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Abstract The goal of this study is to propose a model that

allows for spatial extrapolation of the vine water status over a

whole field from a single reference site. The precision of the

model was tested using data of spatial plant water status from

a commercial vineyard block located in the Languedoc-

Roussillon region, France. Observations of plant water status

were made on 49 sites (three vines per site) on a regular grid

at various times in the growing seasons over two non-irri-

gated fields planted with Shiraz and Mourvèdre cultivars.

Plant water status was determined by measuring predawn

leaf water potential (PLWP). Results showed a significant

within-field variability of PLWP over space and time, and

the existence of significant linear relationship amongst

PLWP values measured at different dates. Based on these

results, a linear model of spatial extrapolation of PLWP

values was proposed. This model was able to predict spatial

variability of PLWP with a spatial and temporal mean error

less than 0.1 MPa on Shiraz as well as on Mourvèdre. This

model provides maps of spatial variability in PLWP at key

phenological stages on the basis of one measurement per-

formed on a reference site. The model calibration is, in its

current state, based on a significant database of PLWP

measurements. This makes unrealistic its application to

commercial vineyards. However, the approach constitutes a

significant step towards the spatial extrapolation of vine

water status. Finally, the study mentions alternative ways to

build up such models using auxiliary information such as

airborne imagery, apparent soil conductivity and easily

measured vine/canopy development parameters.

Introduction

The evolution of vine water status throughout the vineyard

growth cycle has a direct effect on grape composition and

harvest quality through its influence on vegetative growth,

fruit growth, yield, canopy microclimate and fruit metabo-

lism (Tisseyre et al. 2005; Ojeda et al. 2002, 2004; Dry and

Loveys 1998; Champagnol 1984; Seguin 1983). Therefore,

it is important to monitor vine water status to either predict

the expected harvest quality or as an important source of

critical information for on-farm management, such as irri-

gation strategies, canopy management, etc. (Choné et al.

2001; Naor et al. 1997). From an irrigation point of view,

the vine water status is of critical importance for deciding

whether or not irrigation practice is required at a given time

(Girona et al. 2006; Olivo et al. 2009). Adequate irrigation

management can be performed by monitoring vine water

status over time. Depending on the accuracy of the method

used, monitoring of vine water status can lead to the

development of a relevant decision support tool, which

could enable grape growers to optimally manage vineyards

for vegetative and fruit growth (Van Leeuwen and Seguin

1994; Naor et al. 2001; Ojeda et al. 2002).
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Several methods of reference have been proposed to

measure plant water status, such as leaf water potential

(LWP), stem water potential (SWP) and predawn leaf

water potential (PLWP) (Schultz 1996; Choné et al. 2001;

Ojeda et al. 2002; Carbonneau et al. 2004; Girona et al.

2006; Sibille et al. 2007). Therefore these methods are

widely used and constitute reference measurements of vine

water status, from low to very high levels of water

restriction (Ojeda et al. 2002; Tisseyre et al. 2005; Sibille

et al. 2007). However, plant water status measurements are

not easy to obtain, since they are manual techniques,

requiring pressure chamber devices, nitrogen bottles and a

certain level of skill in collecting the data (Sibille et al.

2005, 2007; Carbonneau et al. 2004; Ojeda et al. 2002,

2004; Gaudillère et al. 2002).

Obviously, these constraints make systematic spatio-

temporal (S–T) vine water status measurements difficult to

perform and time consuming. This explains the reason

for this type of measurement being mainly dedicated to

monitoring the temporal change in vine water status. As a

result, these measurements are usually reported with low

spatial resolution (S), and there is often an assumption that

vine water status is homogeneous over the area that the

measurements are performed on (i.e. a site, a block or even

a vineyard).

However, many authors have shown that most vineyards

present a significant spatial variability at the within-field

scale (Ortega et al. 2003; Bramley and Hamilton 2004;

Taylor et al. 2005). This variability has been observed on

many different variables (i) vegetative growth (number of

shoots and canopy density), (ii) sugar and grape quality

components and (iii) yield (Bramley and Hamilton 2004;

Taylor et al. 2005). One of the main influencing factors is

non-uniform soil water availability, due to differences in

soil depth and soil physical properties. Significant vari-

ability of the vine water status within vineyards has already

been shown by some authors under irrigated and non-irri-

gated conditions (Tisseyre et al. 2005; Ojeda et al. 2005a),

especially at the end of the summer, when vines are sub-

jected to significant water restriction levels.

