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A 2-year study was conducted to explore the impact of current and alternative best management prac-
tices (BMPs) of irrigation and fertigation on nitrate (NO3;~) leaching below the root zone. Using a fully
randomized complete block design, three fertigation strategies were compared: current BMP with and
without accounting for NO; ~-N in irrigation-water, and a high frequency fertigation treatment with low-
N concentration applications. Temporal changes in water content, pore water NO3;~ concentrations and

Keywords: soil water potential were monitored within and below the root zone to a soil depth of 3 m at eight sites in
Nitrate . . _ . 1

. an almond and a pistachio orchard. NOs;~ concentrations below the root zone ranged from <1 mgL-! to
Best-management-practice 1 . " . X
Leaching more than 2400 mg L~! (almond), and up to 11,000 (pistachio) mgL-!, with mean concentrations of 326
Fertigation and 4631 mgL-1, respectively. Within the fertigation cycle, fertilizer injection at the end of an irrigation
Flooding event generally resulted in lower NO3 ~ losses below the root zone compared with fertilizer injection mid-

way through the irrigation. Pre-bloom and post-harvest flood irrigation in the almond orchard caused
deep soil wetting and flushing of NO;~ below the root zone, threatening groundwater quality. Statis-
tical analysis using principal component analysis, Chi-squared Automatic Interaction Detector and the
Artificial Neural Network showed that most of the deep soil NO3~ concentration variability could not
be explained by irrigation duration, fertigation timing or local variations in soil physical characteristics.
However, mass balance estimates for water and N indicated the annual orchard average N loss could be
estimated based on eight monitoring sites in spite of the inherent spatial variations in soil properties and
the spatiotemporal variations in water and NO3~ applications. The study indicated that reduction of N
losses at the orchard scale would require alternative fertigation and irrigation practices, including better
control of fertigation amounts and irrigation duration.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nitrate (NO3~) continues to be a major source of nonpoint-
source pollution in agricultural ecosystems. Elevated NO3~
concentrations in groundwater are frequently associated with
leaching from irrigated land, especially in agricultural groundwa-
ter basins where leaching is a major component of recharge to
local groundwater (Bohlke 2002; Green et al., 2008; Botros et al.,
2012; Viers et al., 2012). Nitrogen budgeting has long been used
as a site and crop specific tool to maximize yields, while minimiz-
ing fertilizer use. But best nutrient management practices (BMPs)
generally are neither designed nor tested explicitly for preventing
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groundwater contamination by NO3 ~. BMPs are based on field, plot,
and laboratory studies of N-cycling in the root zone (e.g., Allaire-
Leung et al., 2001). Knowledge of spatial and temporal variability in
NO;3~ concentrations below the root zone at the field scale (poten-
tial leachable NO5~) from such studies is exceedingly limited but
essential to assess the long-term effectiveness of N-fertilizer BMPs
with respect to groundwater protection, using vadose zone field
instrumentation.

Our current understanding of NO3 ~ distribution, fate, and trans-
port below the root zone at the field or orchard scale (>0.10 km?)
is limited by typically prohibitive experimental costs to address
the large degree of spatial variability (Onsoy et al., 2005; Botros
etal.,2012). At the orchard scale, spatial variability in NO3~ concen-
trations is mainly driven by the inherent spatial variability of soil
physical-chemical properties, but also by the spatio-temporal vari-
ability of water and fertilizer applications. These factors contribute
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to highly nonuniform NO3 ~ distribution observed in the subsurface
(Onsoy et al., 2005; Mohannty and Kanwar 1994). A considerable
amount of research has been done to study the N-mass balance
in the root zone (e.g., Stenger et al., 2002; Ilsemann et al., 2001).
But to gain better understanding of orchard N-losses to groundwa-
ter, especially in regions with thick unsaturated zones (>10 m) and
potentially long travel times due to low recharge rates, a need exists
to monitor losses immediately below the effective root zone (usu-
ally below a depth of 1.5 m), rather than in groundwater monitoring
wells. Deep vadose zone studies have used intensive core sampling
(Onsoy et al., 2005; Botros et al., 2012) or 3-D numerical modeling
(Russo et al., 2014, 2013) to study the flow and transport of NO3~
below irrigated orchards. In these studies, field sampling, mass
balance approaches and multi-dimensional flow and transport sim-
ulations highlight the large degree of spatio-temporal variability of
the NO3~ losses to below the root zone, demonstrating the chal-
lenges to accurately estimate field scale leaching losses from deep
soil samples. Results suggest that a large fraction of the soil water
was immobile, while a smaller mobile water fraction was respon-
sible for NO3~ transport.

Since the year 2000, almond and pistachio orchards have dou-
bled in acreage to over half a million hectare (CDFA, 2014) in
California. Driven in part by pollution prevention efforts, but also to
increase yields, nitrogen (N) management in almonds has been the
subject of much research (Lopus et al., 2010; Micke, 1996). Current
BMPs are based on a mass balance approach, where the seasonal
applied N-loads account for yield-estimates and vegetative growth
while assuming 70% N uptake efficiency (Silva et al., 2013; Siddiqui
and Brown, 2013). These BMPs take into account pumped ground-
water (well water) NO3~-N, as equivalent to synthetic fertilizer at
a direct one-to-one ratio. This utilization of groundwater NO3~-
N in the annual N-budget is defined herein as Pump and Fertilize
(P&F). The P&F approach has the potential to reduce N-losses to the
environment, while providing a means for mitigating groundwater
contaminated by NO3~ (King et al., 2012).

To date, BMPs guidelines do not provide recommendations
regarding the timing of fertilizer injections within the irrigation
cycle of a fertigation event (beginning/middle/end of an irriga-
tion), even though it has been shown to affect the N-losses to the
environment (Phogatetal., 2011). Furthermore, alternative fertiga-
tion methods have been suggested including high frequency low-N
concentration (HFLC) fertigation. HFLC of different crops has been
shown to improve yields, while also minimizing water and N-losses
to groundwater (Assouline et al., 2002; Lebese et al., 2014; Silber
et al., 2003).

The objective of this work was to investigate whether N leach-
ing to groundwater can be effectively measured using a toolset
that monitors water and NO3~ fluxes just below the root zone;
and to apply the toolset to three different BMPs in almond and
pistachio orchards. We analyze the spatio-temporal changes in
NO3~ concentrations in both the mobile and immobile soil phases
for commercial almond and pistachio orchards as a basis to
estimate annual N loss to groundwater. We applied principal com-
ponent analysis (PCA), chi-squared automatic interaction detector
(CHAID), and artificial neural networks (ANN) to evaluate the effect
of physical-hydrological parameters on soil NO3~ concentrations
and leaching.

