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Abstract: Vineyard is one of the most complex and vulnerable agroecosystems, and ongo-
ing climate change makes it necessary to identify effective management and adaptation
practices. For this reason, a water balance model tailored for viticulture was developed to
be implemented within a Decision Support System (DSS) aimed at supporting winemakers
both in the vineyard’s planning and management phase. Starting from a simple monthly
water balance, based on the Thornthwaite-Mather method, the model returns the water
stress risk class through the connection to a soil and climate database; the user can how-
ever customize the response by inserting information related to a specific vineyard (e.g.,
planting, soil, and management layout). The model was tested using data from a three-year
field experiment carried out in a vineyard under permanent grass cover (PG) or continu-
ous tillage (CT), allowing for the evaluation of its performance in terms of water balance
estimation. The model provided results consistent with the measured soil moisture values,
and the annual risk of water stress corresponds to what was measured in the field, differing
at most by only one class. The model can guide the user in finding the best solutions for
designing new vineyards or managing the inter-row by simulating the adoption of different
strategies (trellis system, planting density, type of cover crop or soil tillage) or suggesting
alternative solutions (needs of irrigation supply, more suitable cultivars, or rootstocks).

Keywords: Thornthwaite-Mather method; vine phenology; soil management; vine water
stress; evapotranspiration

1. Introduction

The vineyard undoubtedly represents one of the most complex Mediterranean agroe-
cosystems, often associated with several environmental problems, amplified either by
climate change or by the intensification of production techniques [1]. The expected pro-
longed dry periods and increasingly frequent extreme meteorological events caused by
climate change could have significant impacts on viticulture [2,3]. In addition, since vine-
yards are frequently affected by erosion phenomena [4], and European policies through
various actions [5,6], more sustainable agricultural practices, such as the adoption of cover
crops are becoming more frequent due to their beneficial effect on multiple ecosystem ser-
vices [7,8]. However, the association of cover crops with the vine is sometimes questioned
due to competition for water and nutrients.
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As pointed out by Knowling et al. [9], despite the considerable development and avail-
ability of models for viticulture, their application in the context of vineyard management
remains limited to the academic or research environment and the possibility of their use by
the real agricultural world is remote.

For instance, in decision-making contexts, STICS [10] and VineLOGIC [11] models, due
to their flexibility, could support the choice of planting layout and operational strategies
such as canopy and water management.

However, like most open-source models available, both lack an easy-to-use graphi-
cal interface, and require specific skills, including the knowledge of both programming
languages and processes implemented within the models, which neither the farmer nor
the technical decision-maker possesses. In addition, they require quality and hard-to-find
input data [12].

As aresult, there are a few marketed (e.g., Terraclim [13], PreDiVine [14], Vite.net® [15])
and open-access models ready for wine growers or agronomist consultants to be employed
within the vineyard decision-making process.

Regarding the design of the new vineyard, there is currently a complete lack of ready-
to-use decision support models.

Although the vine is defined as a drought-tolerant species [16], large quantities of
water are, however, necessary during the dry months to allow the plant to complete its
growth cycle [17,18]. Young plants, in particular, are more sensitive to water shortage
due to the fact their root system is not fully developed [19,20]; it is, therefore, crucial to
evaluate the possible risk of water stress during the training stage right from the vineyard
design phase. Gaining a better knowledge of soil hydrological behavior and, therefore,
evaluating whether the crop water requirements along the different growth stages and
for different soil management can be satisfied becomes crucial, especially in view of the
ongoing climate change. Since the susceptibility of grapevine to water stress varies between
the different phenological stages [21,22], the soil moisture data alone, expressed as potential
(SWP), is not able to provide useful indications about the stress level of the plant [23,24].
Therefore, to define the vine tolerance thresholds for each phenological phase, the pre-dawn
leaf water potential was used since it is assumed to be in equilibrium with the soil water
potential (SWP) [21]. The monthly step water balance model is successfully employed
to provide a basis for decision-support systems in the context of water management [25].
As outlined by Hong et al. [26], these monthly based water balance models have been
proposed during the last few decades with the aim of improving their physical basis
without excessively increasing their complexity and the need for a huge quantity of input
data. Among these models, Mammoliti et al. [27] identify the Thornthwaite-Mather
method [28] as one of the most used, especially for hydrogeological purposes, because
it is simple but able to provide reliable outputs. For this reason, Mammoliti et al. [27]
implemented a WebApp for the automatic calculation of Thornthwaite—Mather water
balance, able to carry out the computation on large datasets. Given its wide use, many
improvements to the Thornthwaite-Mather method have been carried out over time by
several authors to adequately respond to their specific needs. Hence, new information
about soils, crop, management, or climate have been included, and properly modeled, by
different authors [29-32]. This work illustrates a modified Thornthwaite-Mather water
balance model, that is able to assess the risk of water stress in the various phenological
phases before and during the productive age. Starting from the spreadsheet elaborated by
Armiraglio et al. [33], several procedural changes, functional to the application of the soil
water balance within a DSS aimed at supporting farmers in the vineyard’s planning and
management, have been made. The model provides as output the water stress risk class,
so allowing (a) to forecast the need for irrigation supply in young vineyards, (b) support
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the farmer in the choice of trellis system, planting density, cultivar, and rootstock, and
(c) suggest the inter-row management system for achieving most suitable production
objectives. The model was tested using data from a three-year field experiment (2020-2022),
which was carried out in a vineyard under permanent grass cover (PG) or continuous tillage
(CT), allowing for the evaluation of its performance in terms of water balance estimation
and the effect of water stress on some production parameters. Finally, the application of
the model in the planning of new vineyards under a future climatic scenario (2021-2050)
is illustrated.

2. Materials and Methods
2.1. Model Description

In its original version, Thornthwaite’s water balance [28] uses an extremely simple
calculation procedure capable of allocating among the various components of the hydrolog-
ical system, on a monthly basis, the volume of water stored in the various components of
the landscape. The model’s inputs are the mean monthly air temperature and precipitation,
as well as soil hydrological properties (water content at field capacity—FC; and wilting
point—WP), and the latitude of the site to account for the day length. Changes in soil
moisture storage can be generalized as a result of the balance between the amount of
water inputs and outputs. Inputs include precipitation and capillary rise; the outputs are
direct runoff, deep percolation, and evapotranspiration. The capillary rise is assumed to be
negligible. Only the changes made to the individual components of the water balance are
illustrated hereafter, whereas the computational steps that have not undergone changes or
updates are described in detail in Appendix A.