These results support the need to study and consider the

spatial variability of plant water status for a complete S–T

analysis to help growers to manage irrigation, canopy

architecture and grape quality more efficiently either under

irrigated or non-irrigated conditions. An efficient decision

support tool should be based on an S–T monitoring system

of vine water status. It should be able to provide maps or

snapshots of the spatial variability of plant water status

over the whole vineyard at each of the key stages of the

growing season. This spatial overview would permit suit-

able managerial decisions according to the spatial impor-

tance of the studied phenomena (vine water status)

(Acevedo-Opazo et al. 2008b).

This work is a preliminary study towards a spatial pre-

diction model of vine water status. The aims of this study are

to test the feasibility of extrapolating single vine water status

measurements to several unsampled locations, and also to

establish and test a model of spatial extrapolation, which will

constitute a basis for further improvements. This study pre-

sents: (i) a formalization of the model proposed and the

underlying assumptions, (ii) the database used to calibrate

and validate the model, (iii) results obtained on the database

as well as a discussion on the limits of the proposed approach,

and, finally, (iv) further possible improvements.

Theory

Model description and assumptions

In the following sections, zre (sre, tj) is used to denote the

reference measurement at sre the reference site and at time

tj. The goal of the model is to extrapolate plant water status

measured at time tj, from the reference point zre (sre, tj) to a

domain scale (D) at the same time (tj). The location sre

belongs to D, and D can be either a block or a set of blocks

or a whole vineyard depending on characteristics, which

will be detailed later.

The model provides an estimation of the predicted plant

water status value ẑðsi; tjÞ on the location si (with si [ D and

si = sre) at time tj, from zre (sre, tj). Let us note gsi
the site i

related function. The model has been summarized in Eq. 1:

ẑðsi; tjÞ ¼ gsi
� zreðsre; tjÞ
� �

; sre 2 D; 8si 2 D ð1Þ

The model (1) can be seen as a collection of site-specific

functions gs1
; gs2

; gs3
; . . .; gsi

; i ¼ 1; 2; 3; . . .; nð Þ on each

location into D. Such a definition of the model leads to

several considerations:

(i) The model only focuses on spatial variability. Tempo-

ral evolution of plant water status is only taken into

account through the reference measurement zre (sre, tj).

To model spatial variability at a given date tj, the model

requires a reference measurement at the same date.

(ii) Each function gsi
is assumed to be only dependent on

differences in local attributes that determine soil

water availability (soil properties, soil depth, topo-

graphy, etc.) between location si and location sre.

These differences in local attributes are assumed to be

time stable: gsi
can be used, whatever the date on

which the extrapolation is performed.

(iii) The incidence of the climate and the resulting

temporal variability on the plant water status is only

taken into account through zre. This means that the D

area has to be small enough to neglect climate

variability. In other words, climate is assumed to be

homogeneous over D.
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(iv) Vine variety, rootstock, date of plantation, training

system, disease infestation and other parameters that

can affect plant response are assumed to be the same

over D or to have a small effect on the plant water status.

Model selection and model computation

This study aimed at verifying whether the proposed approach

was relevant in providing a spatial estimation of the plant water

status. As a first approach, it focused on a simple model, which

was easy to set up and to calibrate with experimental data.

In this work, the domain D was considered as a vine

field and gsi
functions reduced to a collection of linear

coefficients. Thus, Eq. 1, can be rewritten as:

ẑðsi; tjÞ ¼ asi
� zreðsre; tjÞ; sre 2 D; 8si 2 D; asi

2 <; ð2Þ

Equation 2 assumes that there is a collection of site-

specific coefficients asi
that are able to model the difference

in plant water status between each location si and the location

sre of D. Therefore, asi
coefficients are considered to be

dependent on differences in permanent attributes between

location si and location sre. These attributes would be also

need to be constant over time or their change predictable.

The test protocol includes the following steps:

(i) To choose one or several domains D to carry out the

tests,

(ii) To build up a database of plant water status values

with a high spatial and temporal resolution,

(iii) To choose a reference site (sre) for each considered

domain,

(iv) To determine the collection of asi
coefficients over

each D,

(v) To compute, from the model and the reference

measurement, the predicted plant water potential

values over D for each available date,

(vi) To test the ability of the model to predict vine water

status at unsampled locations. Two kinds of predic-

tion errors need to be considered: the prediction error

for each location (si) over the time and the prediction

error for each available date (tj),

(vii) And finally, to test the sensitivity of the model to the

choice of the reference site (sre).

The methods used to fulfil these requirements are

detailed in the following section.

Materials and methods

Experimental field and plant material description

Experiments were carried out on the experimental vineyards

of Pech Rouge (INRA-Gruissan, N 43�0804700, E 03�0701900

WGS84, Languedoc-Roussillon region, France). Two fields

(two domains) were selected for the experiments. These two

domains of 1.2 and 1.7 ha were planted with Shiraz and

Mourvèdre cultivars, respectively. These two cultivars were

chosen because they may present different responses to

water restriction. Shiraz is more susceptible to water

restriction than other varieties (i.e. Mourvèdre, Grenache,

amongst others) (Schultz 2003; Ojeda et al. 2005b). Note

that the goal of the study is not to compare these two cul-

tivars. These two cultivars were chosen to test the relevance

of the proposed approach with different conditions. Both

domains were non-irrigated and were established in 1990.

