
ABSTRACT 

HOWARD, ADAM MICHAEL. Water Dynamics in the Yadkin Valley American 

Viticultural Area – Observations and Modeling. (Under the direction of Joshua L. Heitman). 

 

Grape yield and composition, and consequently wine quality, are greatly influenced 

by the water regime under which grapes are produced. Research supporting grape production 

in the Southeastern U.S., and especially NC’s primary wine grape (V. vinifera) region, the 

Yadkin Valley American Viticultural Area (YV-AVA), is extremely limited. As NC wine 

grape production intensifies, vineyard water dynamics should be investigated. Severe water 

deficits can be detrimental to grape yield and quality, while excessive water supplies can 

lower grape quality and may increase the incidence of disease. Properly timed moderate vine 

water stress can enhance grape quality with minimal impact on yield. Furthermore, different 

grape cultivars may exhibit different physiological responses to soil water deficits, thereby 

providing more favorable water response characteristics for local conditions. A field 

experiment was initiated in 2011 at Dobson, NC to assess the physiological response of two 

hydraulically dissimilar cultivars, Grenache and Syrah. Monitoring included soil volumetric 

water content, grape leaf stomatal conductance, and stem potential; basic grape chemistry 

analysis was also performed, including pH, titratable acidity, and soluble solids. Results 

suggest that, even at moderate water deficits encountered during the study period, Syrah 

exhibits anisohydric behavior, while Grenache exhibits isohydric behavior. Due to lower 

stomatal conductance and stem potential responses of Grenache to moderate water deficits, 

as well as the higher observed soluble solids concentrations in berries, Grenache may be a 

better choice for NC growers seeking to create favorable, moderate water stress under local 

conditions. There are, however, many more parameters which need to be considered in the 



selection of cultivars for a particular climate. Additional work involved an investigation of 

regional climate and soil conditions and their impact on vine water status utilizing soil 

hydrology modeling with the finite element model Hydrus-1D. The model was validated with 

measured data from 2011 (RMSE = 0.29 log cm H2O) and parameterized for five soil series 

most commonly planted in wine grapes in the YV-AVA. Historical rainfall and reference 

crop evapotranspiration data from four weather stations bordering the YV-AVA were used as 

model inputs, for a total of 205 site-seasons modeled. Results suggest that vine stress levels 

were most severe in the 2007 season, and least severe in the 2003 season. The seasons most 

optimal for quality wine grape production, based on soil water conditions, were 2002 and 

2008. Of the five soil series modeled, the Fairview series tended to be the most drought 

prone, while the Clifford series was the least prone to severe water deficits. Overall modeling 

results indicate that the YV-AVA receives ample to excessive rainfall in most years, with > 

70% of the days modeled indicating no-mild vine stress. The dominantly moist environment 

of the region likely requires adaptation of cultural practices and cultivar selection in order to 

produce high-quality wine grapes.  
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CHAPTER 1. GENERAL INTRODUCTION 

Grapes are an important global fruit crop. Grapes constitute 12% of the acreage 

occupied by fruit crops worldwide and are the largest single contributor in that category 

(FAO, 2012). Between 2002 and 2012, China had the greatest increase in acreage of grapes 

harvested, and ranked fourth among worldwide producers in 2012. In both 2002 and 2012, 

the US ranked sixth in global acreage of grapes harvested. However, in terms of global 

grape production, the U.S. ranked third in 2002 and second in 2012.  

While the US is a large contributor of grape production globally, there are significant 

differences in production by state. Within the US, California ranked 1
st
 in 2013 wine 

production, with 87% of the total wine produced. North Carolina ranked 11
th

 in US wine 

production with over 1.3 million gallons of wine produced in 2013 (Alcohol and Tobacco 

Tax and Trade Bureau, 2014). While NC’s contribution to total US wine production is 

relatively small, the industry’s economic impact at the state and local level is significant. 

North Carolina’s wine industry has been steadily growing. Between 2001 and 2013, 

the number of wineries in NC increased five-fold to more than 140. NC is presently home to 

more than 400 vineyards covering 1800 acres. A recent study indicated that the annual 

economic impact of the industry is $1.28 billion and supports almost 7600 jobs (NC 

Department of Commerce, 2013). Despite the importance of this burgeoning industry to 

NC’s economy, little research has been carried out to understand factors that may improve 

the quality of the local industry’s product.  

One of the primary factors affecting the quality of wine grapes is the water regime 

under which they are produced (Van Leeuwen et al., 2009). Excessive water supply can lead 
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to overly vigorous vines; lower berry sugar, anthocyanin, and tannin content; and increased 

incidence of fungal disease pressure (Wolf, 2008; Van Leeuwen et al., 2009). Excessive 

drought stress can lead to decreased yield, decreased sugar accumulation, and, ultimately, 

plant death (Wolf, 2008). Moderate drought stress, when encountered at the proper growth 

stage of the vines, results in minimal yield reduction but significantly improves berry quality 

(Van Leeuwen et al., 2009). There is also evidence that different grape cultivars exhibit 

differing physiological responses to water deficits (Schultz, 2003; Pou et al., 2012).  

Most of the research conducted to date regarding vineyard water dynamics has been 

carried out in regions with limited rainfall throughout the growing season. The climatic 

conditions of the Eastern US differ greatly from those found in regions where wine grapes 

are traditionally grown (e.g. France, Italy, Spain, California) (Peel et al., 2007). 

This work aims to investigate the water dynamics of NC vineyards. Chapter 2 

reports and distinguishes the physiological response of two cultivars, Syrah and Grenache, 

to rain-fed vineyard conditions. Chapter 3 focuses on modeling efforts designed to elucidate 

the incidence and severity of drought stress conditions in NC’s primary wine grape growing 

region, the Yadkin Valley American Viticultural Area (YV-AVA). Finally, Chapter 4 

synthesizes conclusions from these two studies and highlights opportunities for future work. 
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CHAPTER 2. PHYSIOLOGICAL RESPONSE OF TWO 

HYDRAULICALLY DISSIMILAR CULTIVARS TO FIELD SOIL 

WATER CONDITIONS 

1. ABSTRACT 

As the North Carolina wine industry intensifies production, development of water 

management practices becomes increasingly important. Among the issues to be resolved is 

selection of appropriate grape cultivars in NC’s relatively wet climate. Our objective was to 

compare the dynamic water response of two hydraulically dissimilar grape (Vitis vinifera L.) 

cultivars, Syrah (anisohydric behavior) and Grenache (isohydric behavior). Soil volumetric 

water content (θ), standard weather parameters, leaf stomatal conductance (gs), and stem 

potential (Ψstem) were monitored throughout the growing season. Intact soil cores were 

collected for water retention measurements to allow for translation of θ measurements to 

soil matric potential (Ψsoil). Basic grape chemical analyses: soluble solids concentration 

(SS), pH, and titratable acidity (TA) were conducted at three stages of berry development. 

Results showed that correlations between gs and Ψstem, Ψstem and Ψsoil, as well as gs and Ψstem 

were stronger in Grenache than Syrah.  Syrah had greater than or equal gs to Grenache on 

six of seven sampling dates, and greater than or equal │Ψstem│ to Grenache on all sampling 

dates. Syrah depressed Ψsoil faster and to a greater degree than Grenache. Parameters pH and 

TA were the same at most sampling dates, but SS concentration was higher for Grenache 

than Syrah at all sampling dates. Syrah vines also had higher pruning weights than 

Grenache, indicating that this cultivar is more vegetatively vigorous. These data suggest 
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that, even at moderate water deficits, Syrah exhibits anisohydric behavior, while Grenache 

exhibits isohydric behavior. Furthermore, due to the gs and Ψstem responses of Grenache to 

moderate water deficits, as well as the higher SS concentrations observed in this cultivar, 

Grenache may be a better choice for grape growers in NC.  
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2.INTRODUCTION 

Production of high-quality grapes is of the utmost importance in the production of 

high-quality wines. Due to the wide variability in cultivars, grape growers have many 

choices to consider. Wide-ranging variables such as the taste preferences in their target 

market to particular rootstocks most suited to their climate must be weighed. However, 

perhaps the most important considerations are the water regime and the cultivars best suited 

for a given climate. For example, cultivars such as Sangiovese, originated in the dry, 

Mediterranean Toscano region of Italy, and Reisling, originated in the mild and cool 

Northern Rhine region of Germany (Robinson et al., c2012.).  

