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Abstract Increased water scarcity demands more effi-
cient use of water in the agricultural sector which is the
primary consumer of water. Precise determination of irri-
gation requirements based on specific crop parameters
is needed for accurate water applications. We conducted
a 4-year study on almond evapotranspiration using a
large weighing lysimeter. Tree canopies changed from 3
to 48 % ground cover during the course of the study. Sap
flow measurements made on the lysimeter tree provided a
continuous record of tree transpiration. We propose to use
the daily fraction of photosynthetically active radiation
intercepted by the canopy (fIR;) as a predictor of almond
orchard maximum transpiration. The transpiration coeffi-
cient (T/ET, or K;) was related to the fIR; of the last two
years, and the ratio between fIR; and K; stayed more or
less constant around a value of 1.2. Such value extrapolated
to the size of a mature orchard with 85 % intercepted radia-
tion gives a K, of around 1.0, a number above the standard
recommendations, but fully compatible with the maximum
K values of 1.1-1.15 recently reported.
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Introduction

Population growth and economic development are some of
the major causes of the increased water scarcity in many
world areas. Mounting pressure on the available water
resources is occurring as the global temperature increases
and there is a risk of an augment in the intensity and dura-
tion of droughts in the future (Stocker et al. 2013). Within
this context, efficient use of water is of paramount impor-
tance, in particular in the agricultural sector, the primary
user of developed water. As more efficient methods of irri-
gation are being adopted worldwide, the precise estimation
of crop water requirements is an important objective (Len-
ton 2014). The established method of computing crop water
requirements follows the crop coefficient approach, as
described in the FAO Monographs 24 and 56 (Doorenbos
and Pruitt 1977; Allen et al. 1998). Those crop coefficients
(K,) relate empirically the water consumption of a healthy,
well-watered crop to the reference evapotranspiration (ET,)
which is the consumption of a reference grass crop under
the same climatic conditions. Values for the K’s of differ-
ent crops have been recommended for the different growth
stages. In the case of fruit tree crops, a wide range of K,
values were proposed by Allen et al. (1998) based on the
original values proposed earlier by Doorenbos and Pruitt
(1977). The recommended maximum (mid-stage) K, values
for different fruit tree species, without a cover crop, ranged
between 0.65 and 1.10, and in the case of almond orchards,
the K, values for initial, medium and final stage were 0.40,
0.90 and 0.65, respectively (Allen et al. 1998). Such recom-
mendation indicates that mature almond orchard ET at full
cover would be <ET, (in fact, recommended mid-season K
values ranged from 0.8 to 0.95, depending on air humid-
ity and windspeed; Doorenbos and Pruitt 1977). How-
ever, there have been recent reports that propose higher
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mid-stage K values than those recommended in Allen et al.
(1998) for almonds. Girona (2006) and Sanden (2007) have
proposed almond K, values close to 1.05 for the summer.
One explanation for this discrepancy is that the intensifi-
cation of almond production that has occurred over the
last decades, based on increases in tree density and mini-
mal pruning, has led to greater radiation interception than
what was intercepted by the orchards where the original K|
values were determined. Recent work focused on measur-
ing almond ET using the eddy covariance technique has
determined a maximum K, value of 1.12 in a high-yield-
ing (4.3 t ha™!) almond orchard in Australia irrigated with
microsprinklers (Stevens et al. 2012). Sanden et al. (2012)
proposed a maximum K, value of 1.15 for high-yielding
almond orchards (4.0 t ha™!), even though yields were the
same than those obtained when irrigation was applied fol-
lowing the previous K, values of Sanden (2007).

Given that crop coefficients include not only transpira-
tion (7) but also evaporation from the soil (£), which might
vary substantially depending on the frequency and method
of irrigation, it is important to separate the two components
of the ET process. In Allen et al. (1998), an approach to
separate the £ and T components of ET is referred to as
the dual crop coefficient approach, where K, is separated
into a basal crop coefficient (K ) and an evaporation coef-
ficient (K,). K, is nearly equivalent to the crop transpira-
tion divided by the ET, (assuming E is negligible when the
soil surface is dry), and should be independent of irrigation
system and frequency, making the K more applicable to
various orchards differing in features affecting the £ com-
ponent of ET.