2.1.1. Water Surplus: Direct Runoff and Deep Percolation

In the procedure of Armiraglio et al. [33], the surplus occurs solely when the soil has
already reached the field capacity and represents the overall water loss for direct runoff
and deep percolation, according to Thornthwaite and Mather’ method [34]. Direct runoff
represents the amount of rainfall that does not participate in the recharge of soil water
storage; that is, it is the quantity of precipitation that does not infiltrate into the soil [35]. In
McCabe et al. [36], conversely, the direct runoff is a fixed value equal to 5% of the rainfall
regardless of soil properties and previous soil water content. Following the procedure of
Ferguson [37], the direct runoff was determined by the Soil Conservation Service Curve
Number (SCS-CN) method [38]. In this way, based on the hydrological characteristics of the
soil and the management system of the vineyard, the amount of rainfall lost as direct runoff
was quantified monthly. To apply the SCS method, curve number (CN) values for different
soils and management systems were determined. For each soil type, the hydrological soil
group (HSG) was identified and, successively, CN values for PG and CT management were
chosen from Roux et al. [39]. Regarding green manure (GM) management, CN value was
determined, month by month, combining CN values of both PG and CT, that is, considering
the different degrees of soil cover during the periods in which vegetation is present or not.

In each month, the net rainfall (P,;) is then given by:

Pyet = P — Direct Runof f (1)

Deep percolation represents the unknown variable in the water balance approach
where the known components are rainfall, evapotranspiration, direct runoff and soil mois-
ture change [40]. Therefore, it has been calculated month by month as residual of the soil
water balance, that is subtracting the direct runoff from the overall water surplus.
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2.1.2. Potential Evapotranspiration (PE)

The monthly potential evapotranspiration (PE) is calculated by Equation (Al) in
Appendix A; later, PE is multiplied by two coefficients, k and s, respectively, to account for
the real length of the month and the theoretical sunshine hours, as well as for the actual
sunbathing, depending on the latitude, slope, and aspect of the site [33]. s is determined
following the procedure illustrated in the VSIM User Guide [41]. Furthermore, since in the
VSIM model the variations in radiation are calculated starting from the daily declination
values, to implement the same procedure on a monthly time step, each month is associated
with a single declination value, i.e., the one relating to the fifteenth day.

Finally, the revised monthly potential evapotranspiration value (PEc), expressed in
mi, is calculated by the following equation:

PEc =PE xkxs (2)

2.1.3. Actual Evapotranspiration

The water demand of the vineyard is modeled according to the vigor of the plant, its
phenological stage, and the different inter-row management system (i.e., PG, GM, or CT).
For this purpose, two different crop coefficients are used, kc (vine) and kcc (cover crop):
both depend on the vineyard characteristics, specifically LAI and cover crop coverage, but
also on the monthly soil water availability.

The peak LAl value is simply determined from the Exposed Leaf Area (ELA, m? ha~1) [42],
computable through a geometrical approach by applying the following formula:

ELA:Cx(ZleJrD)x( 3)

10,000
100 E

where Hj is the leaf wall height (m), D is its thickness (m), E is the distance between the
rows (m), and c is the canopy density (%).
Then, peak LAI (m? m~?2) is estimated by the following equation:

(ELA)

LAI= 10,000

(4)

The model foresees the vertical trellis (cordon system) as the default setting and uses
specific geometric characteristics (Table 1). In the case of young plants, c is set equal to 50%.
A similar geometrical approach is employed to compute peak LAI values for other trellis
systems (see Appendix A).

Table 1. Values of the main geometric parameters and coefficients used to run the model in the case
of young or mature vineyards. E = distance between rows; D = Trellis thickness; ¢ = percentage
canopy density; H; = leaf wall height; LAI = Leaf Area Index; kcp; = maximum value of vine crop
coefficient; R = cover crop width; P = percentage of vegetation cover; and kccy = maximum value of
cover crop coefficient.

E

D H; c LAI R P

»
ineyard ) (m) (m) (%) (m? m~2) ke (m) (%)  eem
Young 2.00 0.40 1.00 50 0.60 0.324 - 0 0.000
Mature 2.00 0.40 1.00 100 1.20 0.513 1.50 75 0.562
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Vine Crop Coefficient (Kc)

Following the procedure adopted in the VSIM User Guide [41], the maximum value
of the vine kc (kcps) is computed by applying the Beer’s Law, setting the light extinction
coefficient to 0.6 according to Pierce et al. [41]:

kepy =1 — Exp(—0.6 x peak LAI) )

The reconstruction of the crop coefficient curve, based on the vine phenological phases
from April to November, was carried out following the FAO method [43].

Vineyard Management

The crop coefficient in the case of CT was set constant and was equal to zero; conversely,
the maximum value of the cover crop coefficient kcc was used for both GM and PG, and
estimated in terms of both density and extension of vegetation cover. So, the percentage
of soil surface covered by the cover crop and the proportion between the inter-row width
occupied by vegetation and the whole inter-row width were considered. The maximum
value of kcc (kccpy) is calculated by the following equation:

keew = () x (?) (6)

where p is the percentage of the soil surface covered by vegetation, R is the cover crop
width on the inter-row (m), and E is the inter-row width (m).

If the user does not provide specific information, the default conditions are set to
p=75%,R=15mand E=2m.

The attribution of kccj values in the different months depends on the type of cover
crop used: for PG, kccj is set constant and equal to the maximum value, unless the water
stress condition occurs. In the case of GM, the kccj values depend on the phenology of the
cover crop used: for this reason, the sequence of kccj values was reconstructed, assuming
that the sowing and burial operations are carried out in October and June, respectively.

In addition, according to the procedure described in the VSIM Guide [41], kccj was
adjusted in relation to soil moisture condition: it is reduced linearly with soil moisture of the
antecedent month, reaching the maximum value when the soil is at the field capacity (FC)
and being zero when soil moisture reaches 60% of FC (see Equation (A11) in Appendix A).

By multiplying the monthly value of the potential evapotranspiration (PEc;) corrected
by the addition of both the crop coefficients (vine and cover crop, if any), the actual
Evapotranspiration (Etc;) is computed for every j-month as follows:

Etcj = PEc; x (kc;j + kec;) 7)

2.1.4. Soil Water Storage Computation and Dynamics
Maximum Soil Water Storage (AWC)

The soil water storage (ST), expressed in mm, quantifies the water amount available
to plants (i.e., vine and cover crop, when present) within soil rooting depth (Rd), set at the
most equal to 0.75 m, regardless of cultivar and rootstock. If a soil is shallower than 0.75 m,
the model considers the actual soil depth, otherwise it sets the Rd = 0.75 m. ST depends
on many factors: soil characteristics (physical and hydrological), vineyard management
(tillage and cover crop), and climatic regime at a given time. In the model, the maximum
value of ST coincides with the Available Water Capacity (AWC), obtained by adding the
differences between values of water content at Field Capacity (FC;) and Wilting Point (WP;)
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of all the soil horizons identified between the surface and Rd. In the case of young plants,
Rd is set equal to 0.35 m.