2. Materials and methods
2.1. Study area
The study area is located in Madera County, California, a

few kilometers north of the San-Joaquin River (36°49'15.85”N
120°12'1.20"W, Fig. 1), between the towns of Madera and Fire-

baugh. The site is located in the southcentral portion of the
California Central Valley, a large structural trough filled with sev-
eral thousand meters of older marine and younger continental and
alluvial sediments (Page, 1986). Mostly flat, with minimal topo-
graphic features, the nearly 60,000 km? Central Valley is home to
about 3.5-4 million hectares of irrigated lands. The research sites
are located on the distal alluvial fan of the San Joaquin River. The
two major soil series at the sites are Danube and Cajon sandy loams
which consist of deep, moderately to well drained soils (6-14%
clay, 67-78% sand) that formed in sandy alluvium from dominantly
granitic rocks (SoilWeb, 2015). Duripans (hard-pans) were formed
in the region due to pedogenic silica accumulation and flushing
of fine soil particles (clay and silt). Weathering and pedological
processes created high field scale variability of the degree of cemen-
tation and depth to the hard-pan (Kendrick and Graham, 2004;
Weissmann et al., 2004). The region’s elevation is 50-60 m above
sea level. The climate in the region is Mediterranean, with average
annual high and low temperatures of 24.2°C and 9.2 °C, respec-
tively, and an average annual precipitation of 311 mm that falls
predominantly during the winter season (November-March). The
site is located above a phreatic aquifer, and the depth to the water
table is ~30 m below the land surface (BLS). The main recharge to
the aquifer is the San Joaquin River, but percolation of seasonal rain-
water and leaching of irrigation water from irrigated land also play
a role. The region is intensively cultivated with grapes, almonds
and pistachios. This area is classified by the California Department
of Water Resources as a hydrogeologically vulnerable area (HVA:
CDWR, 2000).

Two commercial nut orchards were chosen to study the move-
ment of NO3~ below the root zone at the orchard scale. The first
orchard was a 16year old, 16 ha (40 acre) almond orchard. Trees
are planted on trapeze-shaped berms (0.9 m (3ft.) wide x 0.2m
high), at intervals of 5.5m (18 ft.) along the berm and with 7.3 m
(24 ft.) driveways between tree rows. The orchard is planted with
Nonpareil and Carmel varieties, on alternating rows. The almond
orchard consists of a total of 55 rows with 73 trees per row. Each
tree is irrigated by one 38-45Lh~! micro-sprinkler (Fan-Jet, Bow-
smith, USA), with a 3.5 m wetting radius (total wetted area: 5 ha,
31% of the orchard). The second orchard is a 12 year old, 16 ha (40
acre) pistachio orchard. Trees are planted without a berm 5.2 m
(17 ft.) apart with 5.8 m (19ft.) driveways between tree rows (69
rows of 73 trees). The orchard was planted with Kerman cultivar
(Pistacia-vera female cultivar). Each pistachio tree was irrigated
with two drip lines of eight 3.8Lh~! drippers, for a wetted area
of 1.8 x 5.2 m (total wetted area: 5 ha, 31% of the orchard).

2.2. Fertilizer applications

Three replicates of each of three different fertigation strategies
were implemented in a fully randomized complete block design.
Each of three blocks consisted of 12 tree rows that extended from
the west edge to the center of the orchard. Three fertigation strate-
gies were tested in each block: (i) advanced grower practice BMP
(AGP)), (ii) Pump and Fertilize (P&F) which is similar to AGP, but
with lower N loads in each fertigation, by accounting for irrigation-
water NO3~-N as 1:1 equivalent to fertilizer-N and, (iii) a high
frequency with low N concentration application (HFLC) that fol-
lowed available N uptake curves and with the same total annual N
load as the P&F treatment (ANUP, 2014). Each fertigation strategy
was implemented in four neighboring rows (Fig. 1). The orchards
were irrigated with locally pumped groundwater containing a
NO3~ concentration of 35mgL-! and were fertigated with UAN32
fertilizer (Urea Ammonium Nitrate solution, 32% N by weight). Fer-
tigation followed best management practices (BMPs) guidelines,
which recommend three to four fertilizer applications during a
growing season (ANM, 2014). The AGP and P&F subplots of the
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Fig. 1. The location of the research site at Madera county California USA and the monitoring setup at the almond and pistachio orchards.
Table 1
Average nitrogen (N) mass balance for each treatment in the almond and pistachio orchards, for the 2014 and 2015 growing seasons.
Almond Pistachio
Kg-N ha!
AGP HFLC P&F AGP HFLC P&F
2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015
Inputs
Fertilizer + groundwater 324 257 324 201 291 201 227 221 207 205 212 205
Compost 45 45 45 45 45 45
Outputs
N-in kernel 133 116 146 118 126 124 54 65 53 72 50 83
N-in wood 28 28 28 28 28 28 28 28 28 28 28 28
Hull and shell 76 66 80 67 76 71 23 32 28 36 23 36
Lost 132 91 114 33 107 23 123 96 97 69 110 58
NUE 0.64 0.70 0.69 0.87 0.68 0.91 0.46 0.57 0.53 0.66 0.48 0.72

almond and the pistachio orchards received 50-112 kg-Nha~! and
48 kg-Nha1, respectively for each fertigation. The HFLC subplots
in the almond and pistachio orchards were fertigated every one
to three weeks and received 9-12 kg-Nha~! for each fertigation.
Total applied N-fertilizer (kg ha~1) for each treatment is presented
in Table 1. Nitrogen use efficiency (NUE) was calculated for each
treatment as the ratio between tree N uptake (N mass in wood, ker-
nel, shell and hull) and N application (N mass in fertilizer, including
organic amendments and groundwater). With this NUE computa-
tion, atmospheric N deposition, atmospheric N losses, N in runoff,
soil N storage changes, and N losses to groundwater make up the
difference between applied and uptake N.

2.3. Monitoring approach and field instrumentation

A grid based soil survey was used to assess the spatial variations
in soil layers for both orchards. For that purpose, sixteen boreholes
were augured between trees to depth of 3.4m using a soil hand
auger (AMS, ID, USA). Over 230 borehole samples were analyzed for
particle size distribution using the hydrometer method (Ashworth
et al., 2001). Rooting depth in each orchard was estimated from
three 3 m deep soil pits. In the almond and the pistachio orchards
most of the roots (>90%) were in the upper 1 m of the profile; few
roots were observed below 1m, visible to a maximum depth of
2.0-2.5m. Accordingly, hereafter we refer to the upper 1 m of the
root system as the ‘effective root zone’.