In the case of tree orchards, a year—year evolution of K
or K, has to be determined because the canopy changes
dramatically from young to mature trees. Doorenbos and
Pruitt (1977) proposed K, values for canopies covering only
20 and 50 % of the ground. They recommended a reduc-
tion in maximum K, values by 25-35 % and by 10-15 %,
respectively. Allen et al. (1998) utilize an adjusted coeffi-
cient (K, ,qj) to reduce a basal crop coefficient that repre-
sents full-cover conditions (K, g,;;), when the coverage of
the ground by the crop is incomplete. This K ,4;, based on
ground cover (GC) and tree height, takes values of 0.40 and
0.89 for 20 and 50 % cover, respectively. More recently,
Allen and Pereira (2009) modified that approach and sub-
stituted the K 4 for a density coefficient (K,) that yields
values of 0.30 and 0.78 for 20 and 50 %, respectively, quite
different from the recommendations of Allen et al. (1998).
In summary, there is substantial uncertainty on how to
adjust the K or K, values to situations of incomplete GC
in developing tree crops such as almonds.

Fereres et al. (1982) measured the evapotranspira-
tion of drip-irrigated young almond trees (1-3 year old)
and related the values to the degree of GC of the trees
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(horizontal projection of the shade). The measurements
were reported as percentages of the calculated ET of a
mature orchard, assumed to have a GC of 60 % at the time.
The empirical relation obtained has been widely used since
that time to compute the water use of young trees in semi-
arid climates (Castel 1997; Ayars et al. 2003). Recently,
Fereres et al. (2012) have proposed a similar relation,
based on experimental data from other several tree species,
where the young tree ET is calculated as a percentage of
mature orchards ET according to the degree of GC. How-
ever, the shaded area of a tree (GC) is a crude estimate of
intercepted radiation as it does not take into account fac-
tors such as leaf area density (LAD), tree height, row ori-
entation and canopy architecture, which varies depending
on the species, variety and time of season. These factors
influence the amount of intercepted radiation, which, for a
given stomatal conductance, is the key factor affecting tree
transpiration.

Actually, Green et al. (2003a) and Ayars et al. (2003)
have shown that transpiration is directly related to the
amount of intercepted radiation in apple and peach, and
they found that the relationship was constant through the
season. Pereira et al. (2007) found a single linear relation-
ship between daily transpiration (7)) and daily net radiation
multiplied by leaf area index in apple, walnut and olive.
However, Girona et al. (2011) found different relationships
between midday fraction of photosynthetically active radi-
ation intercepted (PAR) by the tree (fIR,4) and T in pear
and apple and reported declines in K after harvest without
changes in canopy foliage. Goodwin et al. (2006) in peach
and Consoli et al. (2006) in citrus related T to the daily
integral of PAR intercepted radiation (fIR,) instead of relat-
ing it to fIR; and proposed this methodology to improve
the prediction of K values from measurements of fIR.

Recent studies have successfully predicted 7 from fIR
in apple (Auzmendi et al. 2011; Casadesus et al. 2011).
Casadesus et al. (2011) highlighted the need to normalize
the relationship for temperature as in some species with
little stomatal response to high evaporative demand, the
sensitivity to changes in ET, is more important than to var-
iations in fIR,. Marsal et al. (2013, 2014) have used a simu-
lation model (CropSyst) to predict K, from fIR; in apple
and pear, although they proposed different relationships,
depending on the species and on the stage of development.
They defined a parameter, K, which represents the maxi-
mum K, for a hypothetical crop that completely covers the
soil surface, and then used fIR; to scale for tree size and
shape.

The variations in the relation between T and fIR; might
be related to differences in canopy conductance (g.).
There are models that predict 7 based on the calculation
of g, (Dekker et al. 2000). These models are generally
complex with high input data requirements. Orgaz et al.
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(2007) developed a simplified g, model to reduce the input
requirements and showed good performance in predicting
T of olive trees. Villalobos et al. (2013) have extended the
same approach to several fruit trees species where calibra-
tion was performed by measuring sap flow and daily IR.
Given the uncertainties in the magnitude of the con-
sumptive use requirements of almond orchards and their
K, values discussed above, we conducted an investigation
to measure the water use of young almond trees and to
develop a generalized relationship between tree transpira-
tion and the radiation intercepted by almond tree canopies.