3 em~3) are

When water retention curve data are not available, FC; and WP; (cm
determined through the equations elaborated by Saxton et al. [30].
Provided that ST is given in mm, FC; and WP; values must be converted into mm

through the following equations:

e SKi\, _ WP; SKi '\, .

where SK; is the skeleton content (%vol), and k; (mm) the thickness of the i-th layer.

Soil Water Dynamics

The approach simulates the monthly soil water storage dynamics (ST) according to the
hydrological bucket model implemented in Armiraglio et al. [23]; the only exception is the
use of net rainfall (P,;) instead of total rainfall (P), and the separation of the water surplus
into runoff and deep percolation. Briefly, when in the month j, the actual evapotranspiration
(Etcj) is larger than the P, soil water storage (ST)); it undergoes a depletion, and otherwise
increases up to the maximum water content, i.e., AWC. In any case, the extent of water
storage also depends on the soil moisture status of the previous month. Beyond the
AWC value, the water excess generates water surplus, that in turn will be divided into
runoff and deep percolation depending on the hydrological properties of the soil (SCS-
CN Method) [38]. In Appendix A, the Equations (Equations (A1)-(A18)) employed for
modeling soil water dynamics are listed and explained.

2.1.5. Vine Water Stress Assessment

The model considers the specific water stress tolerance of the vine in the different
phenological phases of both young (1-3 years after planting) and mature plants. To relate
the water status of the vine to the soil moisture content, the pre-dawn leaf water potential
value was used since it is assumed, as suggested by Deloire et al. [24], that this is in
equilibrium with the soil water potential (SWP). This means that it is possible to use soil
water content value (SM), converted into potential and expressed as MPa (SWP), to define
the vine water status.

Namely, monthly soil water contents up to the rooting depth Rd (mm) were computed
by adding the WP value (mm) to monthly ST values (mm), i.e., the model output. Hence,
SM spans from a maximum level equal to FC and a hypothetical minimum value coincident
with WP.

To convert SM values (mm) into SWP (MPa), the equation of Saxton et al. [44] was
employed (see Equation (A15) Appendix A).

The tolerance of vines, both young and mature, to water stress in the different months
of the vegetative cycle and in the corresponding phenological phases has been related to
specific ranges of SWP according to Ojeda [24] and Deloire et al. [21] (Table 2). For example,
young plants are generally not tolerant to water stress, and the SWP should always be
lower than 0.2 MPa; only in the maturation phase are the vines less sensitive to water stress.
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Table 2. Scheme of vine water stress tolerance in each phenological phase for both young (a) and
mature (b) vines.

Month Apr May Jun1**  Jun2** Jul Aug Sept Oct Nov
a . q Falling of leaves
Phenological phase Bud break Growth of vine shoot Cane maturation and root growth
Tolerance None None Moderate None
SWP * <0.2 <0.2 0204 <0.2
b Fruit set Veraison R S
- Bud break and growth of vine shoot and root growth
Phenological phase . .
Veraison Maturation
Tolerance None Moderate High Moderate
SWP * <0.2 0.2-0.4 0.4-0.6 0.2-0.4

* SWP is expressed as absolute value (MPa), ** Jun 1 = first 15 days; Jun 2 = last 15 days.

Such a phenologically based soil water balance provides an expert judgment of the
vine water stress level on a monthly basis, resulting from the intersection between SWP
value with the vine water stress tolerance. A synthesis of the intersections for both the
young and mature vineyards is shown in Table 3.

Table 3. Scheme of logically based intersection between soil water stress and vine water stress
tolerance. The classes of vine stress risk are listed and defined as follows: VH = Very High, H = High,
M = Moderate, and N = Negligible.

Vine Water Stress Tolerance
SWP (MPa) Soil Water Stress

High Moderate None
>0.6 High
0.6-0.4 Medium-High M H
0.4-02 LightMedium N M H
<0.2 Absent N N N

Finally, the annual stress risk is given by an expert judgment that considers all the
possible combinations of the nine monthly (April-November) vine stress risk classes. For
that purpose, the scores 3, 2, 1, and 0 were assigned to the VH (Very High), H (High), M
(Moderate), and N (Negligible) vine stress risk classes, respectively. By doing this, it is
possible to add the scores of the nine combinations and obtain a numerical value that can
theoretically span between 0, when all nine months are associated with the class (N), and
27 (3*9) in the case in which the very high stress (VH) risk is everywhere present. Four
annual water stress risk classes were identified, as illustrated in Table 4, assuming that a
score equal to 9 already represents a highly critical condition for the vine.

Table 4. Scores identifying the annual water stress risk classes.

Score Class of Annual Water Stress Risk
>9 *
6-9 Hig
2-5 Moderate
<2 Negligible

2.2. Model Application at Vineyard and Farm Scale

The model was applied at vineyard scale with the aim to validate it. Later, once its
robustness was verified, it was applied at the farm scale to demonstrate its possible use
when planning new vineyards.

Both these activities were carried out in the Barone Ricasoli farm (about 250 ha), located
in the Chianti Classico wine district (Tuscany, central Italy, municipality of Gaiole in Chianti,
province of Siena, 43°23/21"” N, 11°26'24" E), characterized by a high soil variability. The
pedological map of the farm identifies the presence of 19 typological soil units (TSU) [45].
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2.2.1. Model Application at Vineyard Scale: Set Up of the Experimental Site

A vineyard located at 445 m elevation on a moderate slope (18%), with a South-East
aspect and up-and-down row orientation was selected to set up an experiment functional
to test the model performance for different inter-row managements. Only one type of
soil is present, called AGR1 (this TSU occupies the largest area, nearly 70 ha within the
farm), and is classified as Skeleti Haplic Calcisols according to WRB (World Reference Base)
system [46]. To this end, since 2015, the vineyard has been divided into two sub-areas, each
five rows wide, under different soil management: continuous tillage (CT) and permanent
grass cover in alternating rows (PG).

