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Abstract: In California, a significant percentage of the pistachio acreage is in the San Joaquin Valley on saline
and saline-sodic soils. However, irrigation management practices in commercial pistachio production
are based on water-use information developed nearly two decades ago from experiments conducted in
non-saline orchards sprinkler-irrigated with good quality water. No information is currently available that
quantify the effect of salinity or combined salinity and sodicity on water use of micro-irrigated pistachio
orchards, even though such information would help growers schedule irrigations and control soil salinity
through leaching. To fill this gap, a field research study was conducted in 2016 and 2017 to measure the
actual evapotranspiration (ETa) from commercial pistachio orchards grown on non-saline and saline-sodic
soils in the southern portion of the San Joaquin Valley of California. The study aimed at investigating
the functional relations between soil salinity/sodicity and tree performance, and understanding the
mechanisms regulating water-use reduction under saline and saline-sodic conditions. Pistachio ETa
was measured with the residual of energy balance method using a combination of surface renewal
and eddy covariance equipment. Saline and saline-sodic conditions in the soil adversely affected tree
performance with different intensity. The analysis of field data showed that ETa, light interception by the
tree canopy, and nut yield were highly and linearly related (r2 > 0.9). Moving from non-saline to saline
and saline-sodic conditions, the canopy light interception decreased from 75% (non-saline) to around
50% (saline) and 30% (saline-sodic), and ETa decreased by 32% to 46% relative to the non-saline orchard.
In saline-sodic soils, the nut yield resulted around 50% lower than that of non-saline orchard. A statistical
analysis performed on the correlations between soil physical-chemical parameters and selected tree
performance indicators (ETa, light interception, and nut yield) revealed that the sodium adsorption ratio
(SAR) adversely affected tree performance more than the soil electrical conductivity (ECe). Results suggest
that secondary effects of sodicity (i.e., degradation of soil structure, possibly leading to poor soil aeration
and root hypoxia) might have had a stronger impact on pistachio performance than did salinity in the
long term. The information presented in this paper can help pistachio growers and farm managers better
tailor irrigation water allocation and management to site-specific orchard conditions (e.g., canopy features
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Figure 2 shows an example of the scatter of the H versus H0 data obtained during the entire
2016 season in the non-saline orchard. Alpha calibrations were calculated separately for unstable
conditions (upward fluxes), represented by positive H, and for stable conditions (downward fluxes),
represented by negative H. It is well known that unstable conditions enhance turbulence with respect
to stable ones, so separate calibration is common in literature [41,45,46].

The standard errors were 26 W m�2 for negative and 48 W m�2 for positive H0, which are quite
small. The 30-min H values of the non-saline orchards from surface renewal were adjusted using the
observed correction factor � of 0.95 for the positive values and 0.26 for the negative values. In the
non-saline orchard, the coefficient 1.03 was used to correct the positive H values from SR, and 0.53 to
correct the negative ones [47].
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scanning the light transmitted by the canopy every 0.3 m down the orchards rows and integrating 
segments of 0.4 m across the rows [49]. 
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2.3. PAR Light Interception by the Tree Canopy

During the course of the 2016 and 2017 crop seasons, multiple field surveys were conducted at the
two study orchards to measure the light interception by the tree canopies in the footprint areas of the
ET stations. Specifically, the natural light in the PAR region (400–700 nm) below the canopy (PARb)
was measured during the surveys using a series of AccuPAR LP-80 ceptometers (Decagon Devices,
Inc., Pullman, WA, USA) connected to a datalogger (CR3000, Campbell Scientific, Logan, UT, USA)
and mounted at a height of 0.4 m from the ground level on two side-arm bars of a Kawasaki Mule
utility vehicle or Mobile LightBar (MLB) [48]. Measurements of light interception were taken during
clear skies at solar noon � 1 h. The MLB is normally operated at a speed of about 2.8 m s�1, scanning
the light transmitted by the canopy every 0.3 m down the orchards rows and integrating segments of
0.4 m across the rows [49].

A differential GPS kept track of the MLB scan position within the orchard, and full sun PAR
measurements (PARa) were simultaneously recorded at the ends of each rows. In addition, a data
logger (Hobo U30; Onset Computer, Pocasset, MA, USA) connected to a PAR sensor (S-LIA-M003,
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Onset Computer, Pocasset, MA, USA) was set up to log at 1-min intervals outside of the orchard in an
unobstructed location nearby. The fPAR was then calculated using Equation (3) reported below:

fPAR = 1�
PARb

PARa
. (3)

Measurements were performed on both sides of each ET station including six rows to the east
and six rows to the west. Data were recorded with a datalogger and then analyzed using a custom
program developed in R programming language [50].