Materials and methods

The experiment was conducted in a 5.5-ha almond orchard
located at the Research Center of IFAPA-Alameda del
Obispo, in Coérdoba, Spain (37°52'N, 4°49'W). The
orchard was planted in 2009 with ‘Guara,” a late bloom-
ing, self-compatible cultivar (Felipe and Socias i Com-
pany 1987) grafted onto the GF-677 rootstock. Tree spac-
ing was 6 x 7 m with rows E-W oriented. No crop cover
was allowed to grow beneath the trees; vegetation control
was done with periodic herbicide applications. A drip irri-
gation system was installed with a single drip line per row
with 2.4 1 h~! emitters one meter apart; thus, every tree was
irrigated with six emitters. In 2013, a new drip irrigation
system was installed with two drip lines per tree row and
41h~! emitters one meter apart along each drip line. Irri-
gation frequency was daily, and water requirements were
calculated as ET, x K_ times the reduction coefficient from
Fereres et al. (2012) and then adjusted depending on the
lysimeter data. If the lysimeter weight decreased with time,
the application rate was increased accordingly. Weather
data were collected using an automated weather station
located over grass, located about 300 m apart from the
orchard.

A large weighing lysimeter was constructed around the
center of the orchard in 2009. The lysimeter consists of a
stainless steel container 3 x 3 m and 2.15 m depth, sup-
ported by four load cells that measure continuously its
weight with an accuracy of 0.5 kg, equivalent to 0.056 mm
of water depth. Data are stored in a datalogger as 5-min
averages and periodically downloaded to a computer.
The complete design and construction of the lysimeter is
described in Lorite et al. (2012). The orchard was planted
in 2009, and one tree was planted in the center of the lysim-
eter container.

As the rest of the orchard, the lysimeter tree was irri-
gated with six emitters of 2.4 1 h~!, located around the trunk
until 2013, when the irrigation in the lysimeter was modi-
fied to install 24, 2 1 h™! emitters placed along four drip
lines all over the lysimeter area. The goal of this change in

the number of emission points was to achieve a wetted soil
surface area that was similar to that of the trees outside the
lysimeter, given that the area of the lysimeter (9 m?) was
less than the area occupied by trees outside. Irrigation in
the lysimeter was applied at night, simultaneously with the
rest of the orchard, and was measured with a water meter.
Weight loss during the daytime was considered equivalent
to tree evapotranspiration (ET).

Regarding pruning, pest and disease control, the lysim-
eter tree was managed in the same fashion as the rest of the
orchard. In addition to the standard fertilization program
followed in the orchard, periodically, additional fertilizers
were applied to the lysimeter to ensure that nutrients were
not limiting tree growth due to the smaller soil volume
explored by the lysimeter tree. Periodically, the lysimeter
surface was covered with plastic to prevent evaporation. A
thin layer of soil was placed on top of the plastic to avoid
modification of the albedo around the tree. The weight loss
during those periods was considered equivalent to tree tran-
spiration (7).

Data collected on rainy days were not considered in the
analysis, and in the case of heavy rains, data from the fol-
lowing days were also discarded.

Tree water status was monitored periodically in 2011,
2012 and 2013 by measuring stem water potential. Four
neutron probe access tubes were installed in the lysimeter
to monitor the soil water content profile. Tree nutritional
status was monitored by leaf analysis once a year in 2012
and 2013.