They were planted on a limestone plateau (shallow soil with

superficial clayey colluvial soils) and were trained in a ver-

tical shoot positioning system with spacing of 1 m between

vines and 2.5 m between rows. Within each domain, 49

measurement sites (s1, s2,…, si: i = 1, 2,…, 49) were defined

on a regular grid. Figure 1a, b shows the location of the fields

and sample grids. Domain contours and within domain sites

locations were geo-referenced with a differential global

positioning system (DGPS) (Leica Geosystems Ltd., model

GS 50 with OMNISTAR differential correction) according to

the French system (Datum RGF93, Projection Lambert93)

allowing mapping and spatial analysis.

Both domains are located on soil derived from inter-

bedded micritic limestone with important accumulations of

red clay in some parts of the field. These accumulations

impact variability.

The soil at a site or within a block determines the amount

of water that is available to the plant (both from a per-

centage of moisture-holding capacity and potential for root

development) (Guswa 2005; Acevedo-Opazo et al. 2008b).

Since each block is assigned to a broad soil type, the within-

block differences in vegetative expression are related, in

part, to variation in the soil within the block. Figure 2a, b

shows the normalized difference vegetation index (NDVI)

maps (during the full vine canopy expansion period), from

an airborne image acquired in August 2006. These maps

highlight the spatial patterns of canopy development in

relation with soil water availability (Acevedo-Opazo et al.

2008a). The observed variability may be related to soil

variability, especially in the non-irrigated condition.

Variables of interest

Data were collected under non-irrigated conditions, with a

climate resulting in high to very high water restriction. In

these particular conditions, PLWP is considered the best

reference measure to highlight spatial variability under high

water restriction conditions (Sibille et al. 2007). PLWP

measurements were carried out between 3:00 and 5:00 a.m.

with a pressure chamber (Scholander et al. 1965). A PLWP

value at site si at time tj (z(si, tj)) corresponded to the
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average of three measurements on three representative

vines for each of the 49 measurement sites.

To test the temporal consistency of this approach,

within-field PLWP measurements were performed during

2 years for each domain. On each of the 49 sites, PLWP

was measured at seven dates in 2003 and six dates in 2004

on Shiraz, and six dates in 2005 and three dates in 2006 on

Mourvèdre. Figure 3 summarizes the different dates of the

measurement.

Characterization of seasonal dryness

Experiments were carried out during 4 different years with

different climatic conditions. The dryness index (DI),

proposed by Tonietto and Carbonneau (2004), was used to

characterize the seasonal potential soil water balance. This

index is based on Riou’s index (Riou et al. 1994) and acts

as an indicator of the level of dryness calculated on a

6-month period from 1 April to 30 September. Based on the

DI value, four classes are usually considered: (i) humid

(wet climate with DI [ 150 mm), (ii) sub-humid

(150 [ DI [ 50 mm), (iii) moderately dry (50 [ DI [
-100 mm), and (iv) very dry (DI \ -100 mm). These last

two classes present conditions where vines potentially face

a moderate to significant level of water restriction.

Data mapping and preliminary data analysis

Data mapping was performed using the 3D field soft-

ware (version 2.9.0.0, copyright 1998–2007, Vladimir
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Fig. 2 Maps of normalized

difference vegetation index
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Galouchko, Russia). The interpolation method used in this

study was based on a deterministic function (inverse dis-

tance weighing).

The classes used to build up the map corresponded to

expert classes proposed by Ojeda et al. 2005a. The soft-

ware package Matlab� v7.0 (Mathworks, Inc.) was used

for data analysis and model programming. PLWP values of

each domain were subjected to linear coefficient of corre-

lation analysis and covariance analysis between the two

sites (si and sk) over time as indicated by Eqs. 3 and 4.

The regression coefficient between the two measure-

ment sites (si = sk) was then determined as follows:

r ¼ cov zðsiÞ; zðskÞ½ �
rsi
� rsk

ð3Þ

where rsi
(respectively rsk

) corresponds to standard

deviation of PLWP values observed on each location si

(respectively sk) over time;

cov zðsiÞ;zðskÞ½ �¼ 1

m

Xm

j¼1

zðsi;tjÞ�zðsiÞ
� �

� zðsk;tjÞ�zðskÞ
� �h i

ð4Þ

where zðs
i
Þ (respectively zðskÞ) corresponds to the mean of

the values measured on the site si (respectively sk) for all

the available dates m (m = 13 for Shiraz and m = 9 for

Mourvèdre).

