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ABSTRACT

Water productivity (WP) measurement determines the efficiency of water use by assessing the ratio of the crop
yield to the amount of water used in production. The objective of this study was to identify the optimal irrigation
treatment for Vitis vinifera L. cv. Alvarinho with ground cover in Northern Portugal, with a focus on water
productivity. Two irrigation treatments (full irrigation—FI; deficit irrigation—DI) and a control (rainfed—R)
were considered. The FI strategy represented the standard irrigation carried out by the vinegrower, based on the
water availability and their experience. The cover crop was a variable factor, evaluated in terms of both height
and density, both within the crop row and between the rows. In each of the treatments, the available soil water
content (ASW) was measured in eight locations in the field throughout the growing season using a capacitive
probe (Diviner 2000) previously calibrated. These measurements were used to calibrate the SIMDualKc model,
which employed the dual crop coefficient approach. The successful calibration of the model, carried out with
treatment R in 2018, was evidenced by the strong correlation between the ASW measured through the capacitive
probe and that simulated by SIMDualKc (b=0.988 and r2=0.995). After the model’s calibration, the separation
between the transpiration and evaporation components was determined. The maximum transpiration during the
growing season was observed in the full irrigation treatment. In this context, the study proceeded to apply the
soil water balance components and transpiration generated by the model in the calculation of the WP. The fruit
yield productivity was determined by accounting for the total water use in the growing season. The total water
used was calculated by combining the volumes of water applied for irrigation and precipitation and the soil water
extracted during the growing season by crops and cover crops. The deficit irrigation strategy showed the best
performance in both years, with WP values of 3.31 and 1.81 kg m™° for the years 2018 and 2019, respectively.
Therefore, the study concluded that deficit irrigation proved to be the most effective irrigation strategy in terms
of water productivity and crop water use efficiency (WUE,).

1. Introduction

resource, it is imperative to foster sustainability in water use across all
sectors, with a particular emphasis on agriculture (Brown et al., 2011;

Water plays a crucial role in agricultural production as a valuable
resource, with this sector accounting for the majority of water with-
drawals, representing approximately 70 % of the total worldwide water
consumption. However, given the challenges posed by climate change,
there is an inevitable need to curtail this consumption through the
implementation of efficient water management practices (Fischer et al.,
2007; Bwambale et al., 2022). To safeguard the future of this essential
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FAO and WWC, 2015). Precision irrigation can improve the sustain-
ability of water usage by employing equipment and sensors such as soil
water sensors (Beya-Marshall et al., 2022), pressure chambers (Lakso
et al., 2022), meteorological weather stations (Djaman et al., 2018) and
drones (Aratijo-Paredes et al., 2022). These technologies enable the
collection of crucial data for irrigation decision-making, including the
soil water content, leaf water potential, evapotranspiration and
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normalized vegetation index. This approach significantly reduces water
wastage and improves the overall efficiency (Acevedo-Opazo et al., 2010
and Gonzalez Perea et al., 2018). Precision irrigation is becoming crucial
to address climate change. Although certain aspects of climate change,
such as increased precipitation, may offer localized benefits, there are
also adverse impacts, including reduced water availability and more
frequent extreme weather events (Alcamo et al., 2007; Iglesias and
Garrote, 2015). Given that climate change is recognized as one of the
most significant environmental challenges of this century (KPMG In-
ternational, 2012), there is a need to evaluate the impact and efficiency
of water use in the agricultural sector (Civit et al., 2018; Chen et al.,
2023; Fatichi et al., 2023).

To evaluate the water efficiency in agriculture, the water produc-
tivity (WP) and crop water use efficiency (WUE,) methods are frequently
employed (Junquera et al., 2012; Trout and DeJonge, 2017; Fatichi
et al., 2023). The WP is expressed as the ratio between the yield and the
water used or between the value of the product and the water used. The
optimal WP outcome is attained by reducing the water consumption per
unit of grape production, provided that it does not compromise other
factors, such as quality (Rodrigues and Pereira, 2009; Pereira et al.,
2020a; Fernandez, 2023). The WP has been employed as a tool for water
management in various crops, including wheat, maize and potatoes
(Zhang et al., 2021), apples (Zhou et al., 2023) and olives (Fernandez
et al., 2020) and in the Atlantic viticulture (Buesa et al., 2017; Soltekin
et al., 2020). In addition, the crop density and training system have been
reported as factors influencing the WP, as well as crop evapotranspira-
tion, in various crops, such as apple (Jiang and He, 2021) and grapevine
(Yuste et al., 2004; Prieto et al., 2020). Several studies suggest that the
application of deficit irrigation strategies has a positive impact on water
productivity and can also improve the quality of grapes (Shellie, 2014;
Phogat et al., 2017; Ma et al., 2023).

To ensure efficient water use, a comprehensive understanding of the
actual crop water requirements, including the crop evapotranspiration
during the crop season, is crucial (Allen et al., 1998; Fatichi et al., 2023).
As mentioned by Fernandez (2023), the terms crop water use efficiency
(WUE_,) and water productivity (WP) are often confused; for this reason,
the correct definition of a numerator and denominator is required
(Pereira et al., 2020). To calculate the WUE,, the numerator should
contain the actual crop evapotranspiration and the denominator should
contain the sum of the irrigation applied and the total precipitation
during the season.

The actual crop evapotranspiration can be obtained using the dual
crop coefficient approach (Allen et al., 1998). This approach has already
been applied to several crops (Rosa et al., 2012a; Rallo et al., 2021; Silva
et al., 2021). The actual crop evapotranspiration (ET. act) is determined
using Eq. (1), which incorporates the actual crop coefficient (K¢p act)
(Allen et al., 1998; Pereira et al., 2021a).

ETC act — (Kchb + Ke)ETo = Kc act X ETO (1)

where ET, o represents the actual crop evapotranspiration; K, repre-
sents the water stress coefficient, ranging between 0 and 1.0; K, rep-
resents the basal crop coefficient; K, is the soil evaporation coefficient;
ET, represents the reference evapotranspiration; and K. o is the actual
crop coefficient.

The total evapotranspiration is determined via the water re-
quirements for crop growth (Kcp crop), the establishment of ground cover
vegetation (Kcp geover) and soil evaporation (Allen and Pereira, 2009;
Fandino et al., 2012). In the ‘Vinhos Verdes’ region, ground cover
vegetation (GCV) persists throughout the entire season, with variations
in height and density during the growing season, leading to variations in
the cover crop coefficient (Kep geover) (Afonso et al., 2003; Silva et al.,
2021). Active ground cover requires water but is sustainable if the many
ecosystem services provided by the cover crops in the vineyards are
taken into account (Garcia et al., 2018).

In order to accurately include all indicators involved in the growing
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process and obtain the soil water balance, numerous studies have used
models such as the SIMDualKc model (Rosa et al., 2012b; Pereira et al.,
2020a), SALTMED model (Ragab, 2002; El-Sadek, 2014) and AquaCrop
model (Gonzalez Perea et al., 2018; Er-Raki et al., 2021). These software
programs were considered accurate and precise in their inclusion of
multifactorial factors, including all variables related to the soil, plant,
climate, irrigation and soil cover. The SimDualKc model incorporates
information on the soil, climate, crops and cover crops both within and
between vine rows. The model outputs several variables that can be used
to derive indicators, including the total growing season water use, actual
crop evapotranspiration and total transpiration (Rosa et al., 2012b;
Pereira et al., 2020a), allowing the accurate calculation of the water
productivity (WP) and crop water use efficiency (WUE,).

The aim of this study is to give an insight into the water productivity
of Vitis vinifera cv. Alvarinho, trained in a vertical shoot system with a
low density, in Northwestern Portugal. To achieve this, the study im-
plements the dual Kc approach using the SIMDualKc model, applying
this approach to different irrigation strategies, to verify an increase in
water productivity and water use efficiency in cv. Alvarinho. The pur-
pose of this research is to support irrigation management programs that
improve the water use efficiency in agriculture, with a specific emphasis
on vineyards.