In the years 2020, 2021, and 2022, soil moisture and temperature were continuously
monitored by 5TM sensors connected to an EM50 datalogger (Decagon), which was placed
in the central row of each area at 0.35 and 0.55 m depths. Near each sensor control unit, a soil
profile was dug and described according to WRB guidelines [46], and both disturbed and
undisturbed soil samples were collected. Soil particle size distribution, was determined by
using the Micromeritics Sedigraph 3100 apparatus [47], while the soil water retention curve
was obtained by using a combination of the evaporation method (HYPROP, METER Group
AG, Miinchen, Germany) and the chilled-mirror dew point equipment (Model WP4C,
Decagon Devices, Inc., Pullman, WA, USA). Field moisture values were then converted into
water potentials by Equation (A15) of Appendix A, entering coefficients A and B resulting
from laboratory analyses.

In the same row and for both treatments (PG and CT), the survey of the grass coverage
was carried out in triplicate by a 50 x 50 cm metallic frame and quantified according to
Sanesi [48]. In addition, on five vines located in a symmetrical position with respect to the
sensors, the measurement of trellis thickness (D) and leaf wall height (H;) was carried out
to calculate LAL

During the trial period, some production components were measured; in each row,
five consecutive plants were sampled to determine the production (kg/plant), the number
(n) of bunches per plant, and the bunch and berry weight. In the winter period, the weight
of the pruning wood was determined, and the Ravaz index was calculated [49]. A nearby
weather station also provided daily climate data of the experimental area.

A comparison of the model performance is provided, either entering lab hydrological
properties or estimates by pedotransfer functions (PTFs).

2.2.2. Application of the Model at Farm Scale: Simulations for Planning New Vineyards
Under Future Climatic Scenario

With the aim of applying the model to the whole Barone Ricasoli farm, it was first
necessary to collect the information regarding the geographical characteristics of each
vineyard of the farm. Starting from a DTM with a 10 x 10 m resolution and the vector
map of the farm’s vineyards, statistics on altitude, slope, and aspects were obtained in the
GIS environment for each vineyard. Then, satellite images were employed to assess the
main row orientation and length of each vineyard. An example of the application of the
model for the re-planting phase, supposing, for simplicity, to maintain the previous trellis
system and plot geometry in all the vineyards is hereafter illustrated. Since a vineyard
generally remains in production for at least thirty years, the climate scenario for 2021-2050
was chosen, and the global climate model RCP8.5 was used [50].

It should be emphasized that RCP8.5 represents a business-as-usual scenario, result-
ing from the failure to apply mitigation measures; therefore, considering the thirty-year
period of 2021-2050 as the application time window, RCP8.5 can be considered a plausible
choice [51]. Further information about the cultivar and planting system was kindly pro-
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vided by the farm owners. In addition, a soil unit vector map containing data related to the
soil physical properties needed by the model was employed [45].

Then, the hydrological constants (FC, WP, and AWC) of each soil unit were estimated
by PTFs [44] and used to calculate the soil water storage up to the rooting depth of the
young plants (0.35 m), following the procedure described in Section 2.1.4.

2.2.3. Statistics

The comparisons between the soil moisture measured in the field and the estimated
values starting from the lab or PTFs hydrological constants were carried out by evaluating
the percent differences between the three-year average value (2020, 2021, 2022) of the
simulated water content for both treatments (PG and CT) compared to the soil field moisture
value in each month.

After having checked this using the test of Shapiro-Wilk and Levene, as well as the
assumptions of normality and homoscedasticity, respectively, data of production compo-
nents were statistically analyzed by one-way ANOVA, using SPSS [52]. Differences were
assumed to be statistically significant for p < 0.05.

3. Results and Discussion

3.1. Model Application at Vineyard Scale
3.1.1. Site and Soil Characteristics

During the three-year trial period, the climate recorded an increase in temperature with
respect to the 30-year, 1991-2020 period, which registered an annual rainfall of 834 mm and
an average temperature of 14 °C. In particular, the Aridity Index, according to Bagnouls—
Gaussen [53], changed from humid to dry and very dry. The annual rainfall, which was
around 1075 and 928 mm in 2020 and 2021, decreased to 721 mm in 2022; in the same year,
the average annual temperature increased from 15 to 15.9 °C. Table 5 illustrates the main
characteristics of each treatment.

Table 5. Average values of the main characteristics for both the continuous tillage (CT) and permanent
grass cover (PG) treatment. E = distance between rows, D = Trellis thickness, H; = leaf wall height,
LAI = Leaf Area Index, kcyy = maximum value of vine crop coefficient, kecys = maximum value of
cover crop coefficient, R = cover crop width, P = percentage of vegetation cover.

E D H; LAI K R P "
Treatment (y cc
(m) (m) (m) (m? m~2) " (m) (%) "
PG 2.0 0.33 0.94 1.11 0.49 15 45 0.34
CT 2.0 0.40 0.90 1.10 0.48 - 0.0 -
The main physical and hydrological soil properties entering the model, and the ex-
treme values of soil moisture measured over the three years in the different treatments, are
displayed in Table 6.
Table 6. Mean values of the main soil physical properties, along with the extreme field moisture
values measured in the three years in both the treatments. For A, B, FC, and WP, both the values
measured in lab, and those estimated by PTF (italic values) are reported. (HSG: hydrological soil
group [38]; H: soil depth; SK: skeleton content; A and B: coefficients moisture tension [44]; FC: field
capacity; WP: wilting point).
Textural Max Field Min Field
SK Sand Clay P . .
Treatment HSG o, P o Class A B FC (mm) Moisture Moisture
m % %) %) (Semy (mm) ) o
6.6 x 107* —4.98 148.9 79.6
CT C 0.75 30.7 31.5 21.4 L 16 x 10-4 7 185.7 745 197.7 79.5
PG D 075 26 25 276 cL 70X 1070 —542 1859 2.9 2105 1300

8.6 x 107° —7.85 202.7 77.9
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Provided that the model ideally simulates monthly soil moisture content in the range
between FC and WP, it is interesting to observe that laboratory analyses provide FC values
comparable to the maximum moisture content measured in the field along the three-year
period in both the treatments; vice versa, the FC values obtained by PTF are always lower
(Table 6). In CT, all the WP values coincide with the minimum moisture content measured
in the field. In PG, lab- and PTF-derived WP data differ from minimum field moisture by
28% to 40% (Table 6). It should be borne in mind that field soil moisture conditions can
be out of the range and imposed by the model; therefore, theoretically, moisture above
the FC can also be temporarily measured, and field conditions below the theoretical WP
can exist. However, the monthly time scale adopted makes these situations in the field
less likely and frequent (Figure 1a,b). In PG, although vegetation may be responsible for
greater evapotranspiration, soil surface temperature remains lower, and moisture remains
higher due to the protection that the vegetation cover exerts against solar radiation [54]. As

a result, actual soil moisture values in PG may be higher in summer than those simulated
by the model.