Model computation

As mentioned previously, the model computation requires

several steps to be completed.

Step 1: selecting a reference site (sre) for each domain D

This reference site selection is important since sre provides

the reference PLWP, which will be extrapolated over D.

This choice, as well as the number of reference sites, raise

many questions and require specific experiments and work

on itself. In order to cope with this problem, in a first part

the reference sites were randomly selected for each

domain. Figure 1a, b shows within a frame, the locations of

sre for Shiraz (site 27) and Mourvèdre (site 15).

For each field, values of PLWP measured on sre, at all

the dates, were removed from the database to generate the

ref vector (5):

refð ÞT¼ zðsre; t1Þ; zðsre; t2Þ; zðsre; t3Þ; . . .; zðsre; tmÞ½ �: ð5Þ

Step 2: determination of the collection of coefficients

over D

The matrix of PLWP values of all sites (except sre) for each

domain and for all the dates can be represented as Z:

Z ¼

zðs1; t1Þ zðs1; t2Þ zðs1; t3Þ � � � zðs1; tmÞ
zðs2; t1Þ zðs2; t2Þ zðs2; t3Þ � � � zðs2; tmÞ
zðs3; t1Þ zðs3; t2Þ zðs3; t3Þ � � � zðs3; tmÞ

..

. ..
. ..

.
� � � ..

.

zðsn; t1Þ zðsn; t2Þ zðsn; t3Þ � � � zðsn; tmÞ

2

666664

3

777775
: ð6Þ

This step consists in finding the vector a (coefficients) to

provide an estimation Ẑ for PLWP values over D, such as

that indicated by the following relation:

Ẑ ¼ a � r
ef

� �T
; ð7Þ

with

a ¼

as1

as2

as3

..

.

asn

2

66666664

3

77777775

and

Ẑ ¼

ẑðs1; t1Þ ẑðs1; t2Þ ẑðs1; t3Þ � � � ẑðs1; tmÞ
ẑðs2; t1Þ ẑðs2; t2Þ ẑðs2; t3Þ � � � ẑðs2; tmÞ
ẑðs3; t1Þ ẑðs3; t2Þ ẑðs3; t3Þ � � � ẑðs3; tmÞ

..

. ..
. ..

.
� � � ..

.

ẑðsn; t1Þ ẑðsn; t2Þ ẑðsn; t3Þ � � � ẑðsn; tmÞ

2

66666664

3

77777775

:

ð8Þ

The least square error method was used to determine the

vector a as follows:

a ¼ Z½ � � ref � ref

� �T � ref

� �h i�1

: ð9Þ
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Model evaluation

The precision of the model was assessed using the standard

error of calibration (SEC), which was computed as follows:

SEC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

Pm
j¼1 E si; tj

� �� �2

ðn � mÞ � 1

s

;

with Eðsi; tjÞ ¼ ẑ si; tj

� �
� z si; tj
� �� �

ð10Þ

where n is the number of sites on D and m is the number of

available dates.

The ability of the model to predict values of PLWP was

assessed using a ‘‘leave-one-out’’ validation procedure

(Saporta 1990). The database was divided into ‘m’ subsets

(k1, k2, k3, …, km) corresponding to the m measurement dates.

Similarly, the reference measurements obtained on the ref-

erence site (sre) were divided into m singletons. Thus, m

different models were assessed, leaving out one of the subsets

k1, k2, …, km and only using the omitted subset to compute the

error. Two types of prediction errors were computed: (i) the

standard error of prediction at a given time tj (SEPtj) and

(ii) at a given site si (SEPsi), as in Eqs. 11 and 12:

SEPtj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1 E si; tj
� �� �2

n� 1

s

; ð11Þ

SEPsi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm
j¼1 E si; tj

� �� �2

m� 1

s

: ð12Þ

Sensitivity to the choice of the reference site

The sensitivity of the model to the choice of the reference

site was undertaken by calibrating the model for all refer-

ence sites at all dates. For each case, the SEC (Eq. 10) was

computed in order to analyse the error distribution caused

by the choice of the reference site.

Results and discussion

Spatial and temporal analysis of plant water status

Table 1 presents the results of DI calculated for each of the

4 years of experiments. Season 2003 presented the lowest

DI (-128 mm) corresponding to a very dry climate.

Seasons 2004, 2005 and 2006 presented DI corresponding

to moderately dry climate. However, 2006 presented low

DI (-92 mm) close to very dry climate. These results show

that drastic to very drastic water deficits were experienced

during the 4 years of the experiments. According to these

results, in 2003 and to a lesser extent in 2006, very high

vine water restriction was expected. This was only partially

the case in 2006 due to a 45-mm rainfall event recorded

in mid-August, which drastically reduced plant water

restriction on the vine at the end of summer.