2.4. Assessment of Soil Salinity

At both the study orchards, the soil features were surveyed and characterized within the footprint
areas around each ET station, i.e., one footprint area at the non-saline orchard and six footprint areas
in the orchard affected by salinity/sodicity. The footprints measured approximately 200 � 200 m in
size and were centered at each ET station. Surveys of soil-apparent electrical conductivity (ECa) were
conducted in September 2016 using mobile electromagnetic induction (EMI) equipment following
protocols and guidelines developed by the U.S. Salinity Laboratory of the United States Department
of Agriculture (USDA) for field-scale salinity assessment [51–54]. Measurements of ECa were taken
along the irrigation driplines with an EM38 Dual Dipole Electrical Conductivity Meter (Geonics Ltd.,
Mississauga, Ontario, Canada), in the horizontal (EMh) and vertical (EMv) dipole modes to provide
shallow (0 to ~0.75 m) and deep (0 to ~1.5 m) measurements of ECa, respectively.

The ECa measurements were georeferenced with sub-meter accuracy using a Trimble Pro-XRS GPS
system (Trimble, Sunnyvale, CA, USA). At the non-saline orchard, ECa was measured at 686 locations
across 10 parallel transects. At the saline orchard, ECa was measured at 588 locations (18 transects) at
station S1; 629 locations (20 transects) at S2; 833 locations (14 transects) at S3; 839 locations (14 transects) at
S4; 746 locations (20 transects) at S5; and 680 locations (19 transects) at S6. Immediately after each EMI
survey was completed, the spatial variability of ECa data around each ET station was used to identify
12 sampling locations per footprint area using the response surface sampling design (RSSD) algorithm [55]
in ESAP-95 version 2.01 [56]. This is often referred to as “ECa-directed soil sampling” in the literature [54],
and it is based on the repeatedly validated hypothesis that the spatial variability of the ECa measurements
is a proxy for the variability of soil properties influencing the ECa value, such as water content, texture,
and salinity [53]. The RSSD algorithm identifies soil sampling locations for ECe analysis so that the
frequency statistics of ECa are fully represented. Concurrently, the algorithm maximizes the distance
between selected soil sampling locations to avoid (short-scale) spatial autocorrelation.

Soil cores were collected at 0.3 m depth increments down to 1.2 m at each sampling location and
soil samples were sealed in plastic bags. Gravimetric water content (%) was determined on subsamples
from each soil sample. The remaining soil was air-dried and ground to pass through a 2-mm sieve.
Soil was wetted to saturation and saturation percentage (SP, %) was recorded. The water extracted
from the saturated soil paste was analyzed for electrical conductivity (ECe, dS m�1), pH, and sodium
adsorption ratio (SAR).

The methods used for the soil analyses can be found in methods of soil analysis [57–59].
Adjusted SAR (SARadj) and cation ratio of structural Stability (CROSS) were also determined, following
methodologies indicated by Lesch and Suarez, and Sposito et al., respectively [27,60]. SAR has been the
standard for predicting soil permeability hazard, and is defined as the concentration of Na+ divided
by the square root of the averaged Ca2+ and Mg2+ concentrations, all expressed as mmolc L�1 [25].
More recently, the cation ratio of soil structural stability (CROSS) has been suggested as a better
indicator of stability, as it adds the dispersing power of K+ and discounts the flocculating power of
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Mg2+ [61]. Several papers have addressed the CROSS index and a CROSS optimization expression
was suggested as the most reliable [62], which is presented in the Equation (4) below:

CROSSopt=
Na + 0.335K

p
(Ca+ 0.0758Mg)

(4)

In this expression, K+ is added to the numerator where it has about an additional 1 /3 of the
dispersive e� ects as Na+ . Similarly, the �occulating power of Mg 2+ in the denominator is diminished
by over an order of magnitude relative to Ca 2+ . As such, CROSS> SAR for most irrigation waters [ 63].
This more conservative CROSSexpression can be a better predictor of the e� ect of irrigation water
chemistry on soil structure, which adversely a � ect water in�ltration.

2.5. Measurement of Nut Yield and Assessment of Tree Performance

The nut yield was measured at the non-saline and saline /sodic sites during the harvesting
operations, from blocks of trees (south, central, and north) located within the footprint areas of each
ET station (Figure 3), each consisting of 10 female trees. The trees immediately north and south of
the ET station were not harvested to avoid the risks of shake-harvest damaging �eld instrumentation.
The trees were mechanically harvested, and the resulting nuts were collected in bins and weighed.

Figure 3. Schematic representation of the selected blocks of 10 female trees where nut yield was
measured within the footprint areas of ET stations.

A composite index named relative performance reduction (RPR) was developed and used to
quantify the decline of tree performance resulting from relative decreases in ET, nut yield, and fPAR
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