Much research has been conducted regarding vineyard water dynamics and water use 

in semi-arid, Mediterranean, as well as temperate regions with little rainfall during the 

growing season (Collins et al., 2010; Costa et al., 2012; Zufferey and Smart, 2012; Pou et 

al., 2012). However, limited information is available for grape producers in humid 

temperate regions such as NC with sufficient rainfall in most growing seasons. Due to 

recent expansion of the NC wine industry, the 140 wineries and 400 vineyards (NC 

Department of Commerce, 2013) need information on the response of cultivars to local 

water dynamics. The most widely planted cultivars in NC include Cabernet Sauvignon, 

Cabernet Franc, Merlot, Syrah, Chardonnay and Viognier (NC Department of Commerce, 

2013). Some research, including work from Giese et al. (2014), has investigated utilizing 

cover crops to limit vine vigor in NC vineyards. Little else has been studied to guide water 

management decisions or cultivar selection for the local water regime. More information can 
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assist growers in choosing the cultivars best adapted to producing high-quality grapes in this 

climate, as well as assist them in irrigation management decisions.  

Plants respond to variable weather and soil water conditions with two primary 

mechanisms: stomatal control and hydraulic control.  At low to moderate water deficits, 

stomatal control is the dominant plant response to prevent excessively low leaf potential 

(Ψleaf) (Sperry et al., 2002) or desiccation, but at the expense of lower carbon dioxide (CO2) 

assimilation (Cochard et al., 2002). Stomatal constriction can be observed even before any 

depression in Ψleaf is detected (Gollan et al., 1985; Pou et al., 2008). The plant stomatal 

response to varying vapor pressure deficit (VPD), soil matric potential (Ψsoil) (Tardieu and 

Simonneau, 1998; Choné et al., 2001), and atmospheric CO2 concentration (Wheeler et al., 

1999) is measured by determining leaf stomatal conductance (gs). 

Stomatal conductance can be measured using a steady-state porometer (Frei et al., 

2008). This device consists of a chamber housing two relative humidity sensors installed at 

a known distance from each other. The porometer is clamped onto the abaxial side of the 

leaf, where most of the stomata are located, placing the humidity sensors between the leaf 

and ambient air. As the plant transpires, a humidity gradient is created between the leaf and 

ambient air, and this gradient is detected by the humidity sensors. This gradient is used to 

calculate gs. It should be noted that stomatal conductance in grapevines is not correlated 

with stomatal density on the abaxial side of the leaf (Costa et al., 2012). 

The physiological mechanism of gs manipulation in grapevines to declining Ψsoil is 

primarily controlled by abscisic acid (ABA) signaling from the roots (Lovisolo et al., 2002). 

At greater and more prolonged water deficits, hydraulic control of stomatal aperture 
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dominates (Pou et al., 2008); Plant hydraulic conductivity was correlated with gs during 

stress, as well as recovery after stress. However, this primarily occurs when the plant is 

severely stressed and near death. 

Another measure of plant response to variable environmental conditions is the 

determination of the water status, or potential, in the upper plant parts. As the environment 

around a leaf evaporates water from the stomata, the plant must maintain a continuous water 

column in its xylem by extracting water from the soil. This water flow is maintained by an 

increasingly negative Ψ gradient from Ψsoil, to Ψleaf, to Ψair. As Ψsoil becomes lower, this 

gradient must be maintained. Stomatal manipulation by the plant can mitigate some effects 

of low Ψsoil on Ψleaf, but at some point cavitation in the xylem will occur. If cavitation occurs 

in enough xylem tissue, the continuous water column in the plant will be disrupted, and the 

plant may die if embolisms are not repaired (Broderson and McElrone, 2013).  

Determining Ψleaf gives us a direct measure of the level of water stress experienced 

by a plant at a given time. Leaf potential measurements have been used extensively, but 

those measures are greatly influenced by the microclimate around the particular leaf on 

which the measurements are collected (Choné et al., 2001). Factors such as light 

interception, position on the vine, and leaf age can impact and skew the measurement. A 

more stable and integrative measurement is stem potential (Ψstem) (Choné et al., 2001). An 

opaque, reflective plastic bag is placed over the leaf for some time so that transpiration and 

photosynthesis cease, allowing Ψleaf to equilibrate with Ψstem. The potential of that leaf Ψleaf 

is then determined using a pressure chamber (Scholander et al., 1965).  
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Plants have been described as being either isohydric or anisohydric (Tardieu and 

Simonneau, 1998). This designation depends on how the plant responds hydraulically to 

water stress. Isohydric plants respond to declining Ψsoil by manipulating stomatal aperture to 

maintain high Ψleaf. Anisohydric plants exhibit a decline in Ψleaf as Ψsoil declines (Vogt, 

2001). Isohydric plants exhibit sensitive stomatal control to reduce transpiration, preventing 

low Ψleaf, and preserving water resources. Anisohydric plants, on the other hand, tend to 

maintain high gs in response to Ψsoil reductions, causing depressions in Ψleaf. In short, 

isohydric plants tend to be drought-avoiding, while anisohydric plants tend to be drought-

tolerant (Zufferey and Smart, 2012).  

The categorization of plants as being either isohydric or anisohydric has generally 

been carried out at the species scale, but research has shown that different grapevine 

cultivars can behave as either isohydric or anisohydric (Schultz, 2003; Pou et al., 2008, 

2012; Lovisolo et al., 2008; Collins et al., 2010). Grenache is considered isohydric (Schultz, 

2003; Pou et al., 2012). However, there is some conflict as to whether Syrah is isohydric or 

anisohydric. Schultz (2003) contends that Syrah is anisohydric, while Pou et al. (2012) 

posits that Syrah exhibits near-isohydric behavior. Both of these studies were carried out in 

dry, Mediterranean climates. Both of these cultivars are produced in NC, and their plant-

water relations should be more fully understood in this climate.  

The present study was conducted to investigate the physiological response to water 

dynamics for two cultivars under rain-fed conditions in a humid climate. Using Grenache 

and Syrah grapevines, the objectives of the study were to determine if there is a cultivar 
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response to varying soil water status with regard to vine water status, leaf stomatal 

conductance, and berry composition. 

3. MATERIALS AND METHODS 

3.1 Site Conditions 

The study site was on the campus of Surry Community College in Dobson, NC 

(Appendix A). The site was on gently rolling hills, with a slope of 2-8%, and the soil was 

mapped as Clifford sandy clay loam (Fine, kaolinitic, mesic Typic Kanhapludults) (Soil 

Survey Staff, 2014). The study was initiated in spring 2011 in two cultivars of Vitis vinifera 

L., Syrah and Grenache. The vines were planted in 2003 in north-south oriented rows with 

2.1 m in-row spacing, and 3.0 m between row spacing. The Grenache scions were clone 

224, and Syrah scions were clone 1. Scions of both cultivars were grafted to 3309 Richter.  

Both cultivars were bilateral cordon trained with vertical shoot positioning. Vines of the two 

cultivars were not adjacent and were 24.4 m apart within the vineyard. Vines were 

periodically hedged (about two times per season) and leaves were selectively pulled from 

the east side of the fruit zone once per season. Vineyard inter-rows were maintained 

commensurate with common regional practice: An approximately 0.8 m wide strip directly 

under the vines was maintained bare using herbicide, with the remainder of the inter-row 

consisting of weedy fescue (Wolf, 2008).  