2. Materials and methods
2.1. Study area

The study was carried out over two growing seasons (2018 and 2019)
in a commercial cv. Alvarinho vineyard located in Moncao, North-
western Portugal (42°04°39.3"N 8°21°31.0"W and 175 m.a.s.l.). The
vineyard, which totalled 1.9 ha, was planted in 2009 with row spacing
of 3.0 m and vine spacing of 3.0 m (1111 plants ha™?). It was trained in a
north—south orientation, with a 31.5 ° slope to the west, using a vertical
shoot system (Fig. C.1). The irrigation system utilized drip irrigation,
with a surface drip line in vineyard rows at 0.40 m above the soil and
pressure-compensated emitters (4 L h™1) at intervals of 1 m (Fig. D.1).
In May 2018, a field experiment was conducted to evaluate the irrigation
performance, obtaining distribution uniformity (DU) of 91 % (Merriam
and Keller, 1978). For the detailed definitions of all parameters, please
refer to Appendix A.

2.1.1. Climate and meteorological description

The climate of the study area was classified as Atlantic, with rela-
tively mild summers and annual rainfall above 1200 mm (Fraga et al.,
2014). The Koppen-Geiger classification for the area was Csb (Kottek
et al., 2006).

The weather station located in the field (UNL Ameriflux Site, Mead
NE) collected daily meteorological data, including the temperature (°C),
humidity (%), wind speed at 2 m height (m s’l), shortwave radiation
MJm2d™) and precipitation (mm). The reference evapotranspira-
tion (ET,) was calculated using the FAO Penman-Monteith equation
(Allen et al., 1998) (Eq. (2)). Throughout the growing season, in 2018,
the ET,, ranged between 1.1 (DOY 96) and 8.1 (DOY169) mm day’l; in
2019, it ranged between 1.5 (DOY94) and 7.0 (DOY151) mm day’1
(Fig. 1). The daily variability was high, depending on factors such as the
net radiation, temperature and wind speed.

gr. _ 0408AR, —G) +y psUa(es — €a) @
o A +7 (1-0.34U,)

where A represents the slope of the saturation vapor pressur-
e-temperature relationship at the mean air temperature (kPa °C™1), Rn
is the net radiation at the crop surface (MJ m—2 d’l), G is the soil heat
flux density (MJ m 2 d’l), y is the psychometric constant (kPa c’C’l), T
is the mean daily air temperature (°C), U, is the wind speed (m s at
2 m height and (e;— e,) represents the vapor pressure at 2 m (kPa) (es is
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Fig. 1. Precipitation (mm) and reference evapotranspiration (ET,, mm d™1) for 2018 (A) and 2019 (B). The vertical bars represent the beginning ( |) and end (|) of

the growing season.

saturated and e, is the actual vapor pressure).

In 2018 and 2019, the total rainfall was 1126 and 1231 mm,
respectively. The growing season lasted from DOY95 to DOY260 in 2018
and from DOY84 to DOY259 in 2019. Within the growing season, the
rainfall amount was 228 mm and 332 mm for 2018 and 2019, respec-
tively (Fig. 1). The average temperature in 2018 was 19.1 °C, while, in
2019, it was 18.4 °C.

2.1.2. Soil and active ground cover characterization

The soil texture was sandy loam, composed of 67.2 % sand, 16.4 %
silt and 16.4 % clay, with 1.74 % organic matter. The total available
water (TAW) was calculated using Eq. (3) and was in agreement with
that reported for other similar soil and cultivars (Cancela et al., 2016;
Silva et al., 2021). The TAW result was 112.8 mm considering a depth
root (Z;) of 0.8 m, similar to that stated by Silva et al. (2021) for
grapevines. Nine undisturbed soil samples of 100 cm® were collected
from three sites at depths of 0-20 cm, 20-50 cm and 50-80 cm, to
determine the soil water retention characteristics. In the laboratory, the
field capacity was determined by using a pressure plate to apply suction
of —33 kPa to the saturated soil samples. The wilting point was obtained
using the same samples, with suction of —1500 kPa (Evett et al., 2019).
The average field capacity (FC) of the samples was 0.281 cm® cm ™3, and
the average wilting point (WP) was 0.140 cm® em ™3, up to a depth of
0.8 m.

TAW = 1000 * Z,(FC — WP) 3)
where Z; is the depth root, FC is the field capacity and WP is the wilting
point.

The active ground cover, consisting of spontaneous species with most
plants belonging to the Poaceae family, was photographed during the
growing season with a digital camera (Canon EOS 77D, JP) and subse-
quently characterized in terms of height and density. Eight observations
in 2018 and thirteen observations in 2019 were used to characterize the
cover crop at different growth stages (Appendix B). The density of the
vegetation varied over time due to mowing, ranging from 50 % to 95 %
within rows and 10-90 % between rows. The height of the ground cover
crop also varied, measuring between 0.05 m and 0.2 m within rows and
0.03 m and 0.18 m between them.

2.2. Experimental design

Two irrigation strategies and a control were implemented in the
study. The full irrigation (FI) treatment represented the irrigation
applied by the vinegrower, which was dependent on the water avail-
ability and the vinegrower’s experience. The deficit irrigation (DI)
treatment was designed to provide half the volume of the FI treatment.
The control treatment was rainfed (R), the most common method
practiced in the region. Each treatment comprised two replicates with
four vineyard rows each. Access probes were installed in the two central
rows, while the other two rows served as buffers (Fig. D.1). To ensure a
homogeneous test area, the apparent electrical conductivity of the soil
(EC,) was assessed (Miras-Avalos et al., 2020). Data were collected on 5
April 2018 at 1419 points using an EM38 instrument (Geonics Ltd., CA),
a field computer and a GPS RTK for georeferencing. The EM38 in-
strument’s transmitter-receiver coils were oriented parallel to the Earth
in vertical dipole, an effective mode for deeper investigation (1.50 m)
(Nadler, 1982). The ECa, calculated with the actual soil temperature,
was adjusted to 25 °C using the soil temperature measured every
5 minutes at a depth of 0.25 m with four temperature probes (Fig. C.1).

The available soil water content (ASW, mm) data were obtained by
converting the soil moisture values obtained with a capacitive probe,
previously calibrated following the instructions provided in the manu-
facturer’s manual (Diviner 2000, Sentek, AU). Twenty-four access probe
tubes were installed only in the rows, because this was the location
where the vineyard extracted the majority of the water (Fandino et al.,
2012; Pagay, 2022), at eight soil depths every 10 cm and up to 80 cm
(Silva et al., 2021), distributed across the treatments (eight access probe
tubes per treatment). The access probes were installed one meter from
the plant and between two emitters (Fig. D.1). Irrigation was started in
both years after the volumetric soil moisture content had reached 70 %
of the field capacity. In the 2018 season, irrigation was carried out be-
tween DOY 211 and DOY 243. Nine irrigation events resulted in 103 mm
for the FI treatment and 58 mm for the DI treatment. In 2019, irrigation
was carried out between DOY 211 and DOY 243. The FI treatment
received 75 mm of water through seven irrigation events, while the DI
treatment received 40 mm of water through the same number of irri-
gation events.

Phenological developments were assessed using the Baggiolini scale
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(Baggiolini et al., 1993), which was later adapted to our FAO standard
crop growth stages (Allen et al., 1998) (Table 1). The crop heights (h)
and the fraction of soil shaded by the crop (f.) were visually observed at
solar noon and monitored during the entire growing season. The dates of
the crop growth stages are presented in Table 1.

