (Prieto et al., 2020). Because the Gsurf at the leaf area level is similar between sites, orchards with higher LAI have higher total Gmax at the community level. Indeed, orchards with lower LAI, as, for example, A0 and A1 (0.99 and 0.70, respectively), responded to the VPD similarly to grassland or savannah species (Grossiord et al., 2020). In other words, in sites A0 and A1, the whole tree stomata are not only more tightly closed at low VPD with respect to other sites, but also the velocity to close further is low per unit of increase in VPD. This effect is further enhanced by the low soil water content in site A1, where despite irrigation being homogeneously distributed, the higher percentage of sandy soil together with high temperatures severely compromised the water uptake capacity of trees. In these areas, the orchard management shall favor higher orchard LAI. Most of the other sites present values that are closer to deciduous forests. Indeed, absolute Gmax agrees with findings on other broad leaves reported in the literature (Barradas et al., 2005; Tang et al., 2006; Bourne et al., 2015; Grossiord et al., 2020). Another factor that we find linked to the differences in Gmax between sites is the fruit load. Orchards with higher fruit load had also higher Gmax. Accordingly, other studies on orange trees showed that low fruit loaded trees show < 40% stomatal conductance respect to fully loaded trees (Syvertsen et al., 2003). However, it has to be considered that fruit load and LAI, i.e., a proxy of the total photosynthetic capacity of the orchard, should be autocorrelated (Wünsche and Lakso, 2000).

The pattern of Gsurf variation with VPD agrees with the theoretical framework presented by Oren et al. (1999) who described the response of Gsurf to VPD by an exponential response curve, where the sensitivity is expressed by the parameter –m and higher Gmax values predict higher sensitivity. Accordingly, Australian sites resulted in the less sensitive to increase in VPD and with very low Gmax.(average m = −0.03 mol m–2s–1 kPa–1), while the rest of the sites had an average m = −0.17 mol m–2s–1 kPa–1. This latter is close to what found for broadleaved forests (including hazelnut understory) according to Herbst et al. (2008) and for Quercus alba (Oren et al., 1999). Still, these two clusters of sites (Figure 3) highlight differences in the sensitivity within the same species, suggesting a moderate capacity to acclimate. In this sense, this study represents one of the few examples of conductance sensitivity measurements on the same species (Oren et al., 2001; Addington et al., 2004) and the first to compare a single species across continents.

The maximum canopy conductance Gmax is an important parameter to define the optimal gas exchange capacity of a stand. Gmax should be defined under favorable conditions for the species, i.e., non-limiting light, water availability, and optimum temperature. In this study, we are analyzing trees under standard irrigation and fertilization regimes, thus we can assume that Gmax values are as close as possible to the potential for the specific site. Thus, Gmax can be a reference value to determine the species sensitivity to the increasing VPD. Often, the reference G is Gsurf at 1 kPa because it is difficult to obtain continuous and reliable measurements for low VPD. However, in our data collection, we could benefit from a long and continuous data series from sap flow measurements. In this study, Gmax was observed to range widely across sites from A1 (0.091 mol m–2s–1) to G2 (0.58 mol m–2s–1), occurring on average at 0.57 kPa, thus at a lower VPD compared to the reference of 1 kPa proposed by Oren et al. (1999). Other authors such as Tang et al. (2006) and Herbst et al. (2008) observed similar values of Gmax at VPD < 1 kPa in few temperate broadleaves including forests with hazelnut understory, while many fruit trees as olive, walnut, and apple reach Gmax at higher VPD (1.5–2 kPa) (Rosati et al., 2006; Massonnet et al., 2007; Rodriguez-Dominguez et al., 2019). In this perspective, hazelnut can be considered as a species with a water-saving behavior, which typically takes advantage of low VPD to maximize stomata opening and the carbon uptake.

This behavior is also confirmed by the pattern of relative canopy conductance. In this study, not only the slope, but also the value of VPD at which Gmax occurs is important to assess the sensitivity of a species in a specific stand structure. Thus, the sensitivity described in this study is not exactly comparable with that calculated with the reference G@1kPa reported by Oren et al. (1999). Indeed, if Gmax occurs at 0.5, we will obtain a less negative slope (i.e., lower sensitivity) respect to the case in which we consider the same Gmax value at 1 kPa (Figure 6). We simulated a case in which Gmax occurs at 1 kPa and we found m = −0.53, while when Gmax occurs at 0.5, m = −0.39. This shows that force comparisons with G@1kPa may show different results suggesting sensitivity higher than it really is. This might be the reason behind the lower slope value in the linear regression between the parameter –m and reference conductance with respect to found by Oren et al. (1999).