Porewater samplers (solution samplers) and tensiometers were
built by attaching round bottom tapered neck ceramic cups (2.2 cm
0.D. and 7.0 cm long 1 bar; Soilmoisture Equipment Corp, CA, USA)
to 1.905cm LD. (3/4 in) to a 04, 0.7, 1.0, 1.9, 2.9, 3.0 and 3.1m
long PVC pipes, and attaching a 1.27 cm I.D. (1/2 in), 10cm long
transparent Plexiglas tube to the top. The Plexiglas allowed for real
time monitoring of the water level inside the tensiometers, and
is sealed at the top by a self-sealing rubber septum. For the ten-
siometers, an electronic pressure transducer (part No.26PCAFA6D,
Honeywell, OH, USA) was connected to the top of the Plexiglas pipe.
Flexible (PTFE) electrical spaghetti tubes (0.1 cm L.D.; Cope Plastics,
Inc. IL, USA) were guided to the bottom of each solution sampler,
allowing porewater sampling using a vacuum pump.

Based on the soil survey information and the observed rooting
depth, eight locations were chosen in each orchard for soil layering
characterization (Fig. 2). In February 2014 each of those sites was
instrumented with five 5TE soil moisture sensors (Decagon, WA,
USA), five solution samplers, four tensiometers and a single 3 m
long (5.8 cm 1.D.) (2 in) PVC neutron probe access tube. The 5TEs
and solution samplers were installed at depths of 0.3, 0.6, 0.9, 1.8
and 2.9 m. Tensiometers were installed at depths of 2.8 and 3.0 m,
with two at each depth. All instruments were installed inside a
3.175cm (1-1/4 in) borehole, backfilled with soil slurry and sealed
with bentonite along the top 20 cm of the soil. The shallow solution
samplers (0.3, 0.6,0.9 and 1.8 m) and the 5TEs were installed 10 cm
apartin arow, parallel to and 1 m away from the center of the berm.
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Depth Al-A Al-B Al-C Al-D Al-E Al-F Al-G Al-H Pis-A Pis-B Pis-C Pis-D Pis-E Pis-F Pis-G Pis-H

10 LS LS LS LS LS LS LS LS LS LS LS LS
20 LS LS LS LS LS LS LS LS LS LS LS LS
30 LS LS LS LS LS LS LS LS LS LS LS LS
40 LS LS LS LS LS LS LS LS LS LS LS LS
50 LS LS LS LS LS LS LS LS LS LS
60 LS LS LS LS LS LS LS LS LS LS
70 LS LS LS LS LS LS LS LS LS LS
80 LS LS LS LS LS LS Ls LS LS LS
90 LS LS LS LS LS LS LS LS SiL LS

100 LS LS LS LS LS LS LS LS SiL LS

110 LS LS LS LS LS LS LS SiL LS

120 LS LS LS LS LS LS LS
130 LS LS LS LS LS LS
LS LS CS LS LS LS
LS CcS LS LS LS
LS CcS (&) LS LS
CS (&) LS LS
CS (&) LS LS S
Cs Cs Cs LS LS S
Cs Ccs Cs LS LS S
CS LS CS LS LS S
CS LS (&) LS LS S S
CcS LS CcS LS LS S S
(&) (&) S LS S S
CS CS S S S S
CS CS S S S S
CS CcS S S S S
CS CS S S S S
CcS CS S S S S
CS CS S S S S

Fine sand Sand Coarse sand Loamy sand - Sandy loam
-Loam Silty loam Sandy clay loam EHard pan

Fig. 2. Soil profiles under the sites (trees) monitored in the almond and pistachio orchards.
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The tensiometers were installed 20 cm apart as two couples (2.8
and 3.0m) located 0.9 and 1.1 m away from the center of the berm,
with the deep solution sampler and 5TE (2.9 m) installed between
them. A total of nine additional solution samplers were installed
at a depth of 2.9 m, three in the AGP treatment row, three in the
HFLC treatment row and three in the P&F row (Fig. 1). Porewater
was sampled every 1-2 weeks when wet soil conditions extended
to depth of 3m, and up to 4 weeks apart when the soil at depth
of 3m was dry. Following each fertigation event porewater was
sampled for three consecutive days. To minimize the effect of pore-
water sampling on the adjacent tensiometers readings, porewater
was sampled after applying suction to the solution sampler for
3-12h. Neutron probe (model 503DR, CPN, CA, USA) readings were
taken using 0.3 m depth intervals, every 1-4 weeks. The neutron
probe readings were converted to volumetric water content using
a calibration curve that was determined from 45 undisturbed core
samples (coefficient of determination R% =0.96). Weekly leaching
(L) was calculated based on water mass balance:

L= (Ir +rain) — (ET.) — (AS) (1)

where Ir and rain are the cumulative weekly irrigation and precip-
itation, respectively (cm), ET is the cumulative weekly water loss
through evapotranspiration (cm) and AS is the change in soil water
storage over a week (cm). ET, was estimated based on ET, data from
CaliforniaIrrigation Management Information System (CIMIS 2014)
station 188, which was multiplied by crop coefficients (K.) based
on the work of Goldhamer (2005, 2012).

Mobile water content in the 1.5m-3.0m depth interval was
calculated based on the assumption that the mobile phase is repre-
sented by the N concentrations in the porewater samples (Cyobile)s
and it is associated with the mobile water content (0yopie), While
the total N storage (mobile plus immobile) is represented by soil
extractions. We note that:

ACopite = 4.43E6 x Amp /(V oi1 X Omobite)

Rearranging gives:

Omobile = 0.738 x Amp / ACpgbile (2)

where 6,,,pi is the volumetric mobile water content [—], 4.43E6
is a conversion factor from mg NO3~-N to kg NO3~, ACopile iS
the change in average NO3~ concentration within the soil volume
[mgL-1], Amy is the change in NO3 ~-N mass within the soil volume
[kg N], Vsoi is the soil volume of 1 ha over 0.6 m depth [m3]=6E + 06
[L]1=1 [ha] x 0.6 [m] =6000 [m?3].

All the tensiometers and 5TE sensors were connected to CR1000
(Campbell Scientific, UT, USA) and NeoMote (Metronome Systems
LLC, CA, USA) data loggers. Water content and tension readings
were taken every 15 min throughout the year.

Soil water samples were collected every 4-8 weeks. Irrigation
water was collected in vials connected to drippers along the irri-
gation lines for the AGP, P&F and HFLC treatment rows. All water
samples were stored in polypropylene bottles and kept on ice until
laboratory analysis for NO3—, NH4* and total nitrogen after passing
through a 45-pm glass fiber filter.

Soil samples were collected prior to the beginning of each grow-
ing season (February 2014 and 2015) to determine the total-N
content to a depth of 3 m at 30-50 cm depth intervals. Three loca-
tions were sampled at each treatment (P&F, AGP, HFLC). The soil
samples were extracted with 2M KCI on 1:2 soil to KCl volume
ratio (i.e. 0.02 and 0.04 L, respectively) (Maynard et al., 2008).