Sap flow

The transpiration of the lysimeter-grown tree was measured
with a sap flow system device developed and assembled
at the IAS in Cordoba and described in Testi and Villalo-
bos (2009). The system uses the compensation heat pulse
(CHP) method plus the calibrated average gradient (CAG)
technique (Testi and Villalobos 2009); the latter is used
when low sap velocities (lower than 12 cm h™') prevent
the use of the former method or reduce its accuracy. To
measure sap flow velocity, a set of probes and associated
electronics connected to a logger are needed. One set of
probes consists of one linear heater probe and two probes
with four temperature sensors at different depths from the
cambium to characterize the sap flow velocity profile. The
probes were installed at an appropriate depth to measure
sap velocity at 5, 15, 25 and 35 mm depths from the cam-
bium. The heat pulse velocity is calculated by measuring
the time when both temperature sensors are equilibrated.
These values are then converted to sap velocity and are
integrated first along the trunk radius (using the radial
velocity profile curve given by the probe) and then around
the azimuth angle (Green et al. 2003b) to convert them to
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sap flow. A full measurement cycle was performed every
15 min. The resultant sap flow integrated over the measure-
ment period is considered equivalent to the transpiration
of the tree. To account for sap flow azimuthal variability,
previously reported in other species (Lopez-Bernal et al.
2010), the measurement of sap flow transpiration (7;) was
calibrated using T data from the lysimeter. A calibration
coefficient relating daily values of T to the daily values of
lysimeter 7 was obtained for every set of 7 measurements
in the lysimeter.

Tree canopy characterization

Canopy features were obtained by digital images of the
lysimeter tree taken from at least four points of view. Every
picture was scaled to real dimensions according to the refer-
ence length from a marked pole that was located near the
trunk and in the same plane with the trunk as view from
the photographer position. The measuring tool of a special-
ized software (AutoCAD-2012; Autodesk, San Rafael, CA,
USA) was used to obtain tree height and horizontal and ver-
tical radius of the canopy. An average value from the differ-
ent positions of each of two dimensions was then calculated.
The horizontal radii were used to calculate the percentage of
GC in relation to tree spacing, and the canopy volume was
obtained by approximating the tree shape to an ellipsoid.

Plant leaf area was estimated from the analysis of photo-
graphs of the tree shadow. The approach that we developed
is based on the theory of transmittance (), that is, the prob-
ability of an unintercepted beam of radiation traveling from
the beam’s source to the soil surface (Lang 1987).

1(0) = exp (—G(0) - LAD - S(0)) (1)

where 0 is the zenith angle, G(0) is the foliage area pro-
jected perpendicular to the beam direction, LAD is LAD
and S(0) is the path length that the beam had to traverse
through the canopy to reach the soil surface. Taking loga-
rithm of both sides of the Eq. 1:

log 7(8) = —G(0) - LAD - S(8). )

Considering the projection of the canopy divided into
sectors, the LAD of a sector i corresponding to an area on
the plane normal to the beam A,; is:

LAD: — PLA;
TS A )
where PLA is the plant leaf area and is derived from Eq. 4:
Anpi (9)
PLA = -log 7
G©) g Ti 4

when 6 = 1 rad, G = 0.5 (Lang 1987) and then
PLA = —2-A,;(0)(log7;) 5)
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A digital photograph RGB of the tree shadow is taken at
the time of the day when 6 = 1 rad, a time when G = 0.5.
That photograph is then imported to ERDAS-IMAGINE
(HEXAGON Geospatial, Stockholm, Sweden), an image
processing software that allows users to work with pixels as
a matrix of values. Then, a supervised classification of the
image is carried out, by classifying every pixel as light or
shadow. A value of 100 is assigned to light pixels and zero
to shadow pixels. The next step is to degrade the image,
that is, to create new larger pixels, containing a fixed num-
ber of old pixels. The value of the new created pixel is then
the average of the original measured pixel values; there-
fore, it represents the percentage of non-shaded/shaded
area which is equivalent to the transmissivity in that pixel.
In a spreadsheet, the logarithm of the values of the new pix-
els is calculated and then averaged and the PLA calculated
as Eq. 5. Finally, LAD was calculated by dividing plant leaf
area by canopy volume.

For the validation of the method described above to
compute PLA, all the leaves in four trees were collected
and measured with the following procedure: At the begin-
ning of October, before the onset of leaf fall, photographs
of four trees in 2012 and of the lysimeter tree in 2013 were
taken and processed following the approach described
above. Afterwards on the same day, a sample of 200 leaves
from each tree was collected and individual leaf areas were
measured with an electronic area meter (Li-Cor LI-3100),
to obtain the average area per leaf. Then, nets were placed
to wrap the four tree canopies to collect all the leaves as
they fell. At the end of autumn, all leaves from every tree
were collected and weighted. A subsample of 500 leaves
was weighted separately to obtain average leaf weight
for the calculation of the number of leaves from the total
weight. Finally, multiplying the number by the average
leaf area of each tree, tree leaf area was calculated and the
results compared against the values obtained using the pho-
tograph classification approach.