Figure 3a, b shows changes in the overall mean PLWP

values over time for the Shiraz field and the Mourvèdre,

respectively. At each date, mean PLWP was calculated from

the 49 sites of measurements. In both domains, and for all the

years studied, mean PLWP decreased during summer.

PLWP ranged from -0.18 to -0.92 MPa in 2003, from -0.1

to -0.72 MPa in 2004 for Shiraz and from -0.17 to

-0.78 MPa in 2005 for Mourvedre. For the latter domain,

changes were less obvious in 2006 due to the rainfall of

45 mm observed 7 days before the last PLWP measurement.

Figure 3 also shows the standard deviation (SD) of

PLWP values within the whole domain for Shiraz and

Mourvèdre. In the case of Shiraz, SD increased from

0.06 MPa for the earliest measurement to almost

0.260 MPa for the last measurement in 2003. A similar

tendency was observed in 2004 for this domain. For

Mourvèdre, SD of PLWP values also increased from 0.047

to 0.148 MPa in 2005. Once again, due to the particular

climate conditions, SD of PLWP values remained almost

constant during the summer of 2006. Note (Table 2) that

the standard deviation (SD) versus the mean value (coef-

ficient of variation CV) is relatively stable. CV does not

increase throughout the season showing that the SD

increases with the mean of the field.

These preliminary results point to the significant PLWP

within-field variability observed in the domains, especially

at the end of summer. Simultaneous analysis of Fig. 3a, b

shows that within domains, the SD of PLWP values

increases with increasing water restriction. Results show

that (i) within-field variability is significant; (ii) magnitude

of variation changes over time; and (iii) a decision (for

example irrigation) based on the mean domain water

restriction may be inappropriate for a significant part of the

field, if the variability is spatially structured.

Spatial analysis of the plant water status

Figure 4a, b, c, shows three examples of linear relations

between PLWP measured on reference site (sre) and three

Table 1 Summary of the main climatic parameters characterizing

growing conditions during the 4 years that experiment was carried out

Year Pp (mm) ET0 (mm) DI (mm)

2003 154 882 -128

2004 306 851 -64

2005 318 867 -8

2006 159 873 -92

Pp Cumulative precipitation, ET0 cumulative reference evapo-tran-

spiration, DI resulting dryness index

148 Irrig Sci (2010) 28:143–155
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other sites over 2 years (2003–2004) within Shiraz. The

worst, the best and the median correlation coefficients (r)

were chosen to illustrate the dispersion of the linear rela-

tions observed between sre and all the other sites in this

domain. The worst linear relation presented a correlation

coefficient of r = 0.77 (site 1), the best relation (site 25)

presented an r = 0.99 and the intermediate site, which

corresponds to the median of the correlation coefficient,

presented an r = 0.95 (site 42). Spatial distribution of

these correlation coefficients for Shiraz is shown in Fig. 1a.

Very similar results were observed over the years 2005

and 2006 for Mourvèdre. The lowest r was of 0.87 (site

38), whilst the highest was of 0.99 (site 22) in this domain.

The results of linear relations are not presented; however,

Fig. 1b shows the spatial distribution of correlation coef-

ficients obtained over this domain.

The results presented in Fig. 4 show that the spatial

trend of plant water status is linear, which allows proposing

a linear model to spatially predict vine water status (Eq. 2)

across a vine field, using a reference measurement of

PLWP. Despite the significant spatial variability observed

in vine water status, the results highlight a strong linear

relation of PLWP amongst all domain sites, although the

slope of the relationship is not spatially constant. Thus,

given PLWP at a reference site zre(sre, tj) at time tj, and a

specific asi
that represents the relationship of site si to sre, it

is possible to provide an assessment of z(si, tj) at the same

time, using this approach.

Results of model calibration

The error of calibration (SEC) of the model was 0.090 and

0.087 MPa on Shiraz and Mourvèdre, respectively. Based

on the range of values used by the viticulturists and wine

growers to make an irrigation decision (±0.2 MPa) (Ojeda

et al. 2005a), the model was considered relevant and pre-

cise enough for management (note, a more detailed ana-

lysis of the model precision will be based on the error of

prediction in the section ‘‘Standard error of prediction over

time (SEPtj)’’).

Maps of the vector a after calibration of the model, for

both domains, are shown in Fig. 5a, b. To simplify the

reading, asi
were interpolated over the domains and the

four classes, based on the magnitude of the observed

variation, were defined. An increment of 0.2 and 0.12 units

was considered for Shiraz and Mourvèdre, respectively.