3.2 Weather and Soil Measurements 

Weather data were collected from an on-site weather station measuring rainfall 

(TE525, Texas Electronics, Dallas, TX), solar radiation (S-LIB-003, Onset Computer Corp, 

Bourne, MA), wind speed (S-WCA-M003, Onset Computer Corp.),  and temperature and 
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relative humidity (S-THB-M002, Onset Computer Corp.), with data logged hourly (H21-

001, Onset Computer Corp.). Hourly values were used to compute reference crop 

evapotranspiration (ETo) following the FAO 56 protocol (Allen et al., 1998). 

Soil volumetric water content (θ) sensors were installed on April 18, 2011. Four 

nests with two sensors per nest were installed in each cultivar. Each nest consisted of two 

sensors installed vertically in the bottom of an augered hole, with the sensors centered at 15- 

and 45-cm depths (5TM at 15 cm, 10HS at 45 cm, Decagon Devices, Pullman WA, USA). 

A datalogger (Em50, Decagon Devices) was installed between every two nests and 

connected to the sensors to log θ on an hourly basis. Each sensor nest was located adjacent 

to one vine, with the nest 45cm north of the vine and 45 cm to the east. Vine measurements 

(discussed in section 3.3) were taken on three vines per nest, one to the north, one to the 

south, and one directly adjacent to the θ sensors, for a total of twelve vines per cultivar.  

Intact soil samples were collected to measure soil water retention parameters and for 

soil textural analysis. Three intact cores were collected at 15- and 45-cm depths in each 

cultivar, with samples taken 30 cm north and 30 cm east of the trunk. Water retention 

analysis was performed by pressure plate, after Dane and Hopmans (2002), and textural 

analysis was performed by hydrometer, after Gee and Or (2002). Water retention data were 

analyzed and were determined not to be statistically different between cultivars, thus the 

water retention data were averaged together by depth from both cultivars. The saturated θ 

was used as a one-point calibration for the water content sensors. Each sensor’s maximum 

observed hourly θ over the course of the season was subtracted from the saturated θ, and this 

offset was applied to all θ measurements for that particular sensor. Sensor θ measurements 
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were averaged daily then averaged within each cultivar. Water retention data were used in 

RETC (Version 6.02, PC-Progress, Prague, Czech Republic) to determine van Genuchten 

function parameters (van Genuchten, 1980) to allow θ to be translated into soil matric 

potential (Ψsoil). 

3.3 Physiological and Grape Measurements 

Two plant physiological measurements were taken approximately bi-weekly 

throughout the growing season: gs and Ψstem. Stem potential measurements were conducted 

between 10:00 and 14:00 eastern standard time. Three of the most recent fully mature leaves 

per plant were bagged with a foil laminate re-closable bag (PMS Instrument Company, 

Albany, OR) for at least one hour prior to excision from the plant with a razor. Bagged 

leaves were then placed into a pressure chamber (Model 600, PMS Instrument Company) 

and their leaf water potential was determined. Leaf water potential was assumed to be in 

equilibrium with Ψstem (Choné et al., 2001). Stomatal conductance measurements were 

performed on the abaxial side of three of the most recent fully mature leaves per plant using 

a Decagon SC-1 steady state diffusion porometer (Decagon Devices). The gs and Ψstem 

measurements were conducted on 12 vines in both cultivars, for a total of 36 gs and Ψstem 

measurements in each cultivar per sampling date. Coefficients of variation (CVs) for gs and 

Ψstem averaged 0.28 and 0.11, respectively. 

Further plant measurements included basic grape chemical analyses and vine 

pruning weight. Basic grape chemical analyses were performed at three stages: Verasion, 

harvest, and approximately midway between verasion and harvest (mid-harvest). Titratable 

acidity (TA), pH, and soluble solids (SS) concentration were determined separately for the 
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grapes on each plant. Fifty berries per plant (12 plants per cultivar) were randomly selected 

at each sampling date. Berries were placed in a Seward Stomacher Classic 400 filter bag 

(Seward USA, Davie, FL), and crushed and filtered in that bag. Must SS was determined 

using a refractometer (PAL-1 Pocket Refractometer, Atago USA, Bellevue, WA) and pH 

was determined using a pH meter standardized to pH 4 and pH 7 (Accumet pH meter, 

Model 20, Fisher Scientific, Pittsburg, PA). Titratable acidity (g/L tartaric acid) was 

measured using a standard protocol (Zoecklein et al., 1999). All 12 data points for each 

measure in each cultivar were averaged together. Winter cane pruning weights from each 

vine were collected by the staff at Surry Community College. 

Statistical analysis was performed in SAS (Version 9.3, SAS Institute, Cary, NC) 

using PROC MIXED. 

4. RESULTS AND DISCUSSION 

4.1 Environmental Conditions 

Average temperature, and cumulative rainfall and ETo during the growing season 

were 21.4 °C, 458 mm, and 471 mm, respectively. These compare to the average historical 

values during this same period of 525 mm rainfall and 20.8 °C (State Climate Office of 

North Carolina, 2014). The study period was slightly warmer and slightly drier than 

historical averages. Although the cumulative measured values of ETo and rainfall were 

similar during the growing season, early season rainfall exceeded ETo while later in the 

season the opposite was the case (Figure 2.1). 

Early in the season, rainfall maintained high Ψsoil in both cultivars (Figure 2.2 (45 

cm depth)). Without rainfall between the end of May and the first week of June, soil water 
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was quickly depleted in both cultivars. This depletion was much more pronounced and to a 

greater extent in Syrah than Grenache. This time period also coincides with a period of rapid 

increase in plant growth. The large rainfall event on 12-June replenished soil water, but to a 

much lesser extent in Syrah, due to its much lower Ψsoil prior to rainfall. This pattern can be 

observed throughout the data record. Data from the 15 cm depth (data not shown) generally 

had less negative Ψsoil and were similar between cultivars. 

Despite variations in Ψsoil throughout the season, Ψsoil depressions never reached 

levels considered dangerous to plant survival. Traditionally, the point at which plants can no 

longer recover from low Ψsoil, or the permanent wilting point (PWP), has been estimated at -

1.5 MPa (Veihmeyer and Hendrickson, 1955), although plant death may occur at slightly 

higher or lower Ψsoil. The Ψsoil experienced by the vines in this study did not approach PWP 

at any time during the growing season at either 15- or 45-cm depth.  

4.2 Plant Physiological Response 

As was shown in Schultz (2003), gs and Ψstem were exponentially correlated (Figure 

2.3) which indicates that the plants exhibited stomatal control in an effort to maintain high 

Ψstem and prevent xylem cavitation. Grenache had a somewhat stronger correlation (0.59), 

which may indicate that its stomatal control is more sensitive than that of Syrah (0.45).  

As Ψsoil decreases, hormonal signaling in the plant, primarily using ABA, influences 

stomatal aperture (Lovisolo et al., 2002). Therefore, there should be a correlation between 

Ψsoil and gs if changes in gs are a plant physiological response to declining Ψsoil. There was 

some evidence of this relationship in Grenache, but no response was observed in Syrah as 

evidenced by the extremely low correlation in the exponential relationship between gs and 
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Ψsoil (Figure 2.4). This supports the assertion that Grenache exhibits an isohydric gs response 

to Ψsoil depletion, and that Syrah exhibits anisohydric response.  

Although plant stomatal control can act to mitigate depressions in Ψstem due to 

declining Ψsoil, there still should be some relationship between Ψsoil and Ψstem. As Ψsoil 

decreases, water continuity in the xylem must be maintained to prevent xylem cavitation, 

embolism and, ultimately, plant death. Therefore, as Ψsoil decreases, Ψstem must decrease 

accordingly to maintain a Ψ gradient for transpiration to continue (Kirkham, 2014).  . The 

linear relationship between Ψsoil at 45 cm depth and Ψstem is extremely poor in Syrah, 

suggesting that there is very little stomatal control to mitigate changes in Ψstem in response 

to depressions in Ψsoil (Figure 2.5). Grenache has a moderate correlation between Ψsoil and 

Ψstem, indicating that there is a physiological response in this cultivar to changes in Ψsoil.  