[image: image]

FIGURE 6. Simulation of the response of Grel to VPD with Grel calculated with two different maximum G. Inset presents the same data with x-axis log transformation. Black markers show the max Grel at 0.5 kPa, the 0.8 × Grel at 1 kPa and a slope of −0.39. White markers show max Grel at 1 kPa, thus 0.8 × Grel shifts toward the 1.5 kPa and the slope increases to about 0.13.


Indeed, the comparison of slopes between Gsurf and dGsurf/dln VPD expresses the actual degree of sensitivity of the same species between orchard management. Sites A1 and A0 had the lowest sensitivity (less negative slope). These sites are also those with more extreme events of VPD (up to 8–9 kPa). Thus, we can hypothesize that the lowest sensitivity is related to acclimation in these sites and this acclimation capacity is cultivar independent. Despite the cultivar is different in sites A0 and A1, the pattern of Gsurf to VPD has a steep increase at low VPD followed by a reduction suggesting that trees might have acclimate their leaf characteristics (e.g., number of stomata, size of the stomata, or others) across the growing seasons and this would maximize their gas exchange.

The interval of VPD in which trees could maintain over 80% of their maximum tree conductance in most of the sites is below 1.7 kPa. In all the sites, values above 5 kPa reduce the conductance to the minimum. In A0 and A1, the interval is particularly narrow. This, together with the low sensitivity in these sites, is a further clue that suggests an acclimation capacity of trees. In other words, hazelnut might have responded to the high site VPD by reducing stomata opening and improve the water use efficiency. Also, G2 resulted in a site with narrow interval of VPD. This has in common with A0 and A1 very high minimum temperatures of the air in this study period even at low VPD. This might have somehow forced the plants to further reduce their maximum canopy conductance capacity at low VPD. The chance that hazelnut can develop acclimation to extreme climates is of great interest for orchard managers and for the food industry, which relies on world nut supplies. Indeed, if the mechanism of stomatal acclimation would miss, VPD variation due to climate change could reduce stomatal conductance by 10–50% (Ficklin and Novick, 2017).

When we consider the implication of the higher or lower sensitivity to the carbon economy of the plant, it is also important to consider the temporal scale (Martínez-Vilalta and Garcia-Forner, 2017). To test what is the impact of the VPD80 width on the total canopy conductance at the stand level, we estimated the total GEC of each orchard based on the occurrence of VPD80 during the growing season and the corresponding mean Gsurf in this interval.

Most of the sites had on average 2 weeks (cumulated hours) per growing season in favorable climatic conditions for conductance maximization, i.e., VPD80 while for the rest of the season they are below the 80% of Gmax. F1 and A2 had more than 3 weeks suggesting that from the climatic perspective, these are very promising sites for hazelnut, while A1 has a very limited amount of time during the growing season to optimize the conductance. The situation of site A1 is further worsened by the extremely low Gsurf in the interval of VPD80, which makes the total GEC of the site undesirable. While A1 remains an extreme case, the compensation between the occurrences of VPD80 and Gsurf supports the hypothesis of some acclimation capacity of the species, which leads to a quite even GEC at site level (about 0.45 Mmol m–2). This acclimation might have been favored by the orchard management that favored a compensatory LAI through pruning and tree density. The extremely high GEC in site F1 is indeed related to the high LAI, close to a forest one, combined with very frequent VPD80. When we normalize GEC by LAI, we get the leaf area unit gas exchange, independently to the orchard structure. What is clear is that the GEC_leaf is highly related to the frequency of VPD80, but the orchard structures with higher LAI have, as a consequence, higher whole canopy gas exchange.

If the occurrence of VPD80 remains stable in future growing seasons, we can expect most sites to maintain a good level of potential productivity at comparable growing conditions. Still changes in VPD might overturn the suitability of some areas. In this perspective, VPD must be monitored. At the same time, the orchard management shall favor high Gsurf. This result can be achieved by increasing the LAI by favoring higher trees or by increasing the density where trees are small or still in the early productive stage. Indeed, the higher the fruit load, the higher the Gsurf (Syvertsen et al., 2003). We believe that by collecting longer data series of fruit load combined with physiological and structural parameters of different orchards is a paramount goal to set in the future studies, perhaps toward modeling techniques as proposed by Prieto et al. (2020).

These results on suboptimal interval of VPD combined with the whole tree conductance (potential assimilation capacity) are the basis for a new global perspective on crop management. Indeed, they can be the basis for the construction of physiologically-based suitability maps: by using the projections of VPD conditions (Akpoti et al., 2019), it would be possible to roughly estimate the potential reduction of gas exchange and productivity in a given site.