For Shiraz and Mourvédre (Fig. 5), the white areas repre-

sent the highest asi
values, 1:1\asi

\1:3ð Þ on Shiraz and

0:8\asi
\1ð Þ on Mourvèdre. In Fig. 5, the white zones

systematically presented PLWP values higher than that of

the reference site (s27) in Shiraz, and approximately the

same PLWP values as the reference site (s15) in Mourvè-

dre. Conversely, the black areas represent the lowest asi

values 0:4\asi
\0:7ð Þ for Shiraz and Mourvèdre. These

black areas present PLWP values lower than that of the

reference site. Light grey areas represent zones where the

PLWP response is similar to the reference site.

Table 2 Standard error of prediction at different times (SEPtj) with SD, mean PLWP and the percentage of variance explained by the model (r2)

and CV

Shiraz 2003 2004

Date 18 Jun 26 Jun 08 Jul 16 Jul 23 Jul 30 Jul 12 Aug 09 Jun 05 Jul 05 Aug 18 Aug 23 Aug 10 Sep

Time t1 t2 t3 t4 t5 t6 t7 t1 t2 t3 t4 t5 t6

SEPtj 0.060 0.065 0.096 0.092 0.117 0.124 0.119 0.064 0.095 0.092 0.114 0.103 0.137

SD 0.060 0.072 0.157 0.167 0.210 0.222 0.260 0.050 0.106 0.083 0.152 0.155 0.209

PLWP -0.18 -0.34 -0.52 -0.54 -0.73 -0.84 -0.92 -0.11 -0.34 -0.28 -0.59 -0.61 -0.72

CV (%) 33 21 30 30 28 26 28 45 31 29 25 25 29

r2 (model) 0. 22 0.40 0.62 0.75 0.71 0.70 0.80 0.01 0.49 0.08 0.53 0.59 0.65

Mourvèdre 2005 2006

Date 10 Jun 23 Jun 06 Jul 19 Jul 05 Aug 25 Aug 13 Jul 27 Jul 22 Aug

Time t1 t2 t3 t4 t5 t6 t1 t2 t3

SEPtj 0.059 0.062 0.061 0.054 0.125 0.140 0.089 0.094 0.133

SD 0.047 0.031 0.065 0.097 0.180 0.148 0.105 0.108 0.085

PLWP -0.17 -0.12 -0.25 -0.41 -0.75 -0.78 -0.42 -0.46 -0.38

CV (%) 27 25 26 23 24 19 25 23 22

r2 (model) 0.05 0.08 0.22 0.77 0.74 0.58 0.43 0.38 0.14

SD standard deviation of the field, PLWP predawn leaf water potential, CV coefficient of variation
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The maps presented in Fig. 5a, b summarize the tem-

poral and spatial behaviour of plant water status for each

domain, relative to the site of reference. It is interesting to

note that the maps provide information with a significant

spatial organization. Indeed, for Shiraz (Fig. 5a), white and

light grey zones are located on the northern part of the

field, whilst the black area is located in the centre of the

domain. This spatial organization is less obvious for

Mourvèdre, though light and dark zones seem to be orga-

nized along a west–eastern direction. The comparison of

the within-field variability between both fields as well as

the analysis of vector a in relation to other parameters is

not the purpose of this study. However, Figs. 2 and 5 show

very similar patterns, which support the hypothesis that asi

is a function of local environmental conditions (soil type,

soil depth, water availability, etc.).

Standard error of prediction over time (SEPtj)

The SEPtj did not exceed 0.15 MPa (Table 2) for each

domain. These results fit with management application

requirements, which require an accuracy of ±0.2 MPa.

However, Table 2 shows that SEPtj is not constant over

time. It increases with the SD through the seasons. For

Shiraz in 2003, SEPtj varied from 0.06 MPa, at the first

date of measurement, to 0.119 MPa for the last date, which

corresponded to the highest water restriction in Shiraz. For

the same domain and during the same period of time, SD

for PLWP values varied from 0.06 to 0.26 MPa. Similar

results were observed in 2004 in Shiraz and for both sea-

sons in Mourvèdre.

The percentage of variability explained by the model (r2)

was computed (Table 2) at all dates for both domains. It

showed that whatever the case, r2 increased significantly

throughout the season. For Shiraz in 2003, it increased from

0.2 to almost 0.8 for the date with the highest water

restriction. Similar tendencies were observed in 2004, 2005

and 2006; the percentage of variability explained by the

model did not reach values higher than that found in 2003.

Results presented in Table 2 show that the model became

more and more relevant at high water restriction levels. This

result seems logical, since significant spatial variability was

previously shown to occur at high water restriction levels.

Examples of measured and predicted maps for a specific

date (t7 in 2003 and t5 in 2005) are shown in Fig. 6a, b, c, d.