2.3. Model calibration and validation

The DualKc approach employs a set of equations, presented in
Table 2. The SIMDualKc model was used to calculate the evapotrans-
piration (ET.) using the dual crop coefficient approach (Allen et al.,
1998) with a daily time step through equation (4). In this approach, the
capillary rise (CR) and deep percolation (DP) were calculated using the
parametric equations described by Liu et al. (2006) and employing a
curve number of 60 to calculate the surface runoff (Rosa et al., 2012a, b).

The model calculates the ET. ¢ (Eq. (1)) based on the soil water
available within the root zone, using a water stress coefficient (K;, 0-1).
K; is calculated daily as a linear function of the depletion of the available
water in the effective root zone, as shown in equations (5) and (6). The
amount of energy available at the soil surface, in combination with the
energy consumed for crop transpiration, limits the evaporation from the
soil surface (Allen et al., 1998).

The model computes the soil evaporation coefficient (K.) using the
daily water balance of the soil layer via equation (7). To calculate K, it is
necessary to determine the exposed and wetted soil fraction (fey)
(equation (8) and the soil evaporation reduction coefficient (K;). K; is
calculated using the two-stage drying cycle approach (Allen et al.,
1998), where the first stage (9) is the energy-limiting stage and the
second is the water-limited stage or falling rate stage (10). Furthermore,
the initial values of the basal crop coefficients (Kcp ini, Keb mid and Keb end)
were derived from the observed ground cover fraction (f.) and plant
height values (Table 1) using equation (11) proposed by Allen and
Pereira (2009). The density coefficient (Kg), Kcp fu1 and stomatal
adjustment (F;) were estimated using equations (12), (13) and (14),
respectively (Allen and Pereira, 2009).

Then, the calibration of the model was required (Fandino et al.,
2012; Rosa et al., 2012a; Paredes et al., 2018; Darouich et al., 2023),
which involved adjusting the following crop parameters: the initial basal
crop coefficient (Kcp fu1 ini), the midseason basal crop coefficient (Kep fun1
mid), the end basal crop coefficient (Kcp full end), and the p depletion
fractions. K¢, fq) was used to determine the basal K., expected for
vegetation under full cover conditions, as verified in our study vineyard.

The soil evaporation parameters, including the evaporable layer
depth (Z. = 0.10 m), total evaporable water (TEW) and readily evapo-
rable water (REW), were obtained through the soil characteristics under
the local conditions of cv. Alvarinho. The total evaporable water (TEW)
used was 21 mm, while the readily evaporable water (REW) used was
9 mm and the depth of the soil evaporation layer (Ze) was 0.1 m.

The F; values used in this work for the crop were 0.21, 0.46 and 0.20
for the early, mid- and end seasons, respectively, with an ML of 1.5. A

Table 1
The vineyard crop growth stage, height (h) and fraction of the soil covered by
the crop in the vineyard (fc) on respective days of the year (DOY).

Crop Growth Baggiolini scale DOY in DOY in h f.

Stage (Baggiolini et al. 2018 2019 (m)

(Allen et al. 1993)

1998)

Initiation C (green-tip bud 95 84 0.6 0.01

burst)

Start of rapid D (leaf 110 106 0.8 0.05
growth emergence)

Start of 1 (flowering) 150 147 1.5 0.10
midseason

Start of maturity M (veraison) 214 206 1.8 0.20

Harvesting N (maturity) 260 259 1.8 0.20
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ground cover F; value of 0.25 was used in this work. Information about
variations in the density and height of the cover crop in the rows and
inter-row areas (Appendix B) was included in the software to ensure that
the model accounted for the water used by the cover crop.

Equations 4-10 were defined by Allen et al. (1998) and equations
11-14 were defined by Allen and Pereira (2009).

For calibration, the differences between the observed and simulated
ASW values were minimized in the R treatment for 2018. The other
treatments (2018-DI, 2018FI, 2019-R, 2019-DI and 2019-FI) were used
for validation purposes. Treatment R 2018 was selected for calibration
due to its a broad range of ASW and the absence of irrigation events,
which could potentially introduce bias. The calibration process began
with the reference K¢ fy1,Fr, p and ML parameters, and subsequent
adjustments were made.

The methodology used to assess the model’s accuracy was similar to
that used in earlier studies (Silva et al., 2021). Linear regression was
performed by comparing the observed and simulated ASW values, with
the regression forced to the origin (Pereira et al., 2020b). A set of
goodness-of-fit indicators was used to evaluate the model’s performance
during calibration and to assess the validation results. The indicators
included the regression coefficient (b), determination coefficient (rz),
root mean square error (RMSE, mm) (see Eq. (15)), normalized RMSE
(NRMSE, %), average relative error, percent bias of estimation (PBIAS,
%) (see Eq. (16)), modelling efficiency (EF, dimensionless) (see Eq.
(17)), average absolute error (AAE, mm) (see Eq. (18)) and index of
agreement (dIA, dimensionless) (see Eq. (19)) between the observed and
model-predicted values, respectively (Oi and Pi (i = 1, 2,..., n)).

n 2 0.5
RMSE = Fil (PI;_ ) as)
(n P
PBIAS = 100 w (16
i=1 (Ol
(n D 2
EF = 1.0 - 210 =P a”
>it(0: —0)
1 n
AAE:EZ\Oi—Pd 18)
i=1
> (P —0y)°
diA=1.0-—=— — 19
> (|Pi = O] +[0; — O))*

i

I
—

The calibration of the K, 1, p, Fr and ML parameters involved
analysing and improving the regression coefficient (b) and determina-
tion coefficient (r%) parameters between the observed and simulated
ASW, aligning them closer to 1. The b and r? indicators are two related
but different correlation measures. In this case, a higher r* value in-
dicates a stronger correlation between the obtained and simulated
values, even if they are not identical. Conversely, b is a performance
indicator, with a value closer to 1 indicating lower volatility between the
observed and simulated values.

Then, the RMSE was used to measure the average difference between
the predicted values from the model and the observed ones. The PBIAS
was used to assess the average tendency of the simulated values to be
higher or lower than the observed values. The AAE represents the mean
absolute error between the simulated and observed values. The aim of
calibration/validation was to minimize these indicators (RMSE, PBIAS
and AAE) and bring them closer to zero, in line with Rosa et al. (2012a).
The aim was to achieve values close to 1 for the EF and dIA indicators.
This is because an EF close to 1 indicates a direct relationship between
the real and simulated values, while a dIA value close to 1 indicates a
balanced ratio between the mean squared error and the potential error.
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Table 2
The equations used to perform the DualKc approach.

Equation Terms

D;i =D;i 1 — (P—RO); — I; — CR; + ET; + DP; @ D, and D,;_; represent the root zone depletion, in mm, at the end of day i and i — 1,
respectively; P; is the precipitation; Ro; is the runoff; I; represents the net irrigation depth; CR;
is the capillary rise from the groundwater table; ET;; is the crop evapotranspiration; and DP;
is deep percolation, referring to the end of day (i) or the end of the previous day (i— 1), and all
are expressed in mm.

Ks — TAW — D, —forD, > RAW, (RAW — p « TAW) 5) TAW and RAW are, resp.ectively,.the total and re.adily aniilable soil water (mm) relative to the

TAW — RAW root zone depth (Zr); p is the soil water depletion fraction for no stress.
Ks = 1 —»forD, < RAW 6)

Ke = K¢(Kemax — Keb) > WithKe < fewKemax () Ke¢ max is the maximum value of K, following a wetting event by rain or irrigation, generally
1.20, and f., is the fraction of the soil that is both exposed to radiation and wetted by rain or
irrigation, i.e., the fraction of the soil surface from which most evaporation occurs.

few = min(1 — f,f,) 8) f. represents the fraction of the ground covered by the crop and f, is the fraction of soil wetted
by irrigation.

Kr = 1 —»forD.; ; < REW 9 De,i—1 is the cumulative depth of evaporation (depletion) from the soil surface layer at the

_ TEW — D¢ 1 —forD.: 1 > REW (10)  end of day i—1. TEW represents the maximum cumulative depth of evaporation (depletion)
TEW — REW ei-1 from the soil surface layer and REW is the readily evaporable water.