Nonetheless, this study might provide guidelines for the management of existing orchards. We expect that the more the orchard is structured to maintain a range of favorable VPD conditions (within the VPD80 range), the higher the carbon stocked in trees available for nut production will be. Indeed, the canopy structure variation may largely influence the water use efficiency of orchards (Cohen and Fuchs, 1987; Cohen and Naor, 2002).
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Site Ggyrf =m*In(VPD) + b

G@1 kPa

b m m c.i. R2 (mol m—2s~1) (mol m—2s~1)
A0 0.095 —0.046 d —0.047 —0.044 0.98 0.166 (0.377) 0.103 (0.05)
Al 0.067 —0.027 e —0.027 —0.026 0.98 0.094 (0.082) 0.064 (0.039)
A2 0.124 —0.030 e —0.036 —0.023 0.97 0.171 (0.081) 0.164 (0.089)
C1 0.266 —-0.134 a —0.138 —0.129 0.98 0.313 (0.151) 0.288 (0.087)
C2 0.404 —-0.192 c —-0.197 —0.186 0.98 0.42 0.14) 0.415 (0.121)
F1 0.397 —0.190 a —-0.197 —0.181 0.97 0.534 (0.516) 0.423 (0.186)
G2 0.305 —0.165 b —-0.174 —0.156 0.93 0.586 0.41) 0.363 (0.303)
1 0.318 —0.154 b —-0.157 —0.150 0.98 0.424 (0.208) 0.337 (0.125)

Seasonal Gmax and Ga1kpa are also reported per site with SD in brackets.

Significance level of m difference between sites (A0 as reference), Cls of the semi-logarithmic curve and adjusted-R squared at corresponding sites.





OPS/images/fpls-12-767916-t004.jpg
Site VPD lower limit at VPD at Gax VPD upper limit mean Gg,,s in

80% Gsurr at 80% Gy interval VPDgg

(kPa) (mol m—2s—1)
AO 0.15 0.35 0.55 0.15
Al 0.20 0.45 0.70 0.09
A2 0.45 1.10 1.75 0.15
C1 0.40 0.70 1.20 0.28
c2 0.50 0.90 1.45 0.39
F1 0.30 0.35 0.95 0.49
G2 0.20 0.35 0.50 0.52
11 0.10 0.40 0.90 0.38
General mean 0.29 0.58 1.00 0.30

The mean absolute value of Ggyrs within the interval of VPDgg is reported.
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Site Tree spacing Tree height Sprout n. Tree basal area LAI Fruit load Cultivar Training system
(m) (m) (n.) (dm?) Kg/tree
A0 4x5 3.2 (0.25) 9.8 6.11) 0.69 0.19) 0.99 2 E Single stem
Al 4x5 2.1 (0.15) 7.5 (2.07) 0.58 (0.10) 0.70 1 TG Multi stem
A2 4x5 3.2 (0.03) 4.3 (0.51) 0.94 (0.09) 1.39 n.a. TG Multi stem
C1 6x5 2.8 (0.27) 7 (1.10) 1.87 (0.16) 1.90 5.9 TG Multi stem
c2 4x6 4.5 (0.12) 5.8 (1.72) 2.23 (0.24) 3.05 7.4 T Multi stem
F1 3x5 5.2 (0.27) 3.1 (0.88) 2.65 (0.37) 6.10 7.9 TG Single stem
G2 3x5 3.5 (0.80) 11 (3.35) 1.43 (0.36) 2.06 45 TG Multi stem
11 5x5 3.8 (0.12) 6.5 (1.64) 2.44 (0.54) 8.12 55 TT Multi stem

Non-available data = na.
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Site Mean VPD Air temperature Global radiation vwcC

(kPa) min (°C) mean (°C) max (°C) (MJm—2day 1) (m®m~3)

AO 1.93 (0.71) 1.9 23.94 43.7 n.i. 0.16(0.02)
A1 2.66 (0.99) 2.74 28.04 46.6 26.77 0.09 (0.03)
A2 1.35 (0.67) —5.82 195 39.4 25.04 0.41(0.02)
&l 1.01 (0.31) —4.96 17.56 37.66 29.51 0.33 (0.05)
c2 1.40 (0.41) —-1.08 20.96 38.59 29.51 0.34 (0.06)
Fi 1.16 (0.46) 15 22.86 37.95 19.56 0.40 (0.06)
G2 1.01 (0.41) 7.9 25.01 40.2 n.i. 0.45 (0.04)
1 1.46 (0.54) 2.71 25.04 38.9 19.67 0.20 (0.07)
mean 1.498 0.62 22.86 40.37 25.01 0.29

Mean VPD (SD in brackets) and minimum mean and maximum temperature of the air measured at the orchard canopy level; global radiation of the period (global radiation
data from National Aeronautics and Space Administration Prediction of Worldwide Energy Resources (https://power.larc.nasa.gov/) and volumetric water content (VWC)
of the soil measured with TDR soil probes.
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