Significant differences between cultivars are apparent for both gs and Ψstem (Figure 

2.6). On three of the seven sampling dates, Syrah exhibited lower Ψstem than Grenache. On 

six of seven sampling dates Syrah exhibited higher or equal gs to Grenache, suggesting that 

this cultivar utilizes more water than Grenache under the same meteorological conditions 

(Figure 2.1). This water use comparison is somewhat limited in this study due to a lack of 

measured leaf area index with which to be able to extrapolate small-scale gs measurements 

up to the plant scale. However, the greater water use in Syrah is supported by the much 

more rapid and greater depression of Ψsoil observed in Syrah (Figure 2.2),  although Ψsoil was 

similar between cultivars early in the season (27-April), before plant growth began. As 

growth intensified, Syrah depleted soil water resources much more rapidly than Grenache 
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(June). This depletion also limited soil water replenishment after rainfall events (12-June, 9-

July).  

4.3 Berry Characteristics and Vine Growth 

Wine quality is directly and inexorably related to grape quality. Weather conditions, 

especially rainfall, under which grapes are grown can have a significant impact on grape 

quality. Some water stress during berry ripening is desirable and has been shown to produce 

higher-quality grapes (Matthews and Anderson, 1988; Santesteban et al., 2011). In an effort 

to quantify grape quality, basic grape chemical analysis was conducted at three times during 

berry development. Average CVs for pH, SS and TA were 2%, 5%, and 11%, respectively. 

While the Grenache cultivar seemed to utilize less water than Syrah, its soluble 

solids (SS) concentration in the grapes at harvest was significantly higher than Syrah (Table 

2.1). It is also evident that Grenache may increase its SS concentration earlier in the season 

than Syrah, possibly being advantageous in a season in which weather conditions necessitate 

an early harvest. This may indicate that Grenache is more efficient at assimilating and 

translocating carbon to the fruit, than Syrah. Alternatively, Syrah may simply mature more 

slowly than Grenache. The other measured chemical parameters, pH and TA, were not 

different at harvest. The pH and TA values for both cultivars were not optimal for quality 

wine production, but the higher SS concentration in Grenache is more favorable than Syrah 

for producing wine. Unfortunately, grape yield data were not available.  

Pruning weights for Grenache were 0.867 ± 0.097 kg/vine, while Syrah had pruning 

weights of 1.492 ± 0.097 kg/vine. These pruning weight differences were significant (p < 

0.01). This may indicate that Syrah enhanced vegetative rather than reproductive growth. 
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Overly vigorous vines can enhance the incidence of fungal disease and reduce berry quality. 

Elevated pH and TA levels, as well as a reduction in SS, pigmentation, and phenolic 

compounds can result from excessive vine vigor. Wines produced from overly vigorous 

vines can also impart undesirable vegetative characters to the wine (Wolf, 2008). Although 

pH and TA levels were not significantly different between cultivars at harvest, Syrah had 

lower SS values than Grenache. This, coupled with Syrah’s greater pruning weights and 

Grenache’s physiological responses to moderate drought stress, may indicate that Grenache 

is more suitable for the climate of NC.  

5. CONCLUSIONS 

Two cultivars, Grenache and Syrah, were studied to determine their responses to 

rain-fed field water dynamics in a humid temperate climate. Grenache showed modest but 

stronger correlations between gs and Ψstem, Ψstem and Ψsoil, as well as gs and Ψsoil than Syrah. 

Syrah had greater than or equal gs to Grenache on six of seven sampling dates, and greater 

than or equal │Ψstem│ to Grenache on all sampling dates. Soil matric potential 

measurements indicated that Syrah depleted soil water faster and to a greater degree than 

Grenache. At the same time, Grenache fruit contained higher SS concentrations than Syrah 

at all sampling dates, while Syrah pruning weights were higher than Grenache. The gs and 

Ψstem responses of Grenache to moderate water deficits may indicate that the isohydric 

behavior of this cultivar is more suitable for humid climates than Syrah. Grenache, with its 

lower pruning weights and higher SS concentrations, may be a less vigorous, more desirable 

choice for the wet conditions experienced during most NC growing seasons. However, yield 

for these vines was not measured and may have played a significant role in differences in 
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pruning weights and SS accumulation. Furthermore, the selection of a cultivar for a 

particular purpose entails the weighing of many factors, only a few of which were 

considered in this study.   
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7. TABLE 

Table 2.1. Grape chemical analysis at three growth stages. pH, titratable acidity (TA), 

and soluble solids (SS). Letters within a column denote cultivar by growth stage 

interactions and are significant at the p < 0.01 level.  

Growth Stage Cultivar pH TA SS 

   g L
-1

 °Brix 

Verasion Syrah 3.01 a 14.5 a 12.6 a 

 

Grenache 3.28 b 6.6 b 17.5 b 

Mid-Harvest Syrah 3.61 cd 5.5 c 17.5 b 

 

Grenache 3.58 d 4.7 c 20.7 c 

Harvest Syrah 3.75 e 3.8 d 19.9 c 

 

Grenache 3.68 ce 3.2 d 22.3 d 
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8. FIGURES 

 
Figure 2.1. Cumulative sum of reference crop evapotranspiration (ETo) and rainfall 

during the 2011 growing season, Surry Community College, Dobson, NC.  
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Figure 2.2. Rainfall and soil matric potential (Ψsoil) at 45 cm depth for two cultivars 

during the 2011 growing season.  
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Figure 2.3. Stomatal conductance (gs) and stem potential (Ψstem) for two cultivars, 

Syrah (A) and Grenache (B). 
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Figure 2.4. Stomatal conductance (gs) and soil matric potential (Ψsoil) at 45 cm depth 

for two cultivars, Syrah (A) and Grenache (B). 

  

A 

B 



 

27 

 
Figure 2.5. Stem potential (Ψstem) and soil matric potential (Ψsoil) at 45 cm depth for 

two cultivars, Syrah (A) and Grenache (B). 
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Figure 2.6. Stomatal conductance (gs) (A) and stem potential (Ψstem) (B) by date. 

Letters denote variety by time interactions significant at the p < 0.1 level for panel A 

and the p < 0.01 level for panel B. 
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CHAPTER 3. MODELED SOIL WATER LIMITATIONS FOR YADKIN 

VALLEY AMERICAN VITICULTRUAL AREA 

1. ABSTRACT 

Limited information regarding long-term environmental factors and their impact on 

vine water status is available for North Carolina’s primary wine grape growing region, the 

Yadkin Valley American Viticultrual Area (YV-AVA). Measurements conducted in 2011 

including rainfall, reference crop evapotranspiration (ETo), and soil matric potential (Ψsoil), 

and their effects on an indicator of vine stress, stem water potential (Ψstem) were used to 

parameterize and validate a soil-water driven stress model for vineyards of the YV-AVA. A 

finite element model for numerically solving the Richards equation (Hydrus – 1D, hereafter 

Hydrus) was used. Hydrus was validated with measured data (RMSE = 0.29 log cm H2O) 

and parameterized with the five soil series most commonly planted to wine grapes in the 

YV-AVA. Historical rainfall and ETo data from four weather stations bordering the YV-

AVA were used as model inputs, for a total of 205 modeled site-seasons between 2002 and 

2013. Results indicate that vine stress levels were most severe in the 2007 season, and least 

severe in the 2003 season. The seasons most optimal for quality wine grape production were 

2002 and 2008. Of the five soil series modeled, the Fairview series was the most drought 

prone, while the Clifford series had the least incidence of vine drought stress. Among the 

four weather stations modeled, the High Point weather station provided the most optimal 

conditions for quality wine grape production. Overall, the YV-AVA receives ample to 

excessive rainfall in most years, with > 70% of modeled days indicating no-mild vine stress.   
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2. INTRODUCTION 

The soil water conditions under which grapes are grown strongly influences the 

quality of the wine produced (Van Leeuwen et al., 2009). Many strategies for irrigation to 

enhance fruit quality have been established for arid and semiarid regions receiving limited 

rainfall, with the primary ones being regulated deficit irrigation and partial rootzone drying 

(McCarthy et al., 2000). Characterization of water dynamics in grape-growing regions 

receiving ample to excessive rainfall during most growing seasons has been limited. Despite 

having excessive water most seasons, water deficits during drought years can have 

detrimental effects on grape yield and quality (Van Leeuwen et al., 2009). It is mostly 

unknown how frequently and to what severity vine stress conditions are encountered in such 

regions, except from anecdotal, indirect reports from growers.  