FC (LAB) FC (PTF)
(a) 20 PG e WP (PTF) o AR ) PTF

NININPEEI M| N[N]N

Fleld measurem ent

NINININ]N .\llx_.\'Jxl.\'[.\'INII_Tﬂx{xlx H|H]| I.\'[xl.\'lx!
h (6)

[ NI NN " NN N[

l Moderate (3) Very High (10) i [ High () |

( ) i B X ) Simulation (PTF) ) )

lx]x{x\x[u]x{x,.\"\.\' NININ[ N N NN Ny~ NN
Neglighle (1) | High (5 | Moderate (4)

[

H
Negligible (1) Very High (12) High (

(b) 20 CT FC (LAB) 3 FC (PTF) = A8 ==PTF C—IFIEWD e
...... WP (LAB) A-- - WP (PTR)
200 o
180 — ™ —
m n -
w f]] io ! 0 | ol |

.
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TEETRETTRURLCE PR TERErTIL
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Annual stress risk assessment

NI NTM[N[N]H A NININ[N[NTM™M N[ N[N
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N NININIM NN NN NN NN [ | N NN N v NN N
Neglighle (1) | High (8) | Moderate (4) ]

[

[ Feld measurement ]
[NINININ NININININININTINTN s~ [ NIN [ N[E[ N[ N[N~
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Figure 1. Model results for PG (permanent grass cover) (a) and CT (continuous tillage). (b) Manage-
ment systems in the years 2020, 2021, and 2022. (P = precipitation; FIELD = soil moisture measured
in the field; PTF = soil moisture estimated by the model entering the hydrological constants derived
from PTFs; LAB = soil moisture estimated by the model entering the hydrological constants obtained
by laboratory analyses; FC (LAB) and WP (LAB) = hydrological constants measured in the laboratory.
FC (PTF) and WP (PTF) = hydrological constants estimated by PTFs.



Agronomy 2025, 15,233

11 of 21

3.1.2. Model Performance for the Experimental Site: Validation Results

The performance of the model with respect to the field soil moisture status is shown
in Figure 1a,b, in which both the data obtained by model simulations and those measured
in the PG and CT treatments in the three years (2020, 2021, and 2022) are displayed.
The histograms show soil moisture monthly values (mm) measured in the field and those
estimated by the model entering the hydrological constants derived from PTFs or laboratory
analyses. The tables below each histogram show that the model results are related to the
monthly and annual water stress risk assessment.

In the test period, the dynamics of the soil water contents simulated (in the lab or PTF
hydrological constants) or those field-measured in PG and CT are similar. The maximum
values occur in the spring, when soil moisture is close to FC conditions, and in autumn
because of the recharge of the soil water reserve. Minimum values occur in the summer
period to varying extents and intensities depending on the input data entered (lab, PTF,
and field), the year and the management system.

From Table 7, we can notice that compared to the average value of soil field moisture
in the three years, those estimated using the hydrological constants determined in the lab
show the lowest percentage difference values in all the months, either for PG or CT; the best
simulation is, anyway, observed in the PG treatment. On the contrary, those returned when
employing PTF show a higher percentage of difference values, which were all negative
in both treatments, indicating an overall underestimation of soil moisture contents. In
addition, it is interesting to note that Figure 1a,b show how the annual water stress risk,
obtained using hydrological constants measured in the laboratory or estimated via PTE,
matches, in most cases, the field measurements, differing by one class at most.

Table 7. Monthly percentage differences between the mean values of simulated and field-measured
soil water content on the test period for both treatments (PG and CT) and types of hydrological data
(LAB and PTF) used.

Hydrological

Treatment Data A M J1 J2 J A S (o] N
PG PTF -7.1 —13.6 —-11.1 —13.0 —24.1 -21.0 —64 —94 -1.2
LAB 1.3 —4.5 -0.9 0.6 —6.9 14 59 3.1 44
cT PTF -17.3 —18.9 -19.9 —24.8 —324 —32.6 —11.5 -17.2 —11.2
LAB 3.1 2.1 2.4 0.7 -2.7 -1.0 7.3 6.9 8.1

For CT, the model underestimates the annual stress risk only in 2021, indicating “high”
instead of “very high”. In PG, the performance is more articulated and dependent on the
type of hydrological constants used. When using those obtained by laboratory analysis, the
model results coincide with the field observations, apart from the year 2020, for which the
model indicates “moderate” instead of “negligible” stress. When hydrological constants
are estimated by PTFs, the risk of stress in both 2021 and 2022 is underestimated: “high”
instead of “very high” and “moderate” instead of “high”, respectively. The climate of 2021,
characterized by a prolonged summer drought, highlights how soil may face difficulties in
replenishing the water reserve in autumn (October in particular, see Figure 1a,b. These large
volumes of rainwater cannot be readily stored in the soil also because the water flows do
not occur through the entire soil volume, probably due to the presence of preferential flow
pathways generated in fine-textured soils by the shrinking process during summer. In these
circumstances, surface runoff prevails over infiltration. The model is not able to simulate
this inertia of the soil system because it considers the emptying and replenishing velocity
of the water reserve to be uniform. This is the reason why, in October 2021, the stress
highlighted by field measurements was more severe than the simulated one; this behavior
has been observed for both management systems and lab-measured or PTF-estimated
hydrological constants.
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3.1.3. Vine Production

The results relating to the production components and the Ravaz index [49] for each
year are reported in Table 8.

Table 8. Vine yield components under different soil management: (PG—permanent grass cover, and
CT—continuous tillage) during the study period (2020-2022).

Year Yield (kg/Vine) Berry Weight (g) Cluster/Vine (n) Ravaz Index

Mean St.Dewv. Mean St.Dev. Mean St.Dewv. Mean St.Dev.
PG
2020 2.23 +0.88 2.21 +0.21 8.00 +2.23 5.19 +0.95
2021 1.35 +0.64 1.58 +0.04 8.56 +1.67 3.31 +1.5
2022 0.66 +0.29 1.62 +0.25 7.40 +2.06 1.88 +0.2
CT
2020 1.31 +0.57 2.06 +0.17 4.89 +1.45 4.83 +4.42
2021 1.26 +0.67 1.81 +0.13 6.55 +2.11 4.68 +3.16
2022 0.73 +0.57 175 +0.23 6.80 +1.70 2.54 +1.19

None of the production variables considered showed statistical differences between
the different managements during the trial period. Considering that production and
water availability are correlated [55], based on the outputs provided by the model for the
different treatments, we expected that the yield components were also not influenced by the
management system. The vine production components, mainly in PG, were very different
in the three years. In 2020, when the risk of stress is negligible; PG tends to show better
results than CT. Nevertheless, in 2021, when the risk of water stress increased (very high
class), in PG, the vine yield drastically decreased, and the Ravaz index assumed a critical
value (<4) [49].