For all maps, a common legend based on the ranges of

PLWP currently used by viticulturists was used. These

examples show that zones with significant water restriction

(less than -1.0 MPa) located in the northern part of Shiraz

and in the western part of Mourvèdre were accurately

predicted. Similarly, zones with medium water restriction

values were also accurately predicted in both domains.

Spatial error of prediction (SEPsi)

The spatial error of prediction (SEPsi) was computed to

check the spatial relevancy of the model. Figure 7a, b shows

maps of SEPsi for Shiraz and Mourvèdre, respectively.
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Fig. 4 Example of linear relations between PLWP measured on the

reference site (sre) and three other sites over 2 years (2003–2004)

within Shiraz, a the worst relation between sre and site 1, b the median

relation between sre and site 42 and c the best relation between sre and

site 25
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Figure 7 shows that the error was low (\0.1 MPa) in

approximately 70% of the area for both domains. Higher

errors occurred only at two and three particular locations

for Shiraz and Mourvèdre, respectively. Very high errors

only occurred in one location in the Shiraz domain. These

results show that the model provides relevant information

on the major part of the domains.

Maps presented in Fig. 7 can be seen as an assessment

of the spatial accuracy of the proposed model. It also

gives the spatial uncertainty of predictions. White and

light grey zones represent locations where low confidence

is expected from extrapolation. For example, Fig. 7a

shows that predicted PLWP values were less reliable in

the northern part and on the eastern side of the Shiraz

field.

Figure 7 also shows a spatial structure in the zone of

high spatial prediction error within the range of 0.15–0.22.

This trend agrees with the spatial pattern observed in the

zone with high water restriction (-1.0 to -1.6 MPa) in

Fig. 6. However, this pattern in spatial error is not obvious

in the zones where medium and low range of spatial error

were observed, which correspond to almost 90% of the

total surface in study. These last results show the ability of

the reference site, in association with the model, to predict

PLWP values over the whole field and not only in sites

surrounding of the reference site.

Sensitivity to the choice of the reference site

An analysis of the sensitivity in the choice of the reference

site was conducted for both fields and for all the possible

dates. Figure 8a, b present, for each of the dates, the

distribution of the standard error of calibration (SEC) for

Syrah and Mourvèdre, respectively. Figure 8 shows that

whatever the date, the mean SEC remains smaller than

0.15 MPa. As expected, the SEC due to the choice of the

reference site increases with the mean water restriction of

the field. Note also that the distribution of the SEC is larger

for dates with high water restriction. This result is obvious

for Syrah where SECs higher than 0.3 MPa are observed at

dates t5 and t7 in 2003 and t3 and t6 in 2004. This obser-

vation is less significant for Mourvèdre and may be due to

lower water restrictions observed for this field in 2005 and

2006. However, a higher distribution of SEC values is

notable for higher water restrictions corresponding to dates

t5 in 2005 and t3 in 2006. The choice of the reference site

thus impacts more on the estimations performed at dates

corresponding to high water restriction. To study this

effect, a specific analysis was conducted at t7 for Syrah and

t5 for Mourvèdre. Figure 9 shows the standard error of

calibration (SEC) of the model with each site considered as

a reference site.

For Shiraz (Fig. 9a), the majority of the sites lead to an

SEC ranging from 0.07 to 0.18 MPa, showing their ability

to predict the plant water status. However, five sites present

a high SEC and can be considered as outliers. Three of

them (s1, s2 and s5) were located in the western border of

the field leading to a possible ‘‘interaction’’ with the nearby

forest. The other two outliers (s34 and s15) were located

close to the border (track). For Mourvèdre, the SEC of the

model was less than 0.2 MPa for almost all the sites

(Fig. 9b). Only two sites (s49 and s28) presented an SEC

close to 0.2 MPa and, again, these were points near to the

edge of the field.

0 17
M 1:850

1.33

1.10

0.90

0.70

0.40
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Fig. 5 Maps of linear regression coefficients between the reference site (site 27 in Shiraz (a) and site 15 in Mourvèdre (b)) and the other sites of

each domain (‘vector a’ of the model)
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Discussion on the practical application of the approach

The error of prediction of the model remained low compared

to the SD. In this study, SD could be seen as the error

resulting from a classical sampling procedure. On comparing

SD with SEPtj, it shows the relevance of a spatial model over

a classical method (i.e. the mean of the field). Considering

low water restriction (PLWP [ -0.4 MPa), the SD values

remained very similar when compared to SEPtj (Table 2).