Relation between transpiration and intercepted radiation:
canopy conductance model

The model developed by Mariscal et al. (2000), parameter-
ized for almond trees, was used to derive the diurnally inte-
grated fraction of fIR by the tree canopy. The model inputs
were planting arrangement, row orientation and tree shape.
Besides, the model takes two parameters that are specific
for a given species: LAD (m?> m~%) and the G-function
(Ross 1981). The G-function defines the projection coef-
ficient of unit foliage area on a plane perpendicular to the
beam direction. Our procedure for its calculation in almond
was obtaining the value of G for zero zenith angle (verti-
cal) by measuring the vertical transmissivity with a Plant
Canopy Analizer (model LAI-2000, Li-Cor biosciences,
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Lincoln, USA). In this way, we obtained LAD x G(0°),
and as the value of LAD was known by the measurement
of canopy volume and PLA, G(0°) could be derived. Then
applying the ellipsoidal distribution (Campbell and Nor-
man 1989), the value of G for 90° zenith angle is deduced.
With these boundary values, G for any zenith angle is then
obtained.

For the years 2012 and 2013, daily 7/ET, (K;) was
divided by the calculated fIR; and plotted for both seasons.

The canopy conductance model of Villalobos et al.
(2013) was used to derive transpiration from fRI; and VPD
as follows:

(fRlg/gc = a+b- VPD). (6)

The bulk canopy conductance was calculated inverting
the “imposed” evaporation equation (as in Villalobos et al.
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Fig. 1 Evolution of canopy volume and ground cover during the
experimental years, 2010-2013. Circles indicate days of measure-
ments. Periods without measurements in 2010 and 2011 were drawn
following similar patterns of growth than for 2012 and 2013. Linear
interpolation was used to complete the line between measurements
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Fig. 2 Comparison of directly measured tree leaf area and the tree
plant area estimated by the digital photograph method

2009) from the measured transpiration data. The param-
eters of the model (a and b) were calculated with daily T
data of 2013.

Results
Evolution of tree size

Canopy volume increased from <1 m?® in spring 2010 to
more than 50 m® in autumn 2013 (Fig. 1). Ground cover
increased from 3 % in 2010 to almost 50 % in 2013, when
the branches of adjacent trees within rows were almost in
contact. During the 4 years, tree height increased from 1.5
to 4.8 m.

The comparison between measured tree leaf area and
the value estimated by the photograph method is shown in
Fig. 2. A linear relationship between estimated plant area
and directly measured leaf area was found with good cor-
relation (Fig. 2). When the trees were small, plant area
estimated by the approach of digital image processing was
very similar to the measured leaf area. However, as the
size of the tree becomes bigger and the branch network
increases in size and intercepts more radiation, the values
obtained by the photograph method were higher than the
measured leaf area obtained by collecting all the leaves.

Leaf area density (LAD) measurements are presented in
Fig. 3. In 2012, the first measurement taken at the begin-
ning of May gave a value of 1.0 m?> m~, and as leaf area
increased over time, LAD reached a value of 1.3 m? m~>
in August. In 2013, in spite of the delay in canopy develop-
ment, a similar pattern of LAD evolution was observed, and
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Fig. 3 Evolution of leaf area density, estimated by dividing the plant
area obtained by the method of digital image processing by the can-
opy volume, during the last two experimental years. Circles represent
the measurement days. Dashed line was drawn by field observation
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Fig. 5 Seasonal evolution of lysimeter (black circles) and sap flow
(open circles) measured transpiration coefficient K, for a 2012 and
b 2013

a maximum value of 1.4 m> m~> was reached in August.