In 2022, a year in which moderate water stress was associated with high heat stress, the
treatments showed a decrease in both vine yield and Ravaz index. These results highlight
how climatic conditions, the cause of abiotic and biotic stress, have a major impact on
production; the choice of the type of soil management and the methods of application can
help reduce this impact, but it is necessary to foresee already from the planting phase the
possibility of adopting other management strategies that facilitate the adaptation to the
ongoing climate change.

3.2. Model Application at Farm Scale
3.2.1. Results of Geographical and Pedological Data Processing

Table 9 illustrates the geographical characteristics of the TSU, along with their soil
textural class and WRB classification.

According to RCP8.5, the mean annual precipitation remained unchanged (about
835 mm), with respect to the reference thirty-year period (1991-2020), while the mean
annual temperature is expected to increase from 13.9 to 15.9 °C. The warming effect was
reflected in the trend of the Thornthwaite thermal index (Im), with the humid climate class,
initially dominant in the study area (91% of the surface), which is reduced to 34% in the
thirty-year period 2021-2050; on the contrary, the subhumid class increases, reaching 66%
of the farm surface.

Table 10 lists the values of the main physical and hydrological properties related to
the 0-0.75 m soil depth in the different TSUs; the coefficients A and B of Equations (A17)
and (A18) (see Appendix A) are also reported.
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Table 9. Mean values of altitude and slope (standard deviation in brackets), prevailing aspect
(N = North; E = East; S = South; W = West) and row orientation (U = up-and-down; O = oblique)
in the different typological soil units (TSU); TSU area, textural class (CL = Clay Loam; C = Clay;
SiCL = Silty Clay Loam; SCL = Sandy Clay Loam; SL = Sandy Loam; SiC = Silty Clay) and WRB soil
classification [46] are also reported.

Altitude 9 Row Textural Class Soil Classification
TSU (m asl) Slope (%) Aspect Orientation Area (ha) (USDA) (WRB)
AGR1 429.3 (14.4) 9.2 (1.7) NW, S U 70.3 CL Skeleti Haplic Calcisols
AGR2 417.2 (12) 6.7 (1.3) S, W O 13.9 C Hypocalcic Calcisols (Clayic)
ARG 319.1 (0.4) 8(3) SW U 27 CL Alcali Haplic Cambisols (Siltic)
CAS 274.0 (2.7) 10.8 (0.5) W 18] 13.1 SiCL Skeleti Haplic Cambisols (Eutric)
CAST 461.8 (24.5) 10.5 (2.7) SW, W, E U 377 SCL Skeleti Haplic Regosols
CEN1 306.8 (2.8) 13.5(1.2) W, SW 18] 47 SCL Thapto Luvi Haplic Cambisols (Ruptic)
CEN2 303.6 (10.9) 12.7 (1.6) SW O 24 C Profondi Cutanic Luvisols (Hypereutri c)
GRO 439.7 (15.9) 11(1.4) SW, NE 18] 16.5 CL Skeleti Haplic Cambisols
LEC1 324.1 (6.8) 7.9 (0.6) SE U 2.5 CL Rupti Cutanic Luvisols (Hypereutric)
LEC2 320.5(5.2) 8.7 (1) SE U 5.1 SL Eutri Brunic Arenosols
MIN 319.2 (14.8) 12.1(5.8) NW, W 9] 3.8 C Eutri Endogleyic Stagnosols (Clayic)
NEB 338.5 (0) 7.3 (0) NW 18] 0.8 SCL Eutri Haplic Cambisols (Chromic)
PIA1 2429 (6.1) 4.6 (0.7) SW U 11.6 CL Manganiferri Luvic Stagnosols (Clayic)
PIA2 252.3 (4.7) 6.2 (2.9) W U 1.3 C Cutani Vertic Luvisols (Hypereutric)
SLC 368.8 (37.1) 5.8(0.2) SE (] 1.8 C Cutani Vertic Luvisols (Hypereutric)
TAR1 464.6 (14.9) 6.6 (1.4) S 18] 11.7 SL Colluvi Haplic Arenosols ( Epoluvm)
TAR2 465.9 (14.9) 11.3 (34) SE O 4.6 L Eutri Haplic Cambisols (Skeletic
TAR3 440.2 (27.1) 7.6 (3.7) U 2.7 SL Eutri Haplic Arenosols (Transportlc)
TOR 347.5 (16.1) 7.9 (2.8) S, SW, W (] 38.7 SiC Calcari Haplic Cambisols (Skeletic)
Table 10. Main physical and hydrological properties of each typological soil unit (TSU). (HSG: hydro-
logical soil group [38]; H: soil depth; SK: Skeleton content on a volume basis; A and B: coefficients
moisture tension [44]; FC: field capacity; WP: wilting point; AWC: Available Water Content).
TSU HSG o SK(%v)  Sand (%w)  Clay (%w) A B FC(mm)  WP(mm) AWC (mm)
AGR1 D 0.75 29.7 28.1 38.0 1.43 x 107 —7.49 187.3 112.7 74.6
AGR2 D 0.75 10.0 19.3 495 1.34 x 107 —9.23 289.3 191.5 97.8
ARG D 0.75 2.0 29.2 31.9 257 x 1074 —6.35 2379 130.7 107.2
CAS D 0.75 19.0 14.0 37.6 544 x 1074 —6.57 2289 128.2 100.7
CAST B 0.75 39.7 48.0 33.1 153 x 107> —8.14 132.6 83.1 49.5
CEN1 C 0.75 10.0 50.7 217 7.12 x 107° —6.14 170.6 91.8 78.8
CEN2 D 0.75 5.5 26.0 47.8 6.91 x 1073 -9.37 286.8 191.0 95.8
GRO C 0.75 52.5 30.3 39.1 1.03 x 10~* —7.78 126.2 774 48.8
LEC1 C 0.75 0.7 37.6 34.2 6.74 x 107° —7.45 237.9 142.7 95.2
LEC2 C 0.75 6.0 70.9 11.1 4.38 x 1075 —5.36 133.0 65.3 67.7
MIN D 0.75 5.0 24.8 49.8 6.93 x 107° —9.73 298.2 201.7 96.5
NEB C 0.75 25.0 48.0 30.1 2.39 x 1075 —7.56 159.3 96.3 63.0
PIA1 D 0.75 10.0 31.1 36.9 1.19 x 10~ —741 231.3 138.4 929
PIA2 D 0.75 18.0 349 425 347 x 107° —-8.97 221.2 144.6 76.6
SLC D 0.75 18.0 349 425 3.47 x 107° —8.97 221.2 144.6 76.6
TAR1 C 0.75 10.0 63.2 14.8 4.83 x 1075 —5.69 142.6 73.0 69.6
TAR2 C 0.75 25.0 46.0 21.2 1.41 x 10~* -5.70 144.0 73.9 70.1
TAR3 C 0.75 10.0 63.8 17.6 2.27 x 1073 —6.32 148.1 81.1 67.0
TOR D 0.75 25.0 18.3 40.7 313 x 1074 —7.30 216.7 128.6 88.1