All water samples and soil leachates were analyzed for NO3~
concentrations using vanadium(IIl) reduction (Doane and Horwath,
2003); NH4* concentrations as indophenol blue complex using sal-
icylate (Kempers and Kok, 1989) and total-N concentrations using
the persulfate digestion method (APHA 4500-N C) (APHA, 1998).
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Fig. 5. Temporal changes in NO3; ~ concentrations, water content and hydraulic gradient below the root zone at the eight monitoring sites in the almond orchard (Al-A through

Al-H), along with the daily precipitation.

2.4. Statistical analysis of NO3~ concentrations at the 2.9 m soil
depth

Statistical analysis was used to examine the relationship
between the primary soil physical-hydrological parameters, ferti-
gation treatment, and porewater NO3 ~-N concentrations at a depth
of 2.9 m, over 1 m below the effective root zone. Parameters con-
sidered were (i) hard pan depth (HPD, cm), (ii) thickness (HPT, cm),

(iii) and its presence or absence (HP, 0/1), (iv) fertilizer application
timing (FAT: middle (1) or end (0)), (v) time after the most recent
fertigation (TAF, d), (vi) most recent irrigation duration (ID; h), (vii)
occurrence of flooding (FLOOD, 0/1), and (viii) presence of clayey
soil at the 290 cm soil depth (CL, 0/1). For the statistical analysis,
precipitation events were treated as “irrigation” if they exceeded at
least 5 mm and the “irrigation duration” of these events was set to
24 h. The flooding variable (FLOOD) was set to “1” for all measure-
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ments that occurred during (and 30 days after) the October 2014
and January 2015 flood irrigations.

Principal component analysis (PCA) (Pearson, 1901) and Chi-
squared Automatic Interaction Detector (CHAID) (Kass, 1980)
methods were performed using XLSTAT-2015 program (Addinsoft,
2015). PCA was used to assess the strength of the linear rela-
tionships (r — correlation coefficient) between the NO3;~-N
concentrations and the listed soil hydrological parameters. In addi-
tion, the contribution of each of the main parameters to NO3~
variability was analyzed using both PCA and CHAID. In the CHAID
analysis the physico-hydrological parameters (predictor variables)
were used to predict if the NO3~-N concentrations (exploratory
variables) could be split, based on these predictors, to a statistically
significant discrimination of the dependent variable. To decrease
the size of the predictive tree we used the log of the NO3 ~-N concen-
trations and grouped the porewater samples into low (0.01 > 0.5)
intermediate (0.5 > 1.5) and high (1.5 > 2.5) concentrations.

An Artificial Neural Network (ANN) analysis was applied to
evaluate the relationship and sensitivity between NO3~-N concen-
trations from the 2.9 m porewater samples (target output, denoted
as N¢¢) and the same hydrological parameters listed above as input
variables. In total, 380 observations were available for each of
these variables. We used the MATLAB Neural Network toolbox
(MathWorks, 2012), selecting 60% of the NO3~-N concentration
data for ANN training and the remaining 40% for validation pur-
poses. The tested quantities of hidden neurons in the hidden layer
were 10, 20, 30 and 40. Note that the number of parameters in
the ANN increases with the number “n” of neurons in the hidden
layer following a “5n+1” rule, hence the tested ANNs included 51,
101, 151 and 201 parameters, respectively. To evaluate the opti-
mum number of hidden neurons, and to minimize non-uniqueness
and local minima issues, we conducted an optimization stage, run-
ning 1000 ANN optimizations for each of 10-40 hidden neurons,
using independent initial parameter guesses and compositions of
the training dataset. In all cases, ANNs with 40 hidden neurons
resulted in the best median validation performance. Hence, the
remainder of the analysis focused on results from ANNs with 40
neurons.

Since the average prediction of several ANNs can be more accu-
rate than the prediction of any individual ANN included in the
average (Perrone and Cooper, 1993), a bagging method was used
to minimize the root mean squared error (RMSE) of the average
predictions (Breiman, 1996) of the best ANNs, as follows:

—

B
cc bag = EZ (3)

i=1

where N by is the bagged estimator of Nec, N, ; is the i best
individual ANN estimator of N, and B is the total number of best
ANN’s selected for the bagging method (the value of B is set to min-
imize the root mean square error (RMSE) of the bagged estimator;
B was 32 on average in this study). The RMSE is defined as:

M

E cc bagj —

2
RMSE = cc measj) (4)

where Ne¢ measj 1S the j™ measurement of Nec and M is the total
number of N, measurements. Sensitivity analysis was performed
by repeating the same steps once with all the variables and eight
more times after removing one input variable each time. Variables
whose removal resulted in an increase of RMSE can be considered
as most informative on the Nc.

Table 2
Water balance for the orchards.
Almond Pistachio
2013/14 2014/15 2013/14  2014/15
Rain (mm) 102.2¢ 115.6° 102.2° 115.6°
Irrigation (mm) 1122 1200 723 776
Evapotranspiration (ETc) (mm)  1229° 1270° 1052¢ 1092¢

2 Based on data from CIMIS 2014 station 188.
b Using crop coefficients (Kc) from Goldhamer (2012).
¢ Using crop coefficients (Kc) from Goldhamer (2005).

3. Results
3.1. Fertigation

During each growing season, the AGP and P&F subplots were
fertigated three times in the almond orchard and four times in the
pistachio orchard. The HFLC subplots were fertigated twenty times.
In the almond orchard, across treatments, N application amounts
in 2015 were about one-third lower than in 2014 (Table 1). In the
pistachio orchard, N application amounts were nearly the same in
2014 and 2015 (Table 1). In 2014, UAN32 fertilizer was applied
during the middle of a 24-48 h fertigation event, while in 2015
the fertilizer was applied near the end of the irrigation (all treat-
ments). During fertigation events very high NO3~ concentrations
(>11,000mgL-1) were measured in the irrigation water and also
within the effective root zone following fertigations (>880 mgL~1).

3.2. Precipitation and irrigation

The 2014 and 2015 growing seasons began after exception-
ally dry winters (Table 2). From bloom/leafing through pre-harvest
(almond) and harvest (pistachio) the orchards were irrigated
weekly according to the evapotranspiration demand. From August
through mid-September the almond orchard was dried for periods
of 20-25 days to enable harvest. Following harvest (October) and
prior to the awakening of the dormant trees (January), the almond
orchard was flood irrigated to refill the soil profile while the pista-
chio orchard received no post-harvest irrigation in order to dry the
soil profile and prevent winter frost damage to branches (dieback).
Total annual precipitation and evapotranspiration in the almond
and pistachio orchards were nearly identical between the 2013/14
and 2014/2015 growing seasons (Table 2).