Some degree of water stress is desirable depending on the phenological growth stage 

at which stress is encountered. From budburst through bloom, water stress results in reduced 

yields (Matthews and Anderson, 1989; Basile et al., 2012), while excessive water can result 

in poor fruit set and increased disease pressure (Wolf, 2008). Moderate water stress after 

bloom is desirable to reduce berry size and enhance berry quality (Van Leeuwen et al., 

2009; Bucchetti et al., 2011) by increasing sugar, tannin, and anthocyanin contents. The 

effect of reduced berry size is more pronounced with pre-verasion water deficit than post-

verasion (Matthews and Anderson, 1989). Unrestricted water supply during ripening (post-

verasion) lowers grape sugar levels by diluting sugar in a greater berry volume, as well as 

due to carbon competition between berries and shoot growth (Van Leeuwen et al., 2009). 
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An ideal season would entail minimal stress between budburst and bloom, moderate stress 

between bloom and verasion, and mild stress post verasion (Wolf, 2008). 

Vine stress levels can be indicated in many ways. Visual symptoms, such as shoot 

growth slackening (Van Leeuwen et al., 2009) and leaf angle (Smart, 1974) have been 

identified, but can be relatively subjective measures of vine stress. Stomatal conductance 

has been widely utilized in research (Schultz, 2003; de Souza et al., 2005; Pou et al., 2012), 

but is impractical for growers to implement, due to the high cost of equipment and time 

required for measurements. Leaf water potential and stem water potential (Ψstem) 

measurements utilizing a pressure bomb have been in use for some time (Scholander et al., 

1965). These measures are simple, rapid, and can accurately quantify vine water status 

(Choné et al., 2001), but are not commonly utilized by commercial growers. 

One of the primary drivers affecting vine water status is the water status of the soil, 

as a potential gradient must be maintained between the soil, leaf, and atmosphere (Kirkham, 

2014). Many of the correlations between soil water supply and vine stress indicators are 

based on irrigation of some fraction of estimated crop evapotranspiration (Collins et al., 

2010; Intrigliolo and Castel, 2011; Basile et al., 2012), irrigation based on fraction of 

transpirable soil water (FTSW) (Ray and Sinclair, 1998; Lebon et al., 2003, 2006), or soil 

volumetric water content (θ) (Williams and Araujo, 2002; Cuevas et al., 2006). These 

correlations are of marginal utility outside of the specific growing conditions observed in 

these studies, as the soil matric potential (Ψsoil) will vary based on the soil textures 

encountered. For example, if vines are watered to 50% of ET, very different Ψsoil values 

would be encountered depending on the soil conditions at a given site. FTSW is an 
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empirically derived construct that requires that plants be exposed to extreme drought stress 

in order for its limits to be determined. It is only valid for the particular case for which it is 

derived, and is primarily used in studies dealing with potted plants (Ray and Sinclair, 1998; 

Lebon et al., 2006). It has an advantage over utilizing the traditional plant available water 

concept, since the lower limit for FTSW is typically determined based on plant response.  

Comparisons between vine stress indicators and θ have been carried out (Williams 

and Araujo, 2002; Cuevas et al., 2006), but these are also only valid where the 

measurements were conducted. The plant responds to changes in Ψsoil. While θ and Ψsoil are 

related by the water retention curve for the soil studied, the correlations between plant stress 

and θ are not readily applicable to soil conditions at other sites unless the water retention 

curve is provided. Correlations between Ψsoil and vine stress indicators are less common. 

Lovisolo et al. (2002) measured and reported Ψsoil in a pot study with Watermark sensors 

(Irrometer Company, Riverside, CA), but did not correlate those data with vine stress. 

Centeno et al. (2010) characterized Ψsoil at three depths in the field with Watermark sensors, 

and regressed their depth-weighted average with leaf water potential. Stevens et al. (1995) 

measured Ψsoil with tensiometers at four depths and with gravimetric sampling, coupled with 

water retention and bulk density measurements. The root-weighted average Ψsoil was 

regressed with Ψstem measurements. These are amongst the few reports in the literature 

where vine stress indicators have been correlated with Ψsoil. 

Measuring vine stress indicators, as well as soil water conditions over many seasons 

is difficult, labor-intensive, and expensive. Modeling allows for simulating many years of 

data at relatively low cost (time and resources) in order to build an understanding of season-
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to-season and soil-to-soil variations in soil water availability and incidence of conditions of 

plant stress. Hydrus is a finite element model for numerically solving the Richards equation, 

and has been widely utilized to model soil water dynamics due to its flexibility and 

physically-oriented (i.e., process based rather than empirical) structure for characterizing the 

soil water balance (Simunek et al., 2013). Hydrus has been utilized for modeling soil water 

dynamics in a grape system (Zhou et al., 2007), but has not been employed for the 

determination of periods of soil-water driven vine water stress.  

The objective of this research was to identify the likelihood of water stress for the 

soil and climate conditions of the rapidly-expanding commercial viticulture industry of the 

Southeastern U.S.A. Specifically, in this work we utilized Hydrus to model soil water 

dynamics in NC vineyards in the Yadkin Valley American Viticultural Area (YV-AVA). 

Hydrus was parameterized with soil properties from the soil series most frequently 

encountered in the YV-AVA, and measured weather parameters were used as model inputs. 

The model was validated with measured Ψsoil values. Measured Ψstem and modeled Ψsoil 

values were correlated and utilized to identify Ψsoil thresholds for vine stress. Historical 

weather data from weather stations surrounding the YV-AVA were used as inputs for this 

validated model, and output was processed to identify the incidence and severity of periods 

of varying levels of vine stress.  

3. MATERIALS AND METHODS 

3.1 Measured Parameters 

Stem potential (Ψstem), soil matric potential (Ψsoil), and weather data for the vineyard 

at Surry Community College were collected as described in Chapter 2; soils at this site are 
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mapped as the Clifford series. The State Climate Office of North Carolina (SCONC) 

maintains a network of 39 automated North Carolina Environment and Climate Observing 

Network (ECONet) weather stations positioned throughout the state (SCONC, 2014). Data 

from four of these stations for their period of record were obtained from SCONC and daily 

reference crop evapotranspiration (ETo) was computed following the FAO 56 protocol 

(Allen et al., 1998) using daily maximum and minimum air temperature and relative 

humidity, average daily wind speed, and daily average solar radiation. These stations were 

selected due to their proximity to the borders of the YV-AVA. No ECONet stations were 

sited within the YV-AVA. The stations were located in High Point (HP), Laurel Springs 

(LS), Salisbury (SB), and Taylorsville (TV), NC (Appendix A). Many substantial gaps in 

the weather data were present before 2002, so only data from 2002 onward were utilized. 

The data record for the TV station was only available from 2009 onward. Daily rainfall and 

ETo from each station between April 19 – September 15 (150 days) was utilized as input for 

the model. Gaps in the weather record were filled using the average of the ETo or rainfall 

throughout the rest of the 12 year data record for that particular station. 

3.2 Soil Parameters 

Soil properties between soil series can be extremely variable, depending on parent 

material, climate, topography, the organisms on and in the soil, and the time period over 

which the soil was formed. The vineyards of the YV-AVA comprise a diverse group of soil 

series, and these vineyards were identified (North Carolina Department of Agriculture and 

Consumer Services, 2014) and mapped (Soil Survey Staff, 2014a) to determine the extent of 

each series represented. Five of the 19 soil series comprise 84% of the vineyard acreage in 
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the YV-AVA, while the soil comprising the sixth most acreage covers only 3.3% of the 

vineyard area planted. The soil series descriptions of these five series, Clifford (C), Fairview 

(F), Oak Level (O), Pacolet (P), and Tomlin (T) were used as inputs in the model (Figure 

3.1).  