3.2.2. Model Results in View of Planning New Vineyards Under Future Climate Scenario

Starting from soil and geographical information, the water balance for young vine
plants is elaborated and described in Table 11, where each soil unit data refers to the
application of the model to the vineyard with the largest extension.

In Table 11, all cases with an overall negligible annual risk have only one moderate
risk, which always occurs in August, the month that induces the most severe water stress.
Vineyards with annual moderate risk generally have H risk in August and July. Finally,
all vineyards with high annual risk show a monthly H and VH risk in July and August,
respectively. The attribution of a different annual water stress risk class to the TSUs is due
to the combination of soil hydrological properties (AWC) with potential evapotranspiration
(PEc). Since the climate is quite homogeneous within the farm, PEc mainly differs according
to the geomorphological characteristics (vineyard aspect, altitude, and slope). Additionally,
aspects seem to play a major role. In fact, vineyards with NW, NE, or W aspects generally
have a negligible annual risk class often associated with the lowest PEc values in July and
August. Moreover, in these vineyards, the highest evapotranspiration demand corresponds
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to the highest AWC values and vice versa. Vineyards showing the highest PEc values are
exposed to SE or SW and are associated with AWC values among the lowest, falling into
the “High” water stress risk class.

Table 11. Modeled monthly and annual water stress risk for young vineyards to be planted in the
different TSUs under a future climate scenario (2021-2050). Vineyard aspect (N = North; E = East;
S =South; W = West), total potential evapotranspiration (PEc) from June to August, and AWC
(0-0.35 m) are also displayed.

Apr May Junl Jun2  Jul Aug Sept Oct Nov
Falling of
TSU BE‘el;lk Growth of Vine Shoot Maturation Lealg‘e:)tand A‘,r\};ltlgl Vzi&ns?;irtd (JuII:_E Kug) ﬁ:’lvmc)
Growth Stress Risk (mm)

<0.2 <0.2 0.2-0.4 <0.2

None None Moderate None
CAS N N N N N M N N N Negligible W 442 50
GRO N N N N N M N N N Negligible NE 364 27
AGR2 N N N N N M N N N Negligible W 399 45
MIN N N N N N M N N N Negligible W 427 44
NEB N N N N N M N N N Negligible NW 373 30
AGR1 N N N N H H N N N Moderate S 484 34
TOR N N N N N H N N N Moderate SW 443 41
CAST N N N N H H N N N Moderate E 467 29
PIA1 N N N N H H N N N Moderate SW 490 44
LEC2 N N N N H H N N N Moderate SE 479 30
TAR1 N N N N H H N N N Moderate S 486 32
SLC N N N N H H N N N Moderate SE 493 39
TAR3 N N N N N H N N N Moderate E 425 29
LEC1 N N N N H H N N N Moderate SE 503 42
CEN2 N N N N H H N N N Moderate SW 480 45
PIA2 N N N N H H N N N Moderate Y 478 39
ARG N N N N H H N N N Moderate SW 505 49
CEN1 N N N N H N N N High SW 534 38
TAR2 N N N N H N N N High SE 534 33

With regard to the simulation for the future scenario (2021-2050), Figure 2a illustrates
the distribution of farm areas (ha) under different stress risk classes. Almost 55% of the
farm area falls into the moderate risk class, 32% into the negligible one and around 13%
into the high one.

In Figure 2b, for each TSU (Table 9), the distribution of vineyard areas under different
annual water stress risk are displayed, along with the PEc values (mm), from June to
August. Only the largest TSUs are shown. In the figure, they are listed for each TSU.

The model provides different results for the same TSU (identical soil characteristics)
because of different geomorphological conditions which modify the potential evapotran-
spiration values. CAS and PIA1 TSUs are exceptions because, being that the geographical
attributes of their vineyards are characterized by a low variability, they are entirely de-
scribed by a unique water stress risk class: CAS TSU falls in the negligible class because of
their highest AWC value and relatively low PEc; PIA1 TSU falls entirely in the moderate
class because of their intermediate AWC and PEc values.

TSUs showing areas with three different risk classes (AGR1, CAST, GRO, and TOR)
have greater variability in altitude and slope, and/or contrasting aspects (Table 9). The
wide variability of geomorphological conditions detected in AGR1, CAST, and GRO de-
termines the occurrence of cases of negligible risk, though these UTSs are characterized
by alow AWC [56]. In particular, this occurs whenever the vineyard aspect is NW, W, and
NE, respectively.
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Figure 2. (a) Distribution of farm areas (ha) under different stress risk classes; (b) vineyard areas (ha)
under different annual water stress risk classes in the largest TSUs. PEc values (mm) from June to
August under the future climatic scenario (2021-2050) are listed below.

The importance of soil and water resources and the growing attention of global agri-
cultural policies toward these environmental components [57] make it necessary to raise
awareness of the short- and long-term effects resulting from inappropriate management
choices. Considering the ongoing climate change [22,58] and that different soil types react
differently to management methods [59,60], the identification of the most suitable manage-
ment practices for different crops in specific pedoclimatic environments is crucial [61].

We believe this model can be a useful decision support system in both the planning and
management phases of the vineyard. Whenever the model returns a negligible stress risk,
there being no limits depending on the soil and climate conditions, the winegrower will
be able to make the appropriate decisions based on other farm strategic objectives. On the
contrary, conditions of moderate, or even more high or very high stress, could suggest that
farmers could make different choices concerning, in the case of a new vineyard, the planting
density, the type of rootstock and cultivar, or the need to design an emergency irrigation
system; conversely, in the case of mature vineyard, the modification of the management,
for example, intervenes on the type of cover crop or on the duration of the soil coverage
period. Furthermore, the winegrower is guided by the model in making decisions regarding
the production, e.g., number of buds and canopy management, all this with the aim of
maintaining adequate and constant production levels without compromising plants” health.