3.2.1. Soil water content, matric potential and hydraulic gradient
below the root zone

Deep soil wetting events (>3 m) were observed in the almond
orchard following pre-bloom (January) and post-harvest (October)
flood irrigations, in most of the eight monitoring locations (Fig. 3).
Deep wetting events led to high (less negative) matric potentials
(<—100 mbar) and to negative (downward) hydraulic gradients at
depth of 3m (Fig. 4 and Fig. 5). Under such wet conditions the
unsaturated soil hydraulic conductivity is relatively high, which
may result in significant downward flow. During the early and into
the main growing season (May for almond), the deep soil (>2.0 m)
under the almond orchard dried out, the matric potential decreased
(more negative), the unsaturated hydraulic conductivity became
very small, and the hydraulic gradient below the effective root
zone approached zero, thus preventing potential leaching of NO3~
(Fig. 3-5).

Under the pistachio orchard the soil at depth of 2.8-3.0m
remained dry throughout the monitoring period (Fig. 3) and
the matric potential exceeded the range of our tensiometers
(—650mbar). Hence, the magnitude or the direction of the
hydraulic gradient under the pistachio orchard could not be esti-
mated. Even so, at such dry conditions water fluxes would be
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Table 3

PCA based Correlation between NO3~N concentrations at 2.9 m and different variables.

Variables HP HPD HPT TAF ID Flood CL FAT No. of sites No. of samples
With HP -0.284 -0.115 —0.057 0.123 -0.305 -0.585 0.253 14 324

No HP 0.020 0.191 -0.364 0.454 0.249 3 103

AGP 0.077 -0.102 -0.175 —-0.039 0.096 —-0.282 -0.190 0.228 9 249

HFLC -0.573 0.575 —0.034 0.245 -0.407 -0.124 0.358 4 87

P&F -0.013 0.285 —-0.076 0.022 4 92

All data -0.126 0.001 -0.163 —-0.039 0.132 -0.333 -0.336 0.266 17 427

HP - hard pan; HPD - hard pan depth; HPT - hardpan thickness; TAF - time after fertigation event; ID - irrigation duration; Flood - flood irrigation; CL - clayey soil at 290 cm;

FAT - fertilizer application time (middle/end of irrigation).
Values in bold are different from 0 with a significance level alpha =0.05.

exceedingly small at 2.9 m soil depth due to very low unsaturated
hydraulic conductivities (less than 10-4*md-1).

3.3. Nitrate variability and trends below the root zone

3.3.1. Porewater samples

From February 2014 through November 2015 over a 600 pore-
water samples were collected from the soil profile below the root
zone at depths of 1.8 and 2.9 m across the almond and pistachio
field sites. The NO3~ concentrations below the root zone ranged
from <1 mgL-! to over 2400, and up to 11,000 mgL-1, respectively
(Fig. 6). For the almond and pistachio orchard, the mean NO3~ con-
centration below the root zone was nearly one and two orders of
magnitude, respectively, higher than the drinking water standard
of 45mgL-! (Fig. 6). However, due to the dry soil conditions in the
pistachio orchard throughout the sampling period, only 35 water
samples were collected from 1.8 or 2.9 m, with one-third of all sam-
ples coming from a single site with extremely high concentrations
(>3400 mgL-1 NO3 ™). Hence, we did not statistically compare NO3 ~
concentrations between orchards.

In the almond orchard, post-harvest and winter flood irrigation
events led to observable downward flushing of NO3 ~ to well below
the extended root zone (2.9 m), resulting in much lower NO3~ in
the upper 2.9 m. For most of the porewater monitoring stations the
decrease in the NO3~ concentrations was observed immediately
after these irrigation events (Fig. 5). During the summer of 2014,
a clear increase in NO3~ concentrations was observed at depths of
1.8 m and 2.9 m across many sites, although without a correspond-
ing decrease in water content. In contrast, during the summer of
2015, only small increases in NO3~ concentrations were observed
at the 1.8 and 2.9 m depths (Fig. 5).

Under both AGP and HFLC treatments the average NO3~ concen-
tration at 2015 was significantly lower than in 2014 (397 mgL-!
vs. 265mgL-1, P=0.0001, and 277 mgL-! vs. 14mgL-1, P=0.007,
respectively). In the P&F treatment no difference was observed
between the average NO3~ concentration in 2014 and 2015
(72mgL-1 vs 78 mgL-1!, P=0.33) and during both growing sea-
sons the concentration remained low (Fig. 5 Al-1). However, low
NO3~ concentrations were observed at the P&F sites prior to
the beginning of the monitoring campaign (Fig. 7); hence these
observations cannot be said to represent a significant difference
between treatments. Across treatments, at the orchard scale, the
average porewater concentration in 2014 was higher than in 2015
(251mgL-1vs. 135mgL-!, P<0.00001).

3.3.2. Soil extractions

N mass in soil extractions following the flood irrigation prior to
the beginning of each growing season (February 2014 and 2015)
showed only small changes in the total soil N-stocks between win-
ter 2014 and winter 2015, with NO3~ being the most dominant
N-form (>95%) (Fig. 7). Within the effective root zone (0-1m) the
N stock prior to the beginning of the 2014 and 2015 growing sea-

sons did not significantly change and remained low (7.2 +4.3 and
9.5+3.2kg-Nha~!, respectively; P=0.124) across all treatments.
N-stock in the deeper vadose zone (1-3m) remained high and
did not change significantly between 2014 and 2015 (1724100
and 140+99kg-Nha~1, respectively; P=0.247). The maximum
observed total N storage is on the order of 100 kg Nha~! per 60 cm
depth interval, typically near the deepest sampling point at 2.9 m
(Fig. 7). The largest difference in total N storage below the effective
root zone observed between February 2014 and February 2015 is
50kgNha~! per 60 cm depth interval or smaller.

3.4. Mass balance

3.4.1. Yield

Harvest yields in the almond orchard varied somewhat between
treatments in 2014 (126-146 kg kernel-Nha~1), but were nearly
identical (116-124 kg kernel-Nha~1) in 2015. The P&F treatment
resulted in similar N-uptake in both years (126 vs. 124 kg kernel-
Nha~1), despite the lower N application rate in 2015. The AGP and
HFLC had 13% and 20% lower N yields in 2015, respectively.

In the pistachio orchard harvest N yields were about 50-54 kg
kernel-Nha~1 across treatments in 2014, and increased signifi-
cantly by 20%, 36%, and 66% for AGP, HFLC, and P&F, respectively in
2015 (Table 1). The decrease in the almond yields and the increase
in the pistachio yields in 2015 were in agreement with the alter-
nate bearing trend in the region, and probably did not result from
inter-annual differences in the fertilizer loads.