3.3 Model and Model Parameterization 

A one-dimensional finite element model, Hydrus (Version 4.14, PC-Progress, 

Prague, Czech Republic) (Simunek et al., 2013), was employed to simulate water dynamics 

in the vineyard setting. Hydrus was parameterized to simulate water flow and root water 

uptake during 150 days of the grape growing season, from April 19 – September 15. All soil 

profiles were modeled to 150 cm depth, with a free drainage lower boundary condition to 

simulate a water table far below the depths of interest. The upper boundary condition 

allowed for rainfall, evaporation, transpiration, and runoff. The van Genuchten-Mualem 

(Mualem, 1976; van Genuchten, 1980) hydraulic model was used with a fixed air-entry 

value of -2 cm H2O. Soil hydraulic properties were estimated in Hydrus (Carsel and Parrish, 

1988) from the textures listed in the official soil series description for each soil (Soil Survey 

Staff, 2014b). Soil horizon depths were discretized based on the official soil series 

descriptions for each soil (Figure 3.1). The initial Ψsoil distribution throughout the simulated 

profile was -400 cm H2O, corresponding to a soil profile near field capacity at the start of 

the growing season. 

Root water uptake and, consequently, root distribution are important drivers for 

changes in soil water in the Hydrus model. The Feddes (Feddes et al., c1978.) root water 

uptake model was utilized, with no solute stress. A database of Feddes parameters is built 
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into Hydrus. The parameters for “Grapes - during maturity” were used, which was adapted 

from Taylor and Ashcroft (1972). Root distribution is more difficult to determine, since 

many soil and environmental factors affect root growth. Root distribution data were adapted 

from Giese (2014). Giese carried out soil pit root excavations in the YV-AVA at 20 cm 

intervals down to 100 cm and determined root distribution. Normalized values of the 

fraction of roots present in each depth interval were used as model parameters (Figure 3.2). 

The five soils were modeled, with daily precipitation and ETo (input as transpiration) 

from each year from each weather station, for a total of 205 simulations, or site-seasons. In 

order to assess whether varying stress levels are desirable, delineation of the different 

phenological growth stages must be established. These phenological stages are encountered 

at different dates in a given season due to varietal differences, and at different dates between 

seasons due to environmental factors. For the purposes of modeling, however, the breaks 

between these stages must be uniform between years. Generally encountered dates for this 

region for budburst are early April, full bloom June 1, verasion July 20, and harvest 

September 15 (W.G. Giese, personal communication, 2014). These dates were used in 

model output data processing to establish three phenological stages: budburst to bloom (B-

B), bloom to verasion (B-V), and verasion to harvest (V-H).  

Data output from the model were processed with R (Version 3.1.0, The R 

Foundation for Statistical Computing, Wien, Austria) to determine the number of days 

within a phenological stage that different stress levels would be encountered. This 

processing was performed for the total number of days for all model output, for each soil 

series, for each weather station, and for each year. 



 

37 

4. RESULTS AND DISCUSSION 

4.1 Model Validation and Plant Stress Interpretation 

Weather data (daily rainfall and ETo) from a weather station at Surry Community 

College (SCC) for the 2011 season were utilized as upper boundary conditions for the 

Hydrus model parameterized for the Clifford soil series, mapped at the vineyard where soil 

water observations were made. Rainfall and ETo for this season at SCC were 46 and 47 cm, 

respectively, and compare favorably to the other years modeled (Table 3.1). Rainfall was 

very near the overall average for all years (48 cm), while ETo was low compared to averages 

(56 cm), but still within the range of observed values from the other weather stations (32 to 

67 cm). Comparison between modeled and observed Ψsoil was made using a log-scale, 

because of the log-linear relationship between soil water content and Ψsoil. The log-

transformed modeled Ψsoil values fit well within the range of the measured data from the two 

different cultivars (Figure 3.3). The root mean squared errors (Willmott, 1982) between the 

average Ψsoil (45 cm depth) for the Syrah and Grenache cultivars and the modeled Ψsoil (45 

cm depth) was 0.29 log
 
cm H2O. The Nash-Sutcliffe efficiency (Nash and Sutcliffe, 1970) 

(NSE) for the same comparison was near zero (-0.01). This NSE value does not necessarily 

indicate that the model is biased (McCuen et al., 2006). Values of bias and relative bias 

were -6.4×10
-5

 log cm H2O and -2.2×10
-3

 %, respectively.  

The model fails to capture some of the small variations in Ψsoil that the 

measurements do, but this is of minor consequence for the purposes of this work. The intent 

was to characterize relatively large variations in Ψsoil in the context of plant stress, 

specifically Ψstem. The model deviates from the measured values most notably towards the 

end of the season, near September 5. The lower modeled Ψsoil may be due to decreased 
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actual grapevine water consumption near the end of the season that is not captured by the 

model. This deviation suggests that the model estimates are a conservative indicator of 

water depletion at this vineyard site (i.e., observed Ψsoil may be greater under dry conditions 

than is predicted by the model). 

Important to note is that the only site-specific measured parameters used as inputs to 

the model were rainfall and ETo. All soil parameterization was done based on the USDA 

Soil Survey description, and soil hydraulic parameters were derived from database values in 

Hydrus based on soil texture indicated in the series description. With this in mind, the model 

predicts measured Ψsoil values remarkably well. Since the only site-specific measured 

parameters used as inputs to the model were rainfall and ETo, these results suggest that the 

model parameterization, such as root distribution and soil profile depth, can be used with 

other soil series and other weather records to produce reasonable predictions of Ψsoil. 

4.2 Plant Stress 

Soil matric potential thresholds corresponding to vine physiological stress were 

required to determine periods of vine stress from the model output. Average modeled root 

zone Ψsoil was regressed with measured stem potential (Ψstem) (Figure 3.4). This regression 

equation was used to predict the average modeled root zone Ψsoil at which varying levels of 

vine stress should occur. Stem potential thresholds for vine stress were adapted from Van 

Leeuwen et al. (2009) (Table 3.2). The upper limit of the moderate to severe threshold was 

decreased for this region with respect to the values from Van Leeuwen et al., based on 

discussion in their work. They posit that vigorous vines that were adapted to excessive water 

supply have larger xylem vessels. These larger xylem vessels can be subjected to 
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irreversible vascular embolism at Ψstem values less negative than in vines with smaller xylem 

vessels more adapted to limited water resources. This is not an issue of cultivars that are 

more or less drought resistant, but the historic record of water availability for particular 

vines. Since vineyards in the eastern US generally receive ample to excessive water required 

for wine grapes (Wolf, 2008), the upper limit of the severe range was decreased to a Ψstem of 

-13300 cm H2O (Table 3.2).  

The regression analysis based on our measurement and model data compares 

favorably with the work of Stevens et al. (1995). Their work regressed root-weighted Ψsoil 

with Ψstem. A regression equation was not given, but the most negative values of Ψsoil and 

Ψstem are reported (-6659 and -10910 cm H2O, respectively). These values are nearly 

identical to the upper level of the mild-moderate stress category (Table 3.2). Centeno et al. 

(2010) also regressed Ψsoil with Ψstem, with Ψsoil measured with Watermark sensors which 

have a limited range of Ψsoil measurement [-0.01 to -0.2 MPa (-102 to -2039 cm H2O)]. 

Their data show that some of the Watermark sensors in their stress treatments attained and 

sustained their minimum value through large parts of the measurement period. It is likely 

that Ψsoil was well below -0.2 MPa (-2039 cm H2O) during these periods, and therefore Ψsoil 

was likely overestimated. 