Keb = Kemin + Ka(Keb fun — Kemin)s  Ke min=0.15 (11) K¢ min is the minimum basal K. for bare soil, with K, ymin = 0.15 in typical agricultural
conditions and for native vegetation when the frequency of rainfall is high; K4 represents the
density coefficient; Kep, a1 is the Ko, estimated during peak plant growth for conditions with
almost total soil cover (or LAI > 3).

i 12 fe off is the effective fraction of ground covered or shaded by vegetation [0.01-1] at solar

Ky = min| 1, Myf, o f T+h noon; M, is a multiplier of f. .¢ describing the effect of the canopy density on the shading and

’ eeft on the maximum relative evapotranspiration per fraction of shaded ground [1.5-2.0].
Kep ful = (13) F, represents the resistance correction factor; the sum (1 + ky h) represents the effect of the
h) %3 crop height; u, is the average daily wind speed (m s*) at a height of 2 m above ground level;
Fr <min(1 .0 +kyh, 1.20) +[0.04(uz —2) —0.004(RHpi, —45]) (5) ) RHpin (%) is the average daily minimum relative humidity during the growth period; and h is
the mean plant height (m) during the mid-season.

E — A +7v(1+0.34up) (14) A is the slope of the saturation vapor pressure vs. air temperature curve, kPa °C™%; y is the

r At y(1+ 0.341‘2&) psychrometric constant, kPa °C™1; u, is the average daily wind speed (m s™1) at a height of
Ttyp 2 m above ground level; and r; and ryy, are, respectively, the mean leaf resistance and the

typical leaf resistance (s m ') for the vegetation in question. The original version of this
equation was established with a fixed iy, = 100 s m™?, a common value for annual crops, but
the default F, values were recently reviewed for trees and vines and several annual crops (
Pereira et al. 2021b).

After calibration, it was confirmed that the simulated values ob-
tained through the SIMDualKc model were similar to the average values
of the available soil water (ASW) obtained with the capacitive probes.
The validation process utilized previously calibrated parameters from
other treatments during 2018 and 2019.

Obtaining good calibration and respective validation was crucial to
support the accuracy of the model in performing the ASW evaluation. In
the present study, this was also important because other variables pro-
vided by the model were used, such as the transpiration crop plus
ground cover (T, m> ha’l), actual crop evapotranspiration (ET. act, m®
ha™1), total water used (TWU, mm), actual basal crop coefficient (K¢p
(gcover + crop) act); S0il evaporation coefficient (Ke), water stress coefficient
(Ks) and ground cover basal crop coefficient (Kep geover) during the
growing season for all treatments in both years. The TWU is achieved by
combining the results of irrigation, precipitation and the water removed
from the soil during the growing season. The amount of water extracted
from the soil is calculated by subtracting the initial soil moisture content
from the final value obtained through the model.

2.4. Water productivity and water use efficiency

To determine the effects of deficit irrigation strategies, several water
indices (WP and WUE,) were determined, whose requirements included
the yield and biomass production. Therefore, harvesting and pruning
were carried out on the same plants, resulting in four groups of seven
plants (28 plants) for each treatment (DI and FI) and in the control (R),
totalling 84 plants. Each plant was harvested individually to determine
the production of the plant, which was later converted into a yield (kg
ha~1). The same set of plants was selected for pruning and the weight of
the wood was measured individually to obtain the pruning wood indi-
cator (kg ha™ ).

The water productivity in viticulture, WP (kg m’3), was defined as

the ratio between the vineyard fruit yield, FY (kg ha™!), and the total
water use, TWU (m? ha’l), as shown in Eq. (20). Recognizing the sig-
nificant water usage associated with grapevine vegetative growth, two
new indices were introduced by Cancela et al. (2016) to incorporate the
pruning wood and the fruit yield plus the pruning weight (Eqs. (21) and
(22)). Another way to demonstrate the water productivity is to compare
the fruit yield with the transpiration (T) (Eq. (23)) or actual crop
evapotranspiration (ET. ac) (Eq. (24)) during the growing season
(Pereira et al., 2020). Finally, the crop water use efficiency (WUE,) was
estimated by applying the concept defined by Fernandez (2023), using
Eq. (25).

WPyy = % (20)
WPpy = @1
WPy pw = w (22)
WPy = ? (23)
WPgr. = % 24)
WUE, = % (25)

where TWU corresponds to the water used to achieve the FY (m3 ha’l),
PW refers to the pruning wood (kg ha™1), FY -+ PW is the sum of the fruit
yield and pruning wood (kg ha 1), T corresponds to transpiration (crop
plus ground cover, m® ha!), ET. .« is the actual crop
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evapotranspiration (m> ha™!), Iis the irrigation applied and P is the total
precipitation during the season.

For the FY parameter, the production of 28 vines was considered in
each treatment (84 vines per year). In this study, the PW was determined
by individually weighing the pruning firewood from the same vines.

The TWU parameter was calculated considering the water used
during the growing season, including both precipitation and irrigation,
as proposed by other authors (Cancela et al., 2016; Gonzalez-Fernandez
et al., 2020; Ma et al., 2023). The calculation also took into account the
variation, represented as the difference in the ASW between the initia-
tion and harvest stages (AASW), as shown in Eq. (26).

AASW = ASWinitial - ASWharvest (26)

where ASWipitial and ASWhgrvest represent the available soil water at the
initial and harvest stages, respectively.

2.5. Quality assurance, quality control and statistical analysis

To ensure quality assurance and quality control, the climate data
were reviewed to minimize errors and biases in the system (Allen et al.,
2011). To evaluate the data integrity, we followed the methodology
proposed by Allen (1996) and then calculated the ET, (Allen et al.,
1998). The data were analysed and improved to reduce errors. Data from
a meteorological station located 35 km away were used to replace
atypical or missing data due to technical problems. This weather station
was complementary because of its proximity. Precipitation values of
approximately 0.01 mm, which were due to condensation, were elimi-
nated. To analyse the variability in the treatment means and post hoc
comparisons, a one-way ANOVA procedure in SPSS 27 was used. The
post hoc tests used Duncan’s method with a significance level of p <
0.05.

3. Results

The standard and calibrated crop parameters, Kep full ini> Keb full mids
Keb full end and p, are shown in Table 3(Allen et al., 1998; Allen and
Pereira, 2009). The values for K¢p fu)l mid and Kep full end Were slightly
lower than those suggested by the standard. Furthermore, there was a
slightly higher mean p-value compared to the standard.

The ASW results observed and simulated in R 2018 are presented in

Table 3
The standard and calibrated model parameters for cv. Alvarinho.
Parameter Standard Calibrated
Keb full ini (dimensionless) 0.20 0.22
Kep full mia (dimensionless) 0.80 0.53
Keb full end (dimensionless) 0.60 0.24
P ini (dimensionless) 0.45 0.50
P mia (dimensionless) 0.45 0.55
P end (dimensionless) 0.45 0.60
Frini 0.20-0.70 0.21
Fr miq 0.65-0.70 0.46
FI end 0.50-53 0.20
ML 1.50 1.50
Capillary rise al 320.8 281
bl —0.16 —0.16
a2 303.2 231.55
b2 —0.54 —0.54
a3 -0.15 -0.15
b3 21 21
a4 7.55 7.55
b4 —-2.03 —-2.03
Deep percolation ap 390 400
bp —0.0173 —0.0173

Standard (Allen et al., 1998; Allen and Pereira, 2009; Pereira et al., 2020b) K¢, =
basal crop coefficients, p = depletion fraction,Fr = stomatal adjustment, ML =
canopy transparency. Standard parameters for capillary rise and deep percola-
tion were obtained according to Liu et al. (2006)Liu et al. (2006)
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Fig. 2. The initial RAW value was 56.4 mm, which progressively
decreased to 50.8 mm as the crop approached the mid-season. The value
remained stable until the beginning of maturation, after which it
decreased again to 45.1 mm at the final stage. A high level of agreement
was found between the observed and simulated ASW values in all
treatments, particularly in treatments without irrigation (R). Neverthe-
less, at certain points, there was a tendency towards overestimation and
underestimation. The treatment described as FI-2018 (Fig. 2 A.3)
exemplified a case of model overestimation starting from DOY 211,
where a deviation between the observed and simulated values occurred.
In 2019, the model overestimated the ASW of all treatments on DOY 199
(Fig. 2 B). A greater quantity of water was extracted from the soil in
2018 than in 2019 (Fig. 2). In the 2018 growing season, 192, 171 and
133 mm of soil water was removed from the soil in treatments R, DI and
FI, respectively. In the 2019 growing season, 73, 36 and 6 mm of soil
water was removed from the soil in treatments R, DI and FI, respectively.