4. Conclusions

In this study, we illustrate the potential of a monthly scale soil water balance model
to be implemented in a DSS, which aims to assist agronomists and winemakers in the
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planning and management of vineyards. To this aim, the risk of water stress is used as
response variable.

Since it provided reliable outputs, the model would be a useful tool for viticulture,
especially considering the ongoing climate change which imposes winegrowers to urgently
implement adaptation practices and effective managements.

The main strengths of this tool are:

1. It contributes to fill the gap between wine growers or agronomist consultants and the
research sector.
2. It provides ready-to-use decision support models for designing new vineyards.

For these reasons, the model will be available as a module within a Decision Support
System (DSS) equipped with a user-friendly interface; no specific skills are required from
users, farmers, and technicians, nor the availability to access daily information regarding
microclimatic data. To ensure consistency and compatibility in data collection, analysis,
visualization, and management, the system will be developed entirely in Python. The
Graphical User Interface (GUI), built with the Kivy and KivyMD frameworks, will be
available in a desktop version.

A weakness of this soil water balance could be that PE is computed using the Thorn-
thwaite equation and corrected according to Armiraglio et al. [33] and Pierce et al. [41].
Nevertheless, Eto value [43], if available, could be directly entered in the model by the user.

The first version of the model is employed in a Geographic Decision Support System
at regional scale [62], directly connected to a soil and climatic database.

Additionally, to increase the robustness of the model further research is needed to
validate it on vineyards under different pedoclimatic conditions, plants age and spacing,
and inter-row soil management systems.
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Appendix A
Appendix A.1. Potential Evapotranspiration (PE)

The model calculates monthly potential evapotranspiration (PE), defined by Thornth-
waite [34] in terms of the thermal efficiency index and monthly air temperature. According
to this method, PE can be calculated for the month i through the following equation:

A 14
PE; = 0.16 x <:§’> if T, > 0; PE; = 0if T; <0 (A1)

where T is the mean monthly air temperature, and I the thermal Index computed by the

Equation (A2)

12 /40 1514

I= 21 (5’> (A2)
1=

and the exponent « is determined through the following function of I.
x=675x10"" x> =771 x 1072 x I — 1.7921 x 1072 x I + 0.49239 (A3)

In the standard procedure, the Thornthwaite balance [34] simply provides an overall
result expressed by the Moisture Index (I;;;), computed by the following equation:

P —PE
Ly = 1 A4
m ( PE >>< 00 (A4)

where P and PE are, respectively, the annual precipitation and potential evapotranspiration.

I, index identifies several climatic classes, each characterized by different qualities and
agronomic implications.

In our case, no classification is processed, rather greater accuracy at the monthly /phenological
scale is sought. In fact, further adjustments have been carried out to improve month by
month the assessment of each term of the balance.

Appendix A.2. Exposed Leaf Area (ELA)

In this section a set of formulas to calculate the Exposed leaf Area (ELA, m? ha™1) by
geometric approach for the main trellis systems, is listed:
Vertical trellis (Cordon, Guyot):

c 10,000
Vertical trellis (Lyra):
c 10,000
ELA_100><(2><H1)><< 3 ) (A6)
Tent:
c
ELA=— A7
100 (A7)
Trunk:
ELA = x (mx D x Hy) x (n) (A8)

100
where 7 is the planting density that is the number of vines per hectare, whereas all the
other variables (¢, Hj, D, and E are already described at Section 2.1.2.
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Appendix A.3. Vine Crop (Kc) and Cover Crop (Kcc) Coefficient Monthly Correction in Relation to
Soil Water Avalability

According to the VSIM user Guide [41], a further coefficient, named Cor;, is monthly
applied to reduce Kcj values in relation to the soil moisture potential (¢;-1), calculated on
the previous month.

Pj—1— 0.7) (A9)

Cori=1— ————
J ( 14-07
where 0.7 represents the soil water potential (SWP) value (MPa) at which kcj begins to
decrease as a function of soil water content inducing water stress, and 1.4 is the water
potential threshold at which kc; is set equal to zero because of severe stress.

Hence, the monthly kc]- value is corrected (kccor]-) as follows:

kceorj = Corj X kej (A10)

According to the VSIM user Guide [41], also the cover crop coefficient Kccj is reduced
in relation to the soil moisture of the previous month

SM]'_l —0.6 x FC
) (A11)

Keej x < FC — 0.6 x FC

where SM; 1 represents the soil water content value (mm) of the antecedent month, while
FC is the soil Field Capacity (mm) referred to the rooting depth.

Appendix A.4. Soil Water Dynamics

In every j-th month where (Pt — Etc); <0, soil water storage (ST;) undergoes a change
in relation to both the AWC value, that represents the starting moisture status of soil in
January, and the cumulated water loss values (WL;), month by month, according to the
resulting exponential equation:

ST; = AWC x e"*IWhil (A12)

where WL; is obtained by adding the (Ppet — Etfc); amount to the WL;_; value of the
antecedent j-th month, whereas  is calculated through a polynomial equation, depending
exclusively on AWC [33]. When (Ppet — Etc); > 0, the following conditions are applied:

STj = AWC x WL; = 0; (Puet — Etc); + STj_1 > AWC (A13)

ST] = ST]‘_l + (Pnet — Etc)ij WL] =0; (Pnet — EtC)]- + ST]‘_l < AWC (A14)

To convert SM (mm) into potential ¢ (MPa) values, once more the equation of Saxton
et al. [44] is employed:

B

p=ax{—>M L 1 (A15)

Rd x (1- £ 10

where SK is the skeleton content (%vol), is the weighted average of the individual SK;
values as a function of the thickness of each i-th horizon; A and B are obtained solving the
following system of equations:
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al-

B
0.0333=Ax |—~LC | x
{Rd( —fé%)J

(Al6)

— WP 1
15=Ax {Rd-(lﬁ{é)] X 10
where FC and WP values (mm) referred to the rooting depth. When the hydrological
constants are measured, FC value must be referred to 0.01 MPa, instead of 0.033 MPa. The
solution of that equations system provides the two coefficients:

1.5 x 10
At ) (A17)
SK
[(1-£%) » Rd]
log ( 2:0333
B= 815 | (Hlf ) (A18)
log( iz )
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