4.3 All Years and Soils 

Overall, for all years, soils, and weather stations, the largest proportion of days 

simulated were in the no-stress category (Figure 3.5). During B-B, over 60% of the period 

received no stress, and over 80% of the period received no-mild stress. Less than 8% of this 

period encountered moderate-severe and severe stress. Only 2% of the days in this period 
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would be considered severe stress. This indicates that, over 205 simulated site-seasons, the 

B-B period would experience very little vine stress. This may indicate that conditions are 

too wet, possibly exacerbating disease pressure. This does not, however, mean that all 

seasons experience no stress during this period. 

The B-V period has the smallest fraction of days with no stress, and the greatest 

number of days with mild-moderate and moderate-severe stress between periods. Although 

there are more days with moderate or greater levels of stress than other periods, the no-stress 

fraction is still over 45%, indicating that in most seasons, stress levels are likely insufficient 

for the production of  high-quality wine grapes.  

The V-H period contains the greatest fraction of severe-stress days between all 

periods, but mild- and no-stress conditions still dominate. This suggests that the 

preponderance of seasons modeled included adequate to excessive amounts of water. For all 

periods, an average of 52% of the days fell into the no-stress category. Severe stress would 

be encountered only 11% of days modeled, with 95% of that time falling after bloom.  

4.4 By Year 

When results are compiled by year, 2003 was the wettest year simulated, with nearly 

100% of days encountering no stress for all growth periods (Figure 3.6). The driest year was 

2007, with the highest proportion of days with severe stress during the B-B period, and 43 

and 81% of days in severe stress for B-V and V-H, respectively. These were the highest 

percentages for these periods in any year modeled. While the 2007 season may have been 

capable of producing high-quality grapes, yield would have been adversely affected. Years 

2002 and 2008 may have been the most optimal for high-quality wine grape production, as 
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water deficits were primarily between no deficit and mild-moderate during the B-B period, 

had the majority of days in the mild-moderate and moderate-severe categories during the B-

V period, and the V-H period had the majority of days in the moderate-severe and severe 

categories.  

4.5 By Soil 

The Clifford soil series is the least drought prone, with the highest percentage of 

days falling into the no- and mild-stress categories for all periods, and no days with severe 

stress for the B-B period (Figure 3.7). This may be due to the large clay content layer in the 

Clifford soil (Figure 3.1), which has lower saturated hydraulic conductivity and thus slower 

drainage. The most drought-prone soil was Fairview, which has the highest percentage of 

days in the severe-stress category for all periods, albeit by a small margin. This is likely due 

to Fairview having the thinnest clay layer of all the soils modeled (Figure 3.1). Although 

clay soils do not have the highest water holding capacity at field capacity when compared 

with other soil textural classes, clay soils do retain more water at lower Ψsoil than other 

textural classes (Hillel, 2004).  

All soils have >40% of days with no stress over all periods. This is likely too wet for 

high-quality grape production. However, the Fairview series seems most optimal for grape 

production, as it has the lowest percentage of days with no stress, and the highest total 

percentage of days above mild-stress levels in both the B-V and V-H periods, while still 

having only around 10% of days above moderate stress during the B-B period.  



 

42 

4.6 By Weather Station 

The Taylorsville weather station had the greatest fraction of days with no stress for 

all periods, and a very small percentage of severe-stress days only occurring in the V-H 

period (Figure 3.8). This is primarily due to the shorter weather record for this station, 

which was only available from 2009-2013. This weather period did not include the 

abnormally dry year of 2007, and the relatively dry years of 2002 and 2003 (Figure 3.6).  

Of the other three weather stations, High Point had the lowest percentage of days 

with moderate-severe and severe stress, while Salisbury had the greatest percentage of days 

with no and mild stress in the B-B period. During the B-V period, High Point had the lowest 

percentage of days with no stress, and the greatest total percentage of days above mild 

stress. The Salisbury station had the highest total percentage of days with no and mild stress, 

and the lowest percentage of days in all categories of greater stress. For the V-H period, 

High Point again had the lowest percentage of days with no stress, and the highest 

percentage of days in all stress categories above mild. The Laurel Springs station had the 

highest percentage of days of no stress, as well as the highest total percentage in the no- and 

mild-stress categories. Laurel Springs also had the lowest total percentage of days above 

moderate stress.  

Overall, the weather conditions at the High Point station may be most optimal for 

grape production. Stress levels during the B-B period were low, while this station showed 

the highest levels of stress during the other two growth stages.  

4.7 Time Series 

While summary statistics regarding the severity and occurrence of water stress are 

useful, comparisons between time series data can provide further insight into patterns of 
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rootzone soil water depletion. When compared by soil (Figure 3.9 A), modeled Ψsoil for the 

driest year on record, 2007, was quite consistent between soil series, with relatively small 

variations around the mean of all soils. The Fairview series maintained lower Ψsoil than the 

mean throughout the majority of the season. The mean Ψsoil values for this year indicated 

that there would be sustained vine stress (Table 3.2) from just before bloom (June 1) 

through harvest. When compared by weather station (Figure 3.9 B), large variations were 

observed. Total season rainfall at the High Point weather station was half that of the other 

two (Table 3.1), which likely explains why Ψsoil was lower at this station for most of the 

season. Rainfall at the other two stations was equivalent over the seasons, so the differences 

between those and mean Ψsoil was likely due to the timing of the rainfall at those stations. 

The sum of ETo over the season was consistent between weather stations.  

For the wettest year on record, 2003, Ψsoil was extremely high throughout the season, 

whether averaged by soil or weather station (Figure 3.10). This was due to relatively low 

evaporative demand, as well as large amounts of rainfall. This was not, however, the season 

with the most total rainfall. The 2013 season had more total rainfall, but much of that 

precipitation fell in a short time period. With such intense rainfall events, a large proportion 

of that rainfall would be partitioned to surface runoff. The 2003 season had smaller, but 

more frequent events that maintained high Ψsoil throughout the profile (data not shown).  

The 2002 season was possibly most optimal for high-quality grape production (Fig. 

3.11A). The Fairview series maintained the lowest Ψsoil values throughout most of the 

season. The period from the beginning of the season through bloom, Ψsoil is maintained at a 

level consistent with mild to moderate stress, except for a short period just before June 1. 
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For most of the rest of the season, Ψsoil was within the range of moderate to severe stress, 

with a few periods of severe and mild to moderate stress. When Ψsoil was compared by 

weather station (Figure 3.11 B), significant variations from the mean were observed with 

different weather stations. The Salisbury station saw significantly less rainfall and slightly 

higher evaporative demand in 2002 than the other two stations, and Ψsoil was lower for that 

station for most of the season.  

5. CONCLUSIONS 

Hydrus was utilized to model water dynamics in NC’s primary wine grape region, 

the YV-AVA, to determine the incidence and severity of drought stress conditions 

historically encountered. The model output was validated with measured soil matric 

potential measurements and the comparison was very favorable. Of the 12 years modeled, 

only one year, 2007, showed very severe drought stress. Two other years, 2002 and 2008, 

exhibited conditions most favorable for quality wine grape production. The wettest year, 

2003, exhibited conditions far too moist to produce grapes of high quality. Of the five soils 

modeled, the Fairview series tended to be the most drought prone, while the Clifford series 

was the least prone to severe water deficits. Of the four weather stations used as model 

inputs, the Taylorsville weather station produced the least stressed conditions, but primarily 

due to its short weather record (2009 – 2013) which included wetter years. Of the other 

three stations modeled, the High Point weather record showed to be the most optimal for 

quality wine grape production. When summarizing the 205 site-seasons modeled, 52% of 

the days had no drought stress, and over 70% of days had no-mild stress. Severe stress 

would be encountered 11% of the time, and 95% of those days occur after bloom.  
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This work suggests that drought stress in the YV-AVA is rarely encountered. While 

short periods of severe drought stress do occur, and seasons dominated by severe stress 

occur rarely, the preponderance of seasons have ample to excessive water supply for the 

production of quality wine grapes.  
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7. TABLES 

Table 3.1. Sum of measured rainfall and computed reference crop evapotranspiration 

(ETo) by year and weather station. 