The results of the goodness-of-fit indicators used to evaluate the
model fit during calibration and to assess the validation results are
presented in Table 4. The underlined values in the table represent the
calibration performed for the R-2018 treatment. The regression and
determination coefficients (b and r2) resulting from a forced regression
to the origin are presented, along with the values of the indicators EF
(Eq. 17), RMSE (Eq. 15), NRMSE (%), PBIAS (Eq. 16), dIA (Eq. 19) and
AAE (Eq. 18). The calibration process (R-2018) provided the best values
for the regression coefficient and the determination coefficient of 0.988
and 0.995, respectively.

The regression coefficient approached 1.0 (ranging from 0.952 to
1.044), indicating statistical similarity between the predicted and
observed values for all treatments and crop seasons. The r? values
ranged from 0.928 to 0.995, indicating that the model accounted for
most of the total variance in the observed values. The low RMSE values,
ranging from 4.320 to 5.384 mm, indicate that the estimation errors
were small. These values, in conjunction with the low NRMSE (ranging
from 4.764 % to 6.684 %), indicate low residual errors. The AAE values
were also rather low, ranging between 3.835 mm and 4.800 mm, cor-
responding to values lower than 4.255 % of the TAW. The PBIAS was
very low, suggesting an underestimation bias in the FI-2018 treatment
(PBIAS = 5.386) and an overestimation bias (PBIAS = —4.503) in the DI-
2019 treatment.

Differences were observed in all indicators used between the R-2018
treatment (calibration) and the validation treatments. The R-2018
values were found to be the most accurate, while the FI-2019 values
were the least accurate. However, even in FI-2019, a b of 1.044 and an r?
of 0.963 were observed, which are close to 1, indicating a high level of
agreement between the observed and simulated ASW. Therefore, the
model did not exhibit a trend of under- or overestimation bias, showing
a slight underestimation in 2018 and a slight overestimation in 2019.

Variations in the different coefficients, namely Ke, Kep s and Ke et
were observed among the irrigation treatments (Fig. 3). Furthermore,
the stress levels (Ks) for each treatment in both seasons are presented,
with lower values observed in the R and DI treatments (Fig. 3). The
values for the Kep (geover + crop) act are presented in Table 5.

During the 2018 growing season, the active ground cover density in
the rows varied between 50 % and 95 %, with the height varying be-
tween 0.05 and 0.18 m. In addition, the active cover density varied
between 60 % and 90 % with a height within rows of between 0.05 m
and 0.15 m (Fig. 4). In 2019, the density of the active ground cover in
the rows ranged from 60 % to 90 %, with heights ranging from 0.06 m to
0.20 m (Fig. 4). Between the rows, the density ranged from 10-90 %,
and the height ranged from 0.03 m to 0.18 m. Variations in height and
density occurred in both years, mainly as a result of agronomic practices
(phytosanitary treatments and vegetation cutting).

This variation was more intense in 2019 because, on DOY 146, a high
level of vegetation cutting was carried out between the rows. The effect
of the ground cover was different during the two growing seasons: the
Kep geover (simulated by SIMDualKc) in 2019 (ranging between 0.281 and
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Fig. 2. Simulated (e======) vs. observed (®) average available soil water content (ASW) at 0.80-meter depth relative to (A) 2018 and (B) 2019. (1) Rainfed (R), (2)

deficit irrigation (DI), (3) full irrigation (FI). TAW (
respectively. All values are expressed in mm.

) and RAW (

) represent the total available and readily available soil water in the root zone,

Table 4
Goodness-of-fit indicators relative to the SIMDualKc model’s calibration and validation for the different treatments in the 2018 and 2019 growing seasons.
Year 2018 2019
Treatment R DI FI R DI FI
Linear regression b 0.988 0.983 0.952 1.007 1.003 1.044
r? 0.995 0.993 0.980 0.971 0.928 0.963
Goodness-of-fit indicators EF 0.989 0.979 0.932 0.938 0.887 0.839
RMSE (mm) 4.320 4.557 5.384 4.845 4.500 5.267
NRMSE (%) 6.302 5.848 6.684 5.488 4.764 5.148
PBIAS (%) 3.377 3.233 5.386 0.025 —0.101 —4.503
dia 0.997 0.995 0.984 0.987 0.989 0.961
AAE (mm) 3.835 4.040 4.800 4.144 4.026 4.607

R: rainfed; DI: deficit irrigation; FI: full irrigation; b: regression coefficient, r% determination coefficient, EF: modelling efficiency; RMSE: root mean square error;
NRMSE (%): normalized RMSE of total available water; PBIAS (%): percent bias of estimation; dIA: index of agreement; AAE: average absolute error (mm). The

underlined data refer to the calibration results.

0.167) was greater than that in 2018 (ranging between 0.215 and
0.201). The most extreme values were reached in 2019.

During the 2018 and 2019 growth seasons, differences were
observed in Kep (geover + crop) act and Ke when comparing the same
treatments (Table 5, Fig. 3). The maximum values for Kep (gcover + crop) act
were obtained in the FI treatment. The DI treatment obtained the same
values for Kep (geover + crop) act as the FI treatment, with the exception of
the end of the 2018 season, when the value was 0.03 lower. Treatment R
had lower values than the other treatments in both years at the end of
the season. The average K, values were similar between the treatments
and phenological states.

Regarding the crop and ground cover transpiration, differences were
observed between the treatments at the end of the growing season
(Fig. 5). This was likely due to the lower water availability during this
growing season. In 2018, the values of this transpiration were lower in
treatment R compared to the other treatments (Fig. 5 A). In 2019, the
transpiration in treatment R was similar to that in the other treatments,
with lower levels during the end of the season, due to the high precip-
itation that occurred during the 2019 season (Fig. 5 B).