3.4.2. Water leaching below the root zone

Leaching estimates for the almond orchard, based on water
mass balance, indicate average rates of 10.4 +8.4cmy~!. The max-
imum and the minimum observed leaching fluxes were 24.2 and
1.9cmy~1, respectively. The average leaching from the pistachio
was —30cmy~!; indicating upward flow conditions on most days.
This value is lower bound estimate (most negative) due to the use
of crop coefficients (Kc) that did not account for the drying of the
soil past harvest (Goldhamer, 2005), and the very small unsaturated
hydraulic conductivities at that time.

3.4.3. Nitrogen use efficiency (NUE)

Annual mass balance estimates of the NUE (the ratio of tree N
uptake to N application) showed an average NUE of 75% and 57%
for the almond and the pistachio orchards, respectively, with higher
NUE in 2015 than in 2014 (Table 1). The N stock in the effective root
zone was not accounted for in the calculations since it was very low
and did not change significantly (Section 3.3.2). Higher NUE was
measured across all treatments in 2015 when compared to 2014.
The largest improvement was observed in the HFLC and P&F treat-
ment in both, almonds and pistachios: there, the NUE increased by
about 20%. In the AGP treatment, which had the lowest NUE, the
NUE increased by 6% and 11% for almonds and pistachios, respec-
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Fig. 6. Nitrate (NO3~) concentrations in porewater samples from eight vadose zone
monitoring sites in an almond and pistachio orchard, each sampled during the 2014
and 2015 growing seasons. Large symbols represent average concentrations.

Table 4
RMSE of the bagged estimator predictions in ANN analysis after removal of each
individual input variable.

Removed variable RMSE (NO3~ mgL~1)?

Hard pan thickness 240
Clayey soil at 290 cm 233
Irrigation duration 227
None 224
Flood irrigation 223
Hard pan 222
Hard pan depth 219
Fertilizer application time 219
Time after fertigation 219

2 Variables whose removal induced increased RMSE is the most informative on
the bagged estimator Ne.

tively; thus, the 2015 NUEs for HFLC and P&F are significantly higher
than for the AGP (Table 1).

Average annual N losses to the atmosphere and groundwater
were 83 and 92 kg-N ha~! in the almond and the pistachio orchard,
respectively (across treatments). More specifically, under current
BMPs (represented by AGP), average annual losses were 111 and
110kgNha~! in the almond and pistachio orchard, respectively.
For HFLC and P&F treatments, average annual N losses were much
lower, 69 and 84kg-Nha~! in the almond and pistachio orchard,
respectively.

3.5. Statistical analysis of factors affecting NO3~ concentrations
below the root zone

Correlations between NO3~ concentration in 427 soil solution
samples (collected across the orchards at multiple times at the
2.9m soil depth) and the presence (HP), thickness (HPT, cm) and
depth (HPD, cm) of the hard-pan, sampling times after fertiga-
tion (TAF, 0-40 days), irrigation duration (ID, hours), presence or
absence of a clayey soil layer at the 2.9 m depth (CL, 0/1), fertil-
izer application time (FAT, middle (1) or end (0)), and occurrence
of flooding events (FLOOD) were all very weak using the Principal
Component Analysis (PCA) method (<r=0.34; Table 3). Similarly, in
the Artificial Neural Network (ANN) method RMSE’s were all rela-
tively large (~50 mg-N-NO3~ L~1; Table 4) and in the Chi-squared
Automatic Interaction Detector (CHAID) analysis, five levels of
branching could not identify single variables that could statisti-
cally discriminate the NO3~ concentrations into categories (low
(0.01 >0.5) intermediate (0.5 > 1.5) and high (1.5 > 2.5) concentra-
tions; Supporting information 1 (SI-1)).

The presence of finer soil layer at 2.9 m (CL) was found to be the
largest contributor to the dependence on NO3 ™~ concentration in all
three methods (PCA, r=-0.336, Table 3; ANN RMSE=54.2mgL"!,

Table 4; CHAID first split (branching), SI-1). Flood irrigation had a
strong to moderate impact on the soil NO3~ variability.

4. Discussion
4.1. Nitrate variability and trends below the root zone

It is likely that extremely high concentrations observed at the
pistachio site stems from the differences in the agricultural water
management at both orchards: exceptionally dry winters and the
differences in the irrigation management between orchards led to
minimal deep leaching and the buildup of much higher NO3~ con-
centration below the root zone of the pistachio orchard. Due to the
small number of porewater samples collected from that orchard
(i.e. 35, from 1.8 or 2.9m), further discussion in this subsection
focuses focus on the observations from the almond orchard.

4.1.1. Timing of fertilizer application

Using the frequent ‘snapshot’ porewater sampling method, clear
differences were observed between the NO3~ concentrations bel-
low the effective root zone in 2014 and 2015 (i.e. clear increase
in 2014 and small increases in 2015) (Fig. 5). The latter, plus the
similarity between the porewater NO3~ concentrations at each of
the monitoring locations, especially throughout the 2015 growing
season, indicates that the sampling method managed to capture
the temporal variability in NO3~ concentrations. Accordingly, the
difference in NO3~ concentrations is thought to reflect the tim-
ing of fertilizer application within an irrigation event: in 2014,
UAN32 fertilizer was applied during the middle of a 48 h fertiga-
tion event, while in 2015 the fertilizer was applied near the end
of the irrigation (all treatments). As a result, under both AGP and
HFLC treatments the average NO3;~ concentration below the root
zone in 2015 was significantly lower than in 2014 (397 mgL~!
vs. 265mgL-1, P=0.0001, and 277 mgL-! vs. 14mgL-!, P=0.007,
respectively).

The results are consistent with other studies that have shown
that fertilizer losses are closely related to the timing of fertilizer
application (Morgan et al., 2007; Neilsen et al., 2001; Phogat et al.,
2014; Quinonesetal.,2007). Gardends et al. (2005) showed that fer-
tigation at the beginning/middle of an irrigation cycle under wet
soil conditions tends to increase seasonal nitrate leaching, while
fertigation events at the end of the irrigation cycle reduces the
potential for NO3~ leaching. It is important to note, that under cur-
rent BMPs recommendations for almond orchards (i.e., AGP) most
(66%) of the N-fertilizer application take place early in the growing
season (March-April) when wet soil conditions, downward gradi-
ents, and high unsaturated hydraulic conductivity prevail to soil
depth exceeding 3 m (Fig. 5). Accordingly, it is very likely that most
of the N-losses occur during that time period (March-April). The
positive correlations between porewater NO3~ concentrations and
the time after fertigation (TAF) in the PCA analysis, for all fertigation
treatments (Table 3), corroborates the recommendation to prefer-
ably apply fertilizer towards the end of an irrigation event, as well
as to apply water using high frequency and short duration so as to
maintain the applied fertilizer and water in the root zone (<1 m).