The extrapolation before and after the first and final meas-
urement dates of every year (dashed lines) was drawn by
field observation.
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evolution with time, but the absolute values were notably
different, indicating azimuthal variations in sap velocity.
Figure 5 presents the transpiration coefficient (7/ET, or
K;) for 2012 and 2013 when continuous 7" data were col-
lected by sap flow. In spring, K, increases as leaves grow
(Fig. 5b). After complete development of the canopy,
transpiration responds to daily variations in ET,, and K;
remains relatively constant, although there was significant
day-to-day variability in K (Fig. 5). In summer, K reached
maximum values and those maximum values increased
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every year, from values of 0.13 in 2010 up to 0.60 in 2013.
We observed that the stage of constant K extended into the
fall season, and K started to decline only about the end of
October in 2012 and in mid-October of 2013. This stage
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Fig. 6 Evolution of the tree parameters: ground cover percentage
(GC), fraction of intercepted PAR radiation (fRI;) and leaf area den-
sity (LAD) along the season in 2012 and 2013

of decreasing K; in autumn was characterized by a fast
decline in water consumption as the tree defoliated.

Relations between K and fraction of intercepted PAR
radiation

Using the more detailed 7 records in 2012 and 2013, the
relation between K; and IR was examined in detail for the
last 2 years of this work. Figure 6 shows the evolution of
LAD, GC and fraction of intercepted PAR radiation (fIR,)
as a function of time for 2012 and 2013. The initial value
of GC in 2012 was 21 %, and the final value was 35 %. In
2013, the initial and final values of GC were 34 and 49 %.
Thus, from the beginning of the 2012 season till the end of
2013, GC more than doubled, from 21 to 49 %.

The evolution of the calculated fIR; is also shown in
Fig. 6. Two stages of increase in fIR; can be observed:
one associated to increments of GC and LAD and a sec-
ond stage at the end of August where fIR, continued to
increase, even though GC and LAD were almost constant.

Figure 7 shows the time course of the ratio between
the daily transpiration coefficient (K;) and the daily frac-
tion of fIR;. Combined data from 2012 to 2013 are pre-
sented, starting after DOY 140 (mid-May) to DOY 300
(early November). Approximately until the end of Sep-
tember (DOY 270), daily values of the ratio K;/fIR; oscil-
lated around 1.2, indicating a relatively constant relation
between the transpiration and the amount of intercepted
radiation during that period.

In 2013, the ratio K /fIR started decreasing from around
DOY 255, before the drop of K, experienced from DOY
280. In 2012, K did not decrease before DOY 300; how-
ever, a slight decrease occurred in the ratio K;/fIR.

As the development of GC and fIR; was similar during
2012 and 2013, the evolution of the ratio K,/GC (Fig. 8)
was very similar to the evolution of the ratio K /fIRy,
except for the early canopy development period where GC

Fig. 7 Evolution of the ratio 2.0
between daily K and daily 18+
percentage of intercepted PAR
radiation (fIR ) during 2012 1er
(triangles) and 2013 (circles). 14
Values obtained from lysimeter 12+
K are represented in black, and &
; = 101
values obtained from sap flow £
K are represented in white X 08F
06
04r
02}
0.0 L
90 115
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Fig. 8 Evolution of the 2.0
relationship between daily K 1.8 -
and daily percentage of ground i
cover during 2012 (triangles) 16
and 2013 (circles). Values § 1.4 1
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Fig. 9 Ratio of daily intercepted PAR radiation and daily canopy
conductance versus daytime daily vapor pressure deficit in 2013;
n=187

data were collected but no data of LAD and thus of inter-
cepted radiation were available. In both cases (Figs. 7, 8),
the ratios declined gradually during the senescence period
from DOY 270 to 300.

Canopy conductance, intercepted radiation and VPD

The calibration of the model of Villalobos et al. (2013) is
shown in Fig. 9, obtained by plotting the ratio of fIR /g,
against the daytime values of VPD for 2013. A linear

relationship was found with a R? of 0.87, an intercept of
1083 uE mol~! and a slope of 1106 uE mol~! kPa~!.

Discussion

The transpiration of an orchard responds to canopy devel-
opment and to the evaporative demand, quantified as ET,,.