A summary of all the crop water productivity parameters for both
vineyards is presented in Table 6. The fruit yield and pruning wood
values varied more between years than between treatments, verifying
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Table 5
Average values of crop coefficients and precipitation (mm) for different crop growth stages.
Crop Growth Stage 2018
DOY Keb (geover + crop) act Ke Prec. (mm)
R DI FI R DI FI
Initial 95-110 0.21 0.21 0.21 0.78 0.78 0.78 72
Rapid growth 110-150 0.24 0.24 0.24 0.27 0.27 0.27 57
Mid-season 150-214 0.28 0.28 0.28 0.29 0.29 0.29 88
End of season 214-260 0.10 0.23 0.26 0.03 0.04 0.04 11
2019
DOY Keb (geover + crop) act Ke Prec. (mm)
R DI FI R DI FI
Initial 84-106 0.28 0.28 0.28 0.73 0.73 0.73 105
Rapid growth 106-147 0.26 0.26 0.26 0.41 0.41 0.41 111
Mid-season 147-206 0.22 0.22 0.22 0.17 0.17 0.17 66
End of season 206-259 0.23 0.24 0.24 0.16 0.16 0.16 45
Average 2018-2019 0.23 0.25 0.25 0.36 0.36 0.36

Keb (geover + crop) act = actual basal crop coefficient, K. = soil evaporation coefficient, Prec. = precipitation (mm). R = rainfed, DI = deficit irrigation and FI = full

irrigation treatment.

that, in 2018, the production of grapes and pruning wood was 2.3 and
1.9 times higher than in 2019, respectively. After conducting the uni-
variate analysis of variance test, it was found that there was a significant
difference between the years in terms of the fruit yield and pruning
wood (p < 0.001). Regarding the WP results, in the first year of study,
there were no significant differences between the treatments, although

they were characterized by the highest yields and pruning wood levels.
However, in the following year, most of the water productivity param-
eters showed statistically significant differences, indicating a trend to-
wards deficit irrigation being the better treatment (Table 6). When
considering the water productivity in terms of the transpiration and
actual crop evapotranspiration, it was found that it was similar across all
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Table 6

Yield, pruning wood and water productivity indices under different irrigation treatments (R—rainfed, DI—deficit irrigation and FI—full irrigation) in 2018 and 2019.
Year 2018 2019
Treatment R DI FI R DI FI
Yield (kg ha™!) 9700.02 11,236.60 10,146.60 3455.59° 5024.747 5206.36%
Pruning wood (kg ha 1) 3276.92° 3867.51%° 4202.91* 1695.39° 2290.88° 1838.71ab
WPy (kg m™3) 2.31 2.46 2.18 0.86° 1.24% 1.287
WPpy (kg m~3) 0.78 0.85 0.91 0.422 0.57% 0.45"
WPpy pw (kg m™>) 3.09 3.31 3.09 1.29 1.81 1.73
WPy (kg m™3) 5.23 5.09 4.45 1.77° 2.55% 2.64°
WPk act (kg m™2) 2.76 2.90 2.56 0.87° 1.25% 1.30°
WUE, () 0.82 0.78 0.69 0.61 0.55 0.51

WPgy: water productivity fruit yield, WP,,: water productivity pruning wood, WPgy_ pw: sum of water productivity fruit yield and pruning wood, WP: water pro-
ductivity referring to transpiration, WPgr. 5or: Water productivity referring to actual crop evapotranspiration, WUE.: water use efficiency, R: rainfed, DI: deficit
irrigation, FI: full irrigation, AASW: difference between ASW at initiation and harvest stages. For each variable, except WUE,, lowercase letters compare different

values within the year. Different letters indicate significant differences among groups with p < 0.05, using one-way ANOVA followed by Duncan’s post hoc test.

treatments in 2018. However, significant differences were observed in
2019, where full irrigation presented the highest values, with differ-
ences compared to the control treatment but without significant differ-
ences in relation to deficit irrigation. Finally, in terms of WUE, the
highest values were obtained with the treatment with R, followed by the
treatments with DI and FI in both years (Table 6).

4. Discussion

Differences in the calibrated K 1 and p values can be observed at
the initial, mid- and end-season growth stages compared with the
standard values (Table 3). These differences in the crop coefficients,
particularly in the mid-season and at the end of the season, are attrib-
uted to factors such as the low plant density and the specific charac-
teristics of the soil and climate for the Alvarinho cultivar, as previously
reported by other authors (Kang et al., 2003). The canopy architecture
and vine density, as suggested by Goodwin et al. (2006) and Ahmadi
et al. (2019), can influence K¢, fy1. The lower values of K¢, 11 observed

in the present study may be justified by the significantly lower plant
density used (1111 plant ha™') compared to other studies with cv.
Loureiro (1666 plant ha™1) (Silva et al., 2021), cv. Albarino (2222 plant
ha’l) (Fandino et al., 2012) and cv. Tempranillo (2222 plant ha’l)
(Lopez-Urrea et al., 2012). Furthermore, the lower height (h) and the
fraction of soil covered by the crop in the vineyard (f.) observed in this
work, in comparison with other studies (Fandino et al., 2012; Fandino,
2021; Silva et al., 2021), resulting from the less vigorous plants and
climatic conditions, may also have contributed to the lower K, fy11-
The best fit was achieved with equal or slightly higher p depletion
fractions compared with the standard values (Table 3). The highest
values of the p depletion fraction suggest that Vitis vinifera cv. Alvarinho
is more tolerant to water stress than indicated in previous studies. The
lowest Kcp mid value to reduce the fraction of the soil surface covered by
vegetation (f.) was 0.41 (Pereira et al., 2023). The K¢, values obtained
for the crop in this study were 0.17, 0.23 and 0.20 at the initial,
mid-season and end-season, respectively. It was verified that all values
are lower than those proposed for comparable climatic conditions
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(Fandino et al., 2012; Fandino, 2021; Silva et al., 2021). Therefore, the
value obtained in mid-season is lower than the value of 0.45 proposed by
Pereira et al. (2023) for "Low (diverse trellis and trainings), 2000-3300
pl/ ha’, as well as that presented by Fandino et al. (2012) (0.40) for cv.
Alvarifio with 2222 plant ha™!. Furthermore, it was observed that this
value exceeded the proposed value of 0.20 by Pereira et al. (2023) for
the category "Very low (young <5 years, diverse trellis, and training),
2000-3300pl/ha’. In this regard, despite the vineyard being over five
years old, the K¢, values obtained for cv. Alvarinho is situated between
the proposed values for the "Very low’ and 'Low’ conditions (Pereira
et al., 2023). This is attributable to a markedly reduced planting density,
f. and a diminished F, value, with comparable conditions of heigh crop
and M. This emphasises the necessity of providing detailed descriptions
of the training system, density (number of vines per hectare) and f. to
facilitate the assessment of results across different locations, varieties
and trellis systems.

A suitable approximation between the simulated and measured ASW
values can be observed from Fig. 2. The model accurately predicted the
ASW values in this work, as well as in other studies with different crops,
climates and soils (Rolim et al., 2007; Paco et al., 2014; Paredes et al.,
2018). However, the occasional overestimation or underestimation of
the average was noted, as mentioned by Rosa et al. (2012a) and Paredes
et al. (2018). Furthermore, it was observed that at the initial stages of
both growth seasons, the available soil water (ASW) exceeded TAW.
This can be attributed to the high precipitation that occurred prior and
in the initiation stages, as illustrated in Fig. 1. The precipitation results
in a high-water content in the soil. An examination of the data presented
in Table 3, which concerns soil drainage, elucidates the elevated ASW
values. In particular, the ‘a’ (400 mm) and ‘b’ values are associated with
soil saturation and drainage speed, respectively. Furthermore, the
minimal occurrence of surface runoff and deep percolation following
precipitation contributed to the elevated ASW levels observed in sub-
sequent periods. The elevated initial ASW in 2018 (Fig. 2 A) can be
attributed to the 530 mm of precipitation (Fig. 1) that occurred prior to
the initiation stage (DOY 1-95). In the 50 days following the initiation
stage (up to DOY 145), precipitation levels reached 99 mm (Fig. 1),
resulting in SIMDualKc consistently simulating values that exceeded
TAW. In contrast, during the 2019 growing season, at the time of the
initiation stage (DOY 84), the simulated ASW value was approaching the
TAW (Fig. 2 B). The 219 mm of precipitation (significantly less than that
recorded in 2018) recorded up to that point, in addition to the absence of
precipitation 13 days before the initiation stage (Fig. 1), provide an
explanation as to why the simulated ASW value was close TAW. How-
ever, in the subsequent 90-day period (up to DOY 174), precipitation
levels reached 275 mm (Fig. 1), prompting SIMDualKc to simulate an
ASW that exceeded the TAW (Fig. 2 B).