Fig. 5 Al-D, shows an example, where NO3~ concentration at
290 cm increases in the 2015 growing season, even though the fer-
tilizer was applied at the end of all irrigation events. It is possible
that downward gravity flow following fertilizer-N application at
the end of an irrigation event leads to deep fertilizer transport,
mainly due to reduced lateral distribution by capillary movement
(Cote et al., 2003). This may be the case in particular early in the
season when the soil is wet and negative gradient prevails below
the effective root zone (Fig. 4). Once NO3~ moves past the effective
root zone (>1 m), low organic carbon content, low microbial activ-
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Fig. 7. Nitrogen quantities (Kg-Nha~1) in the soil profile under the almond orchard in Madera at February 2014 (full symbols) and February 2015 (hollow symbols). All the
values were normalized to the water content and represent integration of 30-50 cm intervals. The left panel represents sampling sites under the P&F treatment, the middle
panel represents locations under the HFLC treatment and the right panel represents locations under the AGP treatment. The lithological profile at each site is presented at

the right side of each panel.

ity, and minimal root N uptake minimizes the attenuation of NO3~
leaching.

Unlike in early season fertilizer application, late season appli-
cation (May — June) did not lead to a clear increase in the NO3~
concentrations, and only small changes in the NO3 ~ concentrations
are observed throughout the summer of 2014 and 2015. Beginning
in May, when the hydraulic gradients and unsaturated hydraulic
conductivities below the effective root zone become negligibly
small with negligible vertical flow, the water content decreased
drastically without a commensurate increase in NO3~ concen-
trations (e.g., Fig. 5 A1-B, A1-D, A1-E, A1-F, A1-H). This strongly
suggests that the decrease in water content was due to root water
uptake, and perhaps due to limited upward movement of soil water
including its dissolved NO5 . Therefore, the decrease in soil water
content below the effective root zone during the summer does not
concentrate the NO3 ~ that remains in solution and possibly extends
the effective root zone via wicking to well below 1 m. An addi-
tional indication that applied fertilizer and water ARE not reaching
the 2.9 m soil depth during most of the growing season (i.e. May
through Oct) comes from the low contribution of TAF to the vari-
ability in the porewater NO3;~ concentrations (Table 3 and Table 4).

The HFLC method (especially when combined with a P&F
approach), which uses frequent short fertigation events, may better
keep water and NO3 ~ preferentially in the effective root zone (<1 m)
especially when irrigating frequently (few times a week) at rates
corresponding to plant uptake needs (Phogat et al., 2011, 2014).
This has significant advantages over conventional Californian prac-
tices where micro-irrigation is applied once a week continuously
for 24-48 h and fertilizer is applied 3-4 times in large loads (AGP).
With an irrigation height of 1000 mm, an NUE of 70%, and N uptake
of about 220kg-Nha~! (almonds) and 110kg-Nha~! (pistachios),
concentrations in fertigation water, if N is applied continuously
with all irrigations (maximum dilution), would be on the order
of 135 and 68 mg NOs;~ L1, respectively. If fertigation is lim-
ited to the last third of the duration of an irrigation event and
to one fifth of all irrigations, the NO3~ concentration of the fer-
tigated water must be increased 15-fold to 2000 and 1000 mg
NO;~ L1 to deliver the same amount of N (http://www.ucanr.org/
sites/Kern22/files/98609.pdf). Indeed, we observe very high NO3~
concentrations observed in the irrigation water during fertigation
(>11,000mgL-1) and also within the effective root zone follow-
ing fertigation (>880mgL-'). These high concentrations possibly
exceed the maximum concentration that can be absorbed by the
tree roots. This may further increase NO3 ~ losses through leaching
to below the effective root zone (Kurtzman et al., 2013; Shapira,
2012), even at times when there is an N deficit in the plant. To the
best of our knowledge, the maximal NO3~ concentration taken up

Table 5
Correlations (factor loadings) between variables and principal components (PC) for
all the data.

PC1 PC2 PC3 PC4 PC5
2Variability (%) 34.6 16.7 124 94 83
NO3~-N -0.368 0.307 -0320 -0.631 -0.170
Hard pan 0.872 0.327 -0.170 -0.132 -0.032
Hard pan depth -0.819 -0328 0.178 0.319 0.034
Hard pan thickness 0.733 0.288 -0.197 0.272 -0.129
Time after fertigation -0.033 0.431 0.758 -0.006 0.119
Irrigation duration -0.123  0.674 0.420 -0.053 0.319
Flood irrigation 0.652 -0.509 0411 -0.212 -0.069
Fertilizer application time -0.559 0.609 -0.362 0.129 0.161
Clayey soil at 290 0.679 0.196 -0.121 0.534 0.022

Note: Bold values represent the variables with the main influence on each principal
component.
2 Represents how much (%) of the initial variability is represented by each PC.

actively or passively by almond and pistachio roots has never been
determined. This supports the paradigm that a transition from flood
irrigation to micro-irrigation has the highest potential to reduce
the risk of groundwater NO5;~ pollution only by adapting to high
frequency fertigation practices, with irrigation water NO3~ closely
matching root NO3~ uptake during the irrigation season (Dzurella
et al., 2015). Further research on tree root uptake potential limited
by NO3~ concentrations in the irrigation water may be helpful to
prevent use of excessive NO3~ concentrations in fertigation.

4.1.2. Field scale nitrogen fluxes

Using PCA, the main and second principal components (PC1 and
PC2, Table 5) could explain at most 50% of the variability in the pore-
water NO3~ data. Similarly, even after four levels of statistically
significant discriminations, the CHAID analysis could not explain
the variability in the data (as suggested by the purity degree in
each node (SI-1)). The PCA suggested that NO3~ loses to the deep
profile decrease when the thickness of the HP increases (r= —0.163;
Table 3). However, itis likely that the cause of the small dependence
between the presence of hard pan (HP) in the subsurface and the
NOs3~ leaching (r=—-0.126; Table 3) comes from field scale variabil-
ity in depth and degree of cementation of the hardpan (Fig. 2), as
also documented by Kendrick and Graham (2004) and Weissmann
et al. (2004). Overall, our statistical analyses show that a large pro-
portion of NO3~ concentration variability could not be explained
by soil characteristics, suggesting additional parameters not con-
sidered in this study, such as water application nonuniformity and
sampling location relative to the emitters (Rolston et al., 1991), as
well as spatial variations in root nutrient and water uptake rates
within and between trees estimated to spatially vary by 5-8% in a
similar almond orchard (Couvreur et al., 2016).
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The statistical analysis suggests that much of the variability can
be treated as “white noise” with average concentrations across sites
being the most meaningful statistic at the plot or field scale. Indeed,
despite the large spatial and temporal variability observed in pore-
water NO3~ concentrations, average porewater concentrations are
consistent with annual N losses obtained from the N mass bal-
ance (83 kgNha~1): when multiplying porewater concentrations,
which average 80 mg NO3;~-NL-! at 2.9 m, with the annual average
recharge rate of 0.1 my~", total annual N in recharge amounts to
80kgNha 1.