This shows that the spatial model was not able to provide

additional information when compared to the mean value of

the domain (computed from 49 samples). In some cases,

results from the model were less representative than the

mean value of the domain (some dates at the Mourvèdre

field). These sub-optimal results at low water restriction may

be explained by the fact that only one value (sre) was used to

predict the 48 remaining values. Therefore, considering low

water restrictions, the method proposed may amplify the

error made on the measurement at sre. For higher water

restriction levels (PLWP \ -0.4 MPa), Table 2 shows that

the SEPtj values remained lower than SD. Therefore, when

water restriction increases, the within-field variability of

water restriction also increases due to the expression of other

environmental variations on the plant’s access to water (i.e.

soil variability). This result highlights the advantage of

taking into account the spatial variability and, therefore, the

Fig. 6 Maps of predawn leaf

water potential at the date t7 in

2003 on Shiraz and at the date t5
in 2005 on Mourvèdre; a and b
measured data on Shiraz and

Mourvèdre, respectively; c and

d predicted data from the model

on Shiraz and Mourvèdre,

respectively. Very high

water restriction

(PLWP \ -1.0 MPa); high

water restriction

(-1.0 \ PLWP \ -0.6 MPa);

and medium water restriction

(-0.6 \ PLWP \ -0.4 MPa)

Fig. 7 a and b Map of standard

spatial error of prediction

(SEPsi) on Shiraz and

Mourvèdre, respectively. Low

errors (0.05 to 0.1 MPa),

medium errors (0.1 to

0.15 MPa), high errors (0.15 to

0.2 MPa) and very high errors

([0.2 MPa)
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relevance of the proposed model for high water restriction

(PLWP \ -0.4 MPa).

From a practical point of view, this study shows that the

approach was not sensitive to the choice of the reference

site. Obviously, slight differences in accuracy may be

observed, but, except in rare cases associated with edge

effects, the choice of the reference site did not change much

the quality of the model. The choice of the reference site

and the number of reference sites obviously require further

study to better analyse its effect on the quality of the model.

However, from the results of this study, it is possible to

consider simple recommendations to drive this choice, such

as avoiding the field borders, unhealthy plants, etc.

As stated previously, the approach used in this paper is

not realistic for commercial vineyards, mainly because of

the amount of data required to calibrate the model. How-

ever, it constitutes a significant step towards a spatial

model of extrapolation, since the principle of the model is

now established. It is based on a collection of constant site-

specific linear coefficients (Eq. 2). Knowing the charac-

teristics of the model, it is now possible to consider a

relevant simplification of the calibration procedure. This

simplification has to decrease significantly the number of

plant water status measurements by using auxiliary infor-

mation. Acevedo-Opazo et al. (2008b) showed that some

low cost and easy to get auxiliary information (i.e. airborne

Fig. 8 a and b Incidence of the

choice of the reference site on

the standard error of calibration

(SEC) of the model,

respectively, for Shiraz and

Mouvèdre and for all the dates.

The limit of the box corresponds

to the quartiles and the

horizontal line to the median

Irrig Sci (2010) 28:143–155 153

123



imagery, soil apparent conductivity, canopy area) was

relevant to zone vineyards according to the plant water

status. These auxiliary information (q1(si); q2(si); q3(si), …,

qk(si)) may bring additional local information at each site

(si). They can be used to provide estimates of the site-

specific coefficient established in this study. Equation 13

presents the possible approach, which will be tested in a

further step:

ẑðsi; tjÞ ¼ a1 � q1ðsiÞ þ a2 � q2ðsiÞ þ . . .ð½
þak � qkðsiÞ þ akþ1Þ� � zðsre; tjÞ ð13Þ

with a1; a2; . . .; ak 2 <:

Conclusion

This work is a preliminary study towards a spatial pre-

diction model of vine water status. It shows the possibility

to extrapolate the vine water status (PLWP) at several

unsampled locations from one measurement performed on

a reference site. The proposed spatial model is based on

site-specific linear coefficients allowing extrapolation to

the whole domain (vine fields in this case). This study also

proposed a validation of the approach based on two fields

planted with different varieties over several years. The

proposed model improved significantly the prediction of

the plant water status. It was shown to be robust to the

choice of the reference site. The results also highlight the

range of water restriction values over which our approach

is relevant. Compared to a classical approach, the spatial

model improves significantly the plant water status pre-

diction under conditions of high water restriction

(PLWP \ -0.4 MPa). This last result points out the

interest of such an approach as a decision-making tool. In

particular, it could constitute a significant improvement of

irrigation management by proposing a more reliable esti-

mation of the plant water status over the whole vineyard.

However, from a practical point of view, the calibration

of the model needs simplification to be fully operational in

commercial vineyards. We intend to improve our approach

in further works by using high-resolution auxiliary infor-

mation (i.e. airborne imagery, soil apparent conductivity,

etc.). These spatial data may constitute relevant surrogates

to provide an assessment of the collection of linear coef-

ficient for plant water restriction extrapolation.
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développement de l’appareil végétatif et la maturation du raisin
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