The regression to the origin demonstrated close agreement between
the observed and simulated data (Table 4). Other indicators, such as the
EF, RMSE, NRMSE, PBIAS, dIA and AAE, indicate that the prediction
model, after calibration, efficiently estimated the ASW throughout the
growing season with the different irrigation strategies. All indicators
suggest that the model is suitable for use in different irrigation strategies
(R, DI or FI) and years (2018 or 2019), emphasizing the robustness of the
model.

The lower precipitation and higher temperature in 2018 (Fig. 1) also
explain the lower ASW values in the R strategy in 2018 compared to R in
2019 (Fig. 1), resulting in longer periods of water stress (Fig. 3). This is
especially evident in the K. 5 curve for the R strategy in 2018, the
hottest year, which overall shows lower values compared to the same
strategy in 2019 (Fig. 3). In 2018, the first irrigation event of the FI
treatment occurred only 12 days after the onset of stress (Ks<1) and took
23 days to alleviate the water stress (Fig. 3). In contrast, in 2019, there
was no water stress in the FI and DI strategies. These differences can be
attributed to variations in precipitation (Table 5) and ET, (Fig. 1) be-
tween the two study years.

The irrigation treatments started and ended on the same DOY in both

10

Agricultural Water Management 303 (2024) 109027

years. However, during the growing season of 2018, the FI and DI
strategies received 28 mm and 17 mm more, respectively, than during
the growing season of 2019. Despite the higher amounts of irrigation
recorded in 2018, they were not sufficient to prevent water stress, as
stress periods were observed in all treatments, including FI (Fig. 3). The
occurrence of water stress periods can be identified through Kg<1
(Fig. 3) and when the ASW > RAW (Fig. 2). In the R treatments (Fig. 3
Al, Fig. 3 B1), after the water stress started (Ks < 1), there was no re-
covery until the end of the growing season. However, in the DI treat-
ments (Fig. 3 A2, Fig. 3 B2), the stress periods were shorter in 2019 (only
at the end of the growing season), and, in both years, they were also
shorter in duration due to irrigation events compensating for the water
shortages. In 2019, in the FI treatments (Fig. 3 B3), there were no water
stress periods. In 2018 FI, periods of Ks<1 were observed, primarily
influenced by climatic factors (Fig. 1); however, K;=1 was restored
when irrigation began (Fig. 3 B3). No differences were observed in K, Ke
and K, .t between the DI and FI treatments in 2019. This lack of dif-
ference was attributed to the precipitation that occurred at the end of the
growing season. In 2018, there was greater water stress during this
period due to low precipitation. Furthermore, during the initial growth
stages (Fig. 3), there were moments when the K. values closely
approached the K. 4, reaching 1.2. This can be interpreted as a result of
the high rainfall that occurred during these stages, even in the absence of
ground cover vegetation (Fig. 4). This evolution in the K, and K, values
has been observed by other authors for other Vitis vinifera crops, namely
‘Godello’ and ‘Mencia’ (Cancela et al., 2015) and Loureiro (Silva et al.,
2021).

In analysing the results of Kep (gcover + crop) act for the three treatments
across two seasons (Table 5), a reduction in their potential values is
evident, particularly in the R and DI treatments, during the mid-season
and the end of the season. The K¢y (gcover + crop) act Values during the
initial stage (0.21 in 2018 and 0.28 in 2019) were lower than the values
reported by previous authors (~ 0.60) (Yunusa et al., 1997; Fandino
et al., 2012). However, at this stage, no differences between the treat-
ments were observed, as the initial conditions were the same. The values
achieved for K¢ (gcover + crop) act (0.22 and 0.28 in 2019 and 2018,
respectively) in the mid-season were lower than those presented by Silva
et al. (2021), who reported a value of 0.42 for this period.

During the mid-season, the values obtained for Kep (gcover + crop) act
(0.22 in 2019 and 0.28 in 2018) were lower than those presented by
(Silva et al., 2021), who reported values of 0.42 for this period. This
difference in Kep (geover + crop) act is justified by variations in the condi-
tions of the vineyard; for example, the height (2.4 m) and the density of
the plant reported for cv. Loureiro (1666 plant ha™!) were greater than
in our study (height 1.8 m and density 1111 plant ha™'). In contrast, at
the end of the season, slightly lower mean values of Kep, (gcover + crop) act
were obtained for the FI and DI treatments (= 0.24) compared to the
mean values reported by Fandino et al. (2012) and Silva et al. (2021),
who reported Kep (geover + crop) act values of 0.30 and 0.41, respectively.
However, as shown in Rallo et al. (2021), lower plant densities are
associated with a lower K.

The fruit yield and pruning wood values showed more significant
variations between years than between treatments. In 2018, the pro-
duction of grapes and pruning wood was significantly higher (p<0.001)
than in 2019 (Table 6). These parameters are influenced by the weather
conditions, such as precipitation and evapotranspiration (Lisek, 2008;
Gonzalez-Fernandez et al., 2020). Despite the higher total precipitation
recorded in 2019 (328 mm) compared to 2018 (227 mm), a substantial
portion of this precipitation occurred during periods of lower water
requirements (initial and rapid growth). In contrast, during the
mid-season, when the water requirements were higher, the precipitation
was higher in 2018, contributing to the observed differences in the yield
(kg ha™!) and pruning wood (kg ha™!). The evapotranspiration did not
differ notably between the growing seasons or crop growth stages
(Fig. 1), with 882 mm and 814 mm recorded in 2018 and 2019,
respectively, evenly distributed across the different crop growth stages.
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During the growing seasons, it was observed that the crop and ground
cover transpiration treatments exhibited variations at the end of the
growing season. These differences were attributed to water stress and
were more evident in 2018 due to increased periods of stress.

The SimDualKc software was used to determine the water required to
achieve the FY, the transpiration (crop plus ground cover, m® ha™1) and
the actual crop evapotranspiration (m® ha™!) involved in the different
treatments during the two growing seasons. The integration of the
model’s results in Egs. 20 to 25 aids in understanding the water pro-
ductivity (WP) and crop water use efficiency (WUE,). Regarding the WP
results (Table 6), it was observed that when considering variations in
ASW between the beginning and end of the growing season, the DI
strategy consistently yielded the best results in the three WP indices,
regardless of the year; this indicates that this strategy represents the
most balanced approach to water usage in relation to production.
However, regarding the WPpy index for 2019, the results for the FI
strategy were higher than those obtained with DI, although not to a
statistically significant degree (p>0.05) (Table 6). In this context, the
year with the lowest fruit yield (2019) demonstrates that the FI strategy
is more efficient in terms of water usage in grape production in this
WPgy when compared to the R treatment (p<0.05). This observation
aligns with findings for other grapevine varieties, such as Godello and
Treixadura (Trigo-Cordoba et al., 2015), where the water productivity
values were slightly higher in treatments that incorporated some level of
water stress. The WP values reported in the present study were higher
than those reported for Godello and Treixadura, indicating that more
water is needed to produce one kilogram of Alvarinho grapes. However,
the WP values for the Alvarinho cultivar in this study were similar to
those reported in a previous study (Cancela et al., 2016), as well as for
the Perlette and Superior varieties (Er-Raki et al., 2021). This study
concludes that the irrigation deficit strategy demonstrates the most
effective water use, which is why this approach should be adopted for
this cultivar.

The water productivity values obtained in this study, which referred
to the transpiration and actual crop evapotranspiration, varied signifi-
cantly between the years. However, our values for 2018 were higher
than those obtained by Er-Raki et al., (2021), although they were lower
in 2019. In 2019, our values were similar to or greater than those ob-
tained in semiarid climate conditions (Teixeira et al., 2007). In contrast,
compared with the values obtained by Fandino (2021), in the Albarino
variety arranged in ‘Parral’, our values for WPt and WPgr. were lower,
by approximately half. In a similar manner, Phogat et al. (2017) ob-
tained higher values for Chardonnay in Australia. The deficit irrigation
strategy showed a positive effect on the yield (+3.6 %) and WPgr,
(+4.7 %), contrary to Wen et al. (2023) in vine fruit, where there was a
decrease of 9.0 % in the yield in a deficit irrigation strategy, although
with an increase of 9.9 % in WPgt, double that obtained in the Albarino
case. Finally, in terms of WUE,, values lower than 1 were obtained for all
treatments. These values are in agreement with the WUE. values
(0.63-0.91) observed in a proximal area to cv. Albarino (Fandino,
2021).