    
High 

Point 

Laurel 

Springs 
Salisbury Taylorsville   Average 

  
 ------------------------------- cm ------------------------------- 

2002 
Rainfall 35 40 25  -- 

 
33 

ETo 60 59 65  -- 
 

61 

2003 
Rainfall 64 68 66  -- 

 
66 

ETo 53 53 42  -- 
 

49 

2004 
Rainfall 49 61 41  -- 

 
50 

ETo 57 54 32  -- 
 

48 

2005 
Rainfall 32 52 45  -- 

 
43 

ETo 58 55 54  -- 
 

55 

2006 
Rainfall 59 64 57  -- 

 
60 

ETo 57 50 61  -- 
 

56 

2007 
Rainfall 11 22 22  -- 

 
18 

ETo 61 59 67  -- 
 

62 

2008 
Rainfall 37 49 12  -- 

 
33 

ETo 59 57 65  -- 
 

61 

2009 
Rainfall 15 54 44 50 

 
41 

ETo 56 53 59 56 
 

56 

2010 
Rainfall 37 45 58 48 

 
47 

ETo 58 62 54 37 
 

53 

2011 
Rainfall 38 39 47 48 

 
43 

ETo 58 67 52 62 
 

60 

2012 
Rainfall 58 78 53 48 

 
59 

ETo 51 52 51 57 
 

53 

2013 
Rainfall 38 99 128 70 

 
84 

ETo 56 53 57 55 
 

55 

        

Average 
Rainfall 39 56 50 53 

 
48 

ETo 57 56 55 54   56 
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Table 3.2. Stem potential and modeled average root zone soil matric potential values 

with respect to vine water deficit thresholds. 

 

Water Deficit Stem Potential
1
 

Root Zone Average 

Soil Matric Potential 

 

----------------- cm H2O ----------------- 

No Deficit > -6100 > -1500 

Mild  -6100 to -9200  -1500 to -4500 

Mild - Moderate  -9200 to -11200  -4500 to -6500 

Moderate - Severe  -11200 to -13300  -6500 to -8500 

Severe < -13300 < -8500 
1
Adapted from Van Leeuwen et al., 2009.  
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8. FIGURES 

 
Figure 3.1. Modeled soil series and soil textures with depth (Soil Survey Staff, 2014b). 

Figure is drawn to scale.  
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Figure 3.2. Root distribution by depth interval as specified in the model; data are 

adapted from Giese (2014).  
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Figure 3.3. Soil matric potential (Ψsoil) at 45 cm depth for Clifford soil series, measured 

in two cultivars, Syrah and Grenache, and modeled.  
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Figure 3.4. Measured stem potential (Ψstem) regressed with modeled average root zone 

soil matric potential (Ψsoil). Each Ψstem point is the average of 36 individual 

measurements. 
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Figure 3.5. Fraction of days in three growth periods encountering varying degrees of 

stress. All soil and weather station conditions are included.  
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Figure 3.6. Fraction of days under varying degrees of water stress for 2002, 2003, 2007, 

and 2008. BB-BL = budburst-bloom, BL-V = bloom-verasion, V-H = verasion-harvest.  
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Figure 3.7. Fraction of days under varying degrees of stress by soil series. C = Clifford, F = Fairview, O = Oak Level, 

P = Pacolet, T = Tomlin.
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Figure 3.8. Fraction of days under varying degrees of stress by weather station. HP = High Point, LS = Laurel 

Springs, SB = Salisbury, TV = Taylorsville.  
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Figure 3.9. Time series for the 2007 season, with modeled soil matric potential (Ψsoil) 

averaged by soil (A) and weather station (B). All = all modeled values averaged, C = 

Clifford, F = Fairview, O = Oak Level, P = Pacolet, T = Tomlin, HP = High Point, LS = 

Laurel Springs, SB = Salisbury. 
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Figure 3.10.  Time series for the 2003 season, with modeled soil matric potential (Ψsoil) 

averaged by soil (A) and weather station (B). All = all modeled values averaged, C = 

Clifford, F = Fairview, O = Oak Level, P = Pacolet, T = Tomlin, HP = High Point, LS = 

Laurel Springs, SB = Salisbury. 
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Figure 3.11. Time series for the 2002 season, with modeled soil matric potential (Ψsoil) 

averaged by soil (A) and weather station (B). All = all modeled values averaged, C = 

Clifford, F = Fairview, O = Oak Level, P = Pacolet, T = Tomlin, HP = High Point, LS = 

Laurel Springs, SB = Salisbury. 
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CHAPTER 4. CONCLUSIONS AND FUTURE WORK 

4.1. CONCLUSIONS 

Two studies were conducted to better understand vineyard water dynamics and their 

effects on vine water status in the primary wine grape growing region of NC, the Yadkin 

Valley American Viticultural Area (YV-AVA). The first study investigated the 

physiological response of two hydraulically dis-similar cultivars, Syrah and Grenache, to 

field water dynamics. Measurements included stomatal conductance, stem water potential, 

and soil matric potential. Results indicated that Grenache grapevines’ response to water 

deficits may be more suitable for the conditions encountered in the YV-AVA, due to its 

lower vine vigor and higher recorded SS concentrations. However, many other factors must 

also be considered when selecting a cultivar for a given region. 

The second study sought to model soil water dynamics in five of the most 

commonly-encountered soils in the vineyards of the YV-AVA. The model was validated 

with measurements collected at a vineyard within the region. Historical weather data from 

four weather stations surrounding the region were utilized in the model, and a total of 205 

site-seasons were simulated. Results indicate that the 2007 season experienced the most 

severe water stress, while the 2003 season saw almost no water stress. The 2002 and 2008 

seasons seemed most optimal for quality wine grape production. The Fairview soil series 

tended to be the most drought prone, while the Clifford series was the least prone to water 

deficits. Overall, results indicate that in most seasons, soil moisture levels are excessive, 

resulting in little to no grapevine water stress for the production of high-quality grapes.  
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4.2. FUTURE WORK 

While results from this work offer insight into water regime influences on wine 

grape production, there is also opportunity to strengthen these findings with additional 

study. Future work should seek to capture vine physiological measurements during periods 

of more severe water deficits. In the present work, only moderate levels of vine stress were 

encountered. More severe vine stress levels should be observed so that the conditions at 

which these stress levels are encountered and the resultant effects on vine physiology and 

grape quality can be assessed. Because of infrequency of water stress conditions 

encountered naturally, strategies to induce water stress should be investigated, including 

large-scale rainfall exclusion devices, field-based weighing lysimeters, or other strategies to 

decrease water available to vines to understand the limits of the abilities of NC soils and 

climate to supply water to grapevines. Additionally, vine physiological measurements 

should be expanded to include photosynthesis and more robust grape chemical analyses to 

further understand the effects of water use in NC vineyards. Physiological measurements 

should be paired with wine production, rigorous sensory analysis, and the inclusion of 

additional cultivars. Investigations into strategies to help growers mitigate the effects of 

excessive water should be explored, including novel planting strategies including root 

exclusion bags and mixed-varietal plantings. Root exclusion bags reduce the soil volume 

available for the vines to extract water, and cultivars with varying water use characteristics 

could be planted together to produce synergistic effects on water dynamics.  

Modeling efforts should be continued to include future climate predictions to 

understand the potential long-term viability of the NC wine grape industry. Historical 
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modeling efforts could be expanded to soils and weather stations in the mountain region of 

NC to understand the viability of expansion of vineyards into these areas. Overall, there are 

many issues worthy of further study to assist the wine grape industry of NC in producing a 

high-quality and economically viable product.  
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APPENDIX 
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APPENDIX A. MAP OF STUDY SITE AND WEATHER STATION LOCATIONS IN 

RELATION TO THE YADKIN VALLEY AMERICAN VITICULTURAL AREA.  

 