@ Springer

In deciduous orchards, after the tree has completely devel-
oped its foliage, T varies mainly according to ET,, the tran-
spiration coefficient (7/ET,) is expected to change very
slightly and steadily—if there is creation of new leaf area—
until the start of defoliation in autumn (Figs. 5, 6). Since
the beginning of this study, the maximum daily 7 increased
from around 1 mm to more than 4 mm, as the tree canopy
expanded from 3 to 50 % GC, revealing the importance of
adjusting the irrigation amounts of young orchards to tree
size.

The transpiration coefficient is a function of leaf area
and needs to be scaled up as the orchard grows. We pro-
posed the daily fraction of fIR;, as a predictor of the K;
evolution with tree size, following earlier works (Ayars
et al. 2003; Green et al. 2003a; Marsal et al. 2014).

The ratio between daily K; and the corresponding fIR
(K/fIRy) oscillated around the value of 1.2 during all the
irrigation season, from DOY 140 (mid May) to DOY 250
(early September) (Fig. 7). Remarkably, the ratio did not
vary between the two study years, despite the important
changes in tree canopy expansion that went from a GC per-
centage of 21 to 48 %. This result entails that it is possi-
ble to predict the water use of an almond orchard of any
age and canopy size by estimating its fIR,. The measured
ratio between K and fIR; allows the calculation of orchard
water use on a daily basis and seems a useful tool for irri-
gation scheduling in almond during most of the irrigation
season, i.e., before it shows a reduction in the fall (Fig. 7).

After the harvest of 2012 (DOY 237), no change was
detected neither in K nor in its relationship to fRI,. By
contrast, Auzmendi et al. (2011) in apple and Girona
et al. (2011) in apple and pear found that K. diminished
after fruit removal at harvest. In our case, only at the end
of the irrigation season (DOY 250-260) the ratio K, /fIR,
decreased; this behavior occurred not only in 2012 when
K, diminished, but also in 2013 when K, was constant
until DOY 300 (Figs. 5, 7). One reason might be that the
increment in fIR, in autumn, due to the decreased solar
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elevation angle, does not translate into higher tree transpi-
ration because of leaf aging and concomitant low stomatal
conductance. In any case, the decrease in the K;/fIR; ratio
appeared well after harvest August 24, 2012 (DOY 237)
(Fig. 7). Our results are in accordance with Ayars et al.
(2003) and Pereira et al. (2007) who found constant rela-
tionships between transpiration and absorbed energy during
the whole season in peach and in walnut, olive and apple,
respectively. In our case, we did not find any reduction in
water use after fruit removal; this fact could be explained
by the appearance of new carbon sinks; in 2012, when the
trees had very high fruit load, we observed substantially
new shoot growth at the end of August near and after the
date of harvest.

In 2013, from DOY 190 until 235, the ratio K;/fIR,
slightly drops below the 1.2 value. This moment coincides
with the latency period of shoot growth in summer and may
be explained by the low fruit load of 2013, which probably
decreased the transpiration rate of the tree.

According to the ratio K;/fIR; of 1.2 obtained in this
study and assuming that the maximum relative value of fIR
is 85 % (given the need for mechanization, it is not fea-
sible to have 100 % intercepted radiation in most orchard
crops), the maximum K; would be 1.2 x 0.85 or 1.02. This
K value is higher than the 0.85-0.9 value for almond K|
recommended by Allen et al. (1998). Other K values pro-
posed by Girona (2006), Stevens et al. (2012) and Gold-
hamer and Girona (2012) are more in line with the 1.02 K
value obtained in this study. In fact, if we assume an evapo-
ration of about 10-15 % of ET, (common in orchards irri-
gated by microsprinklers, such as the ones used in the two
previously mentioned studies), the agreement between our
results on K and the recently found K, values for almond
orchards is excellent.

Our K;/fIR, ratio is comparable to the parameter K ;. of
the CropSyst model (Stockle et al. 2003). For apple, peach
and pear, Marsal et al. (2014) obtained K. values of 1.5,
which is higher than our findings for almond.