The water productivity (WP) and crop water use efficiency (WUE,)
values may be improved without a cover crop. This is because the
transpiration of the cover crop and its contribution to the evapotrans-
piration of the current crop, as well as its water consumption, were not
considered. However, some authors have reported that the water use by
active ground cover is environmentally sustainable when considering
the numerous ecosystem services provided by cover crops in vineyards
(Lopes et al., 2011; Garcia et al., 2018; Gattullo et al., 2020). These
results demonstrate the importance of vineyard management and the
local climatic conditions, as factors that allow for adequate comparisons
between results. The use of water productivity and water use efficiency
indices based on transpiration and/or actual crop evapotranspiration is
highlighted as a useful tool to manage irrigation in vineyards in
temperate climates. Moreover, water savings in irrigation could be ob-
tained, increasing the WP and WUEc, although it is necessary to include
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the yield and grape quality effects (Chen et al., 2023).
5. Conclusions

In this study, two useful tools for sustainable water management
were combined. Through SimDualKc, the dynamics of the evolution of
the water in the soil and the subsequent transpiration (T) (crop plus
ground cover, m? ha™!) and ET, , (actual crop evapotranspiration, m3
ha~!) were obtained. These results, when combined with the fruit and
pruning yields, demonstrate that the strategy of deficit irrigation is the
one that brings the most production and environmental advantages. The
current study demonstrated the successful performance of the SIM-
DualKc model for Vitis vinifera cv. Alvarinho, considering specific pa-
rameters related to the soil, climate, crop stage and irrigation observed
in the present work. Adjustments were made to the standard values
(Allen et al., 1998) for the 2018 R treatment, resulting in an accurate
approximation between the observed and simulated values. The study
concludes, in line with the findings of other authors, that the model can
correctly predict the ASW. These accurately predicted values can
significantly contribute to improved irrigation management throughout
the growth season, allowing farmers to improve their water manage-
ment practices. For practical application, it is recommended to round
the values of the basal crop coefficient to 0.15, 0.25 and 0.20 at the
beginning, middle and end of the season, respectively. These values are
suitable to similar vineyard agronomic conditions with lower vine
density and fc, and presence of active ground cover. Regarding water
productivity, a significant advantage was observed when employing a
deficit irrigation strategy, as it consistently yielded the best WP values in
both years. The water extracted from the soil represents a significant
portion of the total water consumed by the crop and cover crop during
the growing season and therefore must be included in the WP calcula-
tions. Incorporating this aspect reduces the differences in WP between
treatments, but the most efficient strategy remains deficit irrigation.
Given the climate uncertainty that affects this location, with drier
summers, the adoption of irrigation systems improves and stabilizes the
WP. Conversely, further studies should focus on the economic efficiency
related to the installation of irrigation systems in this region. The find-
ings highlight the need for additional studies involving other grapevine
cultivars, given the observed high variability in crop coefficients even
within similar cultivars, as evidenced by the differences between the
studied cultivar and cv. Loureiro (Silva et al., 2021) and cv. Albarino
(Fandino et al., 2012). In future studies, it would be beneficial to
incorporate both methodologies to study other varieties of Vitis vinifera
and under different climatic conditions, as well as to incorporate data
from other sources, such as transpiration from sap flow measurements or
from lysimeters. Our study was conducted over a two-year period, which
may be a limitation in terms of accurately representing crop growing
seasons, given the significant climatic differences between the two
years. A further limitation of the study is that only 28 production values
were obtained for each irrigation strategy in each year, and these were
the only values taken into account when calculating the WP. It could
therefore be beneficial to analyse more than two years (growing sea-
sons) and a greater number of plants to obtain more robust results.
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ASW available soil water (mm)

DBR active ground cover density in inter-row area (%)
DI deficit irrigation

DOY day of year

DR active ground cover density in row (%)

ET, qct actual crop evapotranspiration (mm day’l)

ET, reference evapotranspiration (mm day 1)

fe fraction of soil shaded by crop

F, stomatal adjustment

FI full irrigation

GCV ground cover vegetation

FY vineyard fruit yield (kg ha™!)

h crop height measured from soil (m)

HBR active ground cover height in inter-row area (m)
HR active ground cover height in row (m)

K¢ act crop coefficient adjusted to climate and local conditions
K basal crop coefficient

Keb (geover + crop) act basal crop and active ground cover coefficient adjusted to climate and actual conditions
Keb act actual crop coefficient

Keb crop main crop basal crop coefficient

Keb full end end full basal crop coefficient

Keb fult ini initial full basal crop coefficient

Keb full mid mid-season full basal crop coefficient

Keb geover ground cover crop coefficient

K. soil evaporation coefficient

K; stress coefficient

M canopy transparency

P depletion fraction for no stress

Prec. precipitation (mm)

PWw pruning wood (kg ha™1)

R rainfed

RAW readily available soil water (mm)

REW readily evaporable water (mm)

T crop and ground cover transpiration (m> ha™?)
TAW total available soil water (mm)

TEW total evaporable water (mm)

TWU total water use (m® ha™?)

wpP water productivity (kg m~3)

WUE, crop water use efficiency (-)

Z, depth of evaporable layer

Appendix B. Density and height of cover crop in row and inter-row areas in 2018 and 2019 growing seasons

Year Day of year Density Density Height Height between Baggiolini scale
in rows (%) between rows (%) in rows (m) rows (m) (Baggiolini et al., 1993)
2018 95 50 20 0.05 0.10 C
110 60 90 0.10 0.12 D
163 50 60 0.05 0.05 I
172 80 60 0.12 0.05 K
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(continued)
Year Day of year Density Density Height Height between Baggiolini scale
in rows (%) between rows (%) in rows (m) rows (m) (Baggiolini et al., 1993)

186 95 80 0.18 0.15 L
215 90 80 0.17 0.1 M
243 85 80 0.18 0.12 M

260 80 80 0.15 0.15 N

2019 84 60 60 0.06 0.06 C
92 70 70 0.08 0.08 C

104 90 90 0.18 0.18 C

106 80 80 0.12 0.12 C

112 80 80 0.15 0.15 D

147 80 10 0.18 0.03 I

154 70 10 0.16 0.04 J

179 80 15 0.17 0.05 K

199 80 15 0.17 0.06 L
224 90 30 0.17 0.06 M
241 920 60 0.20 0.08 M
248 80 40 0.16 0.10 M

259 70 20 0.16 0.05 N

Appendix C. Location and apparent electrical conductivity

N
A Legend:
Treatments
® R

© D
® Fl

DEx perimental field

Legend: (A)
ECa obtained by RK (mS'm™)
wom High: 12.7342
— Low: 3,83525
40 Meters
(B)

Fig. C.1. Study area. A: Soil electrical conductivity apparent (ECa) map obtained by RK (mS-m-1). B: Positions of access probe tubes located in full irrigation (),
deficit irrigation () and rainfed () treatments.

Appendix D. Experimental design of each repetition: locations of plants, drippers and access probe tubes

0—0—0- 0—0—0 0—0—0 0—0—0 0—0—0 0—0—0- Buffer

3 meters Imeter 3 meters

0000000 000000000 00000000000

0—90—0 00000000000 0000000000 Buffer

Legend:
® Plant
@ Dripper
@ Access probe tube

Fig. D.1. Spatial locations of plants, drippers and access probe tubes.
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