We also found a good relationship between GC and
transpiration (Fig. 8). Although the transpiration responds
physiologically to fIR,;, not to GC, these two variables
are correlated. The stability over time and tree size of the
index K;/GC are similar to that of K;/fIR; (Fig. 8). Ground
cover is much easier to measure than fIR;, and K; may be
conveniently estimated from GC when it is not possible to
measure or estimate fIR; trustfully. However, factors such
as cultivar, LAD or pruning system may affect the rela-
tion between GC and fIRg; thus, the value of 1.2 of the
ratio (Fig. 8) should not be considered fixed among differ-
ent orchards or stable in time after events such as a change
in the canopy architecture due to pruning. Beside this, on
the early canopy development period, the ratio K;/GC
increased as new leaves developed for a similar GC, and

thus, a fixed value should not be used for the entire sea-
son. The results of this study should be useful in making
precise irrigation recommendations for almond orchards,
based on the amount of water transpired by the tree. Evapo-
ration from the soil could be calculated separately using a
model such as the one developed by Bonachela et al. (1999,
2001) that has performed successfully in olive orchards. It
has to be also taken into account that one of the objectives
of irritation of young almond trees is to quickly reach an
adult size, as yields are strongly correlated with the can-
opy volume of the tree. Then, the irrigation recommenda-
tions derived from the methodology proposed in this work
might be exceeded to promote root growth and thus can-
opy growth. The value of the ratio K, /fIR; proposed here
applies only to well-watered trees without diseases.

In the assessment of transpiration based on fIR;, an
alternative approach to the use of a fixed value that we pro-
pose together with ET, is the use of the Penman—Monteith
equation coupled with a canopy conductance model. Using
transpiration data of 2013, we parameterized the bulk can-
opy conductance model of Villalobos et al. (2013) (Eq. 6)
(Fig. 9). The intercept a (Eq. 6) is proportional to the radia-
tion use efficiency, and the value obtained for almond
(a = 1083 uE mol™!) would indicate that it is a specie
more efficient in radiation capture than orange, peach, apri-
cot, apple and pistachio, and less efficient than walnut and
olive (cf. Villalobos et al. 2013). The slope b is related to
the response of the specie to changes in VPD, a high slope
indicates little sensitivity to VPD. The value of b obtained
for almond (b = 1106 uE mol~!) lies in between the high
values of apricot, orange and olive (species very sensitive
to VPD) and the low values of peach, walnut and pistachio,
and very close to the value of apple (Villalobos et al. 2013).

1.3

ter y =-0.52x + 1.52
. R2 = 0.48

11F

10

Relative K/fIRy

09

08F

07 . L .
0.7 0.8 0.9 1.0 1.1 1.2 1.3

Relative ET,

Fig. 10 Pairs of consecutive days when high variability in K /fIR;
was observed were chosen. For each pair of days, relative values were
calculated by dividing daily K;/fIR; and ET, by the average of K,/
fIR,; and ET, of the corresponding pair of data
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In most lysimeter studies, K, fluctuates significantly
from day-to-day, particularly in tree crops (i.e., Girona
et al. 2011), suggesting that ET, responds to daily weather
conditions somewhat differently than ET,. For practical
purposes, the fluctuations are ignored by averaging the K
of several days which may be enough for irrigation sched-
uling. To better understand the causes of the variability in
the values of the daily ratio K;/fIR; shown in Fig. 7, we
studied pairs of consecutive days with high and low K /fIR
values and normalized them against their average value.
The results shown in Fig. 10 indicate a negative correlation
between K /fIR; and ET,. It is likely that the increase in
evaporative demand caused a decrease in almond tree can-
opy conductance (and thus a decrease in 7), while it does
not affect ET,. This is because the FAO Penman—Mon-
teith equation (Allen et al. 1998) uses a hypothetic refer-
ence grass crop with a fixed value of canopy conductance
that does not change with changes in evaporative demand.
However, it is well known that stomatal aperture is sensi-
tive to multiple environmental influences, and thus, canopy
conductance will not be constant (Damour et al. 2010). On
the other hand, the degree of coupling with the atmosphere
of a tree crop is greater than that of a grass crop (Jarvis and
McNaughton 1986), and thus, the canopy conductance of
a tree crop will be more variable with changes in climatic
conditions than that of a grass crop. Then, it is likely that
the decrease in canopy conductance in almond trees on
days of high evaporative demand had decreased K relative
to the lack of response of ET,
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