4.2. Mobile vs. immobile NO3~

4.2.1. Indications

Both, water and nitrogen mass balances, and the temporal
dynamics of porewater NO3 ~ after fall and winter irrigations (Fig. 5)
indicate significant losses of NO3 ~ to below 3 m, which is below the
uptake zone of tree roots. Yet, N mass in soil extractions following
the flood irrigation prior to the beginning of each growing season
(February 2014 and 2015) showed only small changes in the total
soil N-stocks between winter 2014 and winter 2015 (Fig. 7). Inte-
gration of the NO3~-N stock between 1.5m and 3.0 m (below the
effective rooting zone) indicates a field-average of about 132 kg
NO3~-Nha~!. This is equivalent to more than 55% of the total
annual N amount suggested by current BMP guidelines to sup-
port good commercial crop yields in both the almond and pistachio
orchards. Field observations of rooting depth and density indicate
that most roots (>90%) are located in the upper 1 m of the soil profile
(Koumanov etal.,2006).Itis therefore — at best - unknown and pos-
sibly unlikely that much of the large N pool observed at 1.5 m-3.0 m
depthis plant available. Based on NUE this NO3 ~-N stock represents
about 1.5 years of total N losses (Table 1). Assuming that some of the
computed N losses in Table 1 are to the atmosphere, the measured
pool likely represents 2 or more years of N losses to groundwater.

While soil core extractions in winter 2014 and winter 2015 show
little N variability in time, the NO3~ concentrations observed in the
pore water samplers (suction lysimeters) at the 1.8 m and 2.9m
depth differ generally by several tens mg-L~! to over 500 mgL~!
within the same time period, ranging from less than 100 mgL-! to
well over 1000 mgL-1 (Fig. 5). The differences in nitrogen dynam-
ics between total soil core extraction and soil solution porewater
suggest the presence of two separate NO3~ pools, a mobile and
an immobile NO3~ pool. Soil core extraction includes both the
mobile and immobile soil N pools, whereas the pore water solution
obtained by suction lysimeter includes only the mobile pool.

The much larger variability of the pore water samples (Fig. 5and
6), especially in 2014, when compared to the changes observed
in total N storage (Fig. 7) may have two explanations: First, pore
water NO3~ concentrations represent most of the total N store
and do not change much when averaged (corresponding to Fig. 7)
but are highly variable individually (Fig. 5 are individual samples).
Second, the large range of concentrations observed in Fig. 5 corre-
sponds to an overall small change in soil N store because most of the
132kgNha~! in the soil storage is contained within the immobile
phase.

We tested the first hypothesis by testing whether the average
concentrations at 2.9 m depth are statistically significantly different
between February-March 2014 and February-March 2015, given
the large variability in time. Using t-Test (not shown), results show
that average mass stored in the soil (mobile + immobile) remained
significantly higher than the mass contained in the porewater
(P=0.012 and P=0.008, respectively). These results suggest that
despite the deep wetting following the flood irrigation, a signifi-
cant immobile N pool remains and dominates the total N storage
at 1.5-3.0 m depth after these irrigations.

Additional indication to the presence of mobile and immobile
N-pools came from using Eq. (2). As an upper bound, taking into
account the largest difference observed in total N storage between
February 2014 and February 2015 (Amy=50kgNha~! per 60 cm
depth interval) and the corresponding average change in pore
water concentration (AGCyepie =100mg NO3~ L~1), would reflect
a mobile water content of 37%. This water content is higher than
any measured water content in February and March, which were
measured to range from about 5% to about 30%, with most sam-
ples exceeding 10% (Fig. 5). Alternatively, if average change in pore
water concentrations are assumed to be on the order of 300 mg
NO3~ L~ (also consistent with Fig. 5) representing 10 kg N ha~1 per
60 cm depth interval total average N storage change (consistent
with Fig. 7), the mobile water content is 2.5%, or about one-third to
one-tenth of the total measured water content. The February 2014
to February 2015 changes in pore water NO3~ concentrations and
in total soil N storage therefore suggest mobile pore water is likely
a fraction of the total water content, ranging anywhere from less
than 3% volumetric content to nearly the full water content (less
than 10% to over 20%).

The statistical analysis provided additional indication to the
presence of mobile and immobile N-pools. In the PCA analysis, the
presence of clayey soil layer at the 2.9 m (CL) was negatively corre-
lated to the porewater NO3~ concentrations (Table 3); indicating,
in contrast to the soil extractions (Fig. 7), that the presence of clayey
soil layer at the 2.9 m depth does not restrict NO3~ movement and
does not lead to NO3~ accumulation. Similar to the PCA, and in con-
trast to the soil extractions, CHAID analysis indicated that 83% of the
intermediate (log NO3~-N concentrations 0.5 > 1.5) and 96% of the
low NO3~ concentrations (log NO3~-N concentrations 0.01 > 0.5),
were found in porewater samples taken from locations with clayey
soil at the 2.9 m soil depth (SI-1). It is possible that these nega-
tive correlations resulted to some extent from NO3~ losses due to
denitrification in anaerobic microsites in the clayier soil layer. Yet,
this process was probably limited, as suggested in other studies on
subsurface microbial denitrification activity (Brye et al., 2001).

4.2.2. Implications

If mobile pore water represents nearly all of the total water
content (upper bound) and piston flow conditions dominate, the
effective vertical travel velocity of NO3~ at these sites, under the
conditions shown here for 2014-2015, is less than 1 m per year. This
suggests a half century-long travel time to the water table at 30 m
depth at these sites, under 2014-2015 conditions. NO3~ concen-
trations reaching the water table would be very high at the water
table assuming they remain unchanged from those at 1.5m-2.9m
depth (Fig. 5), absent of significant denitrification in the deeper
vadose zone. However, over the long travel time in the vadose zone,
evenrelatively small denitrification rates (on the order of 3%-5% per
year), if present, have the potential to decrease measured high con-
centrations10 to 20-fold, to below the drinking water limit, before
reaching the water table.

On the other hand, if N storage of 132kgha~! in the 1.5m —
3.0m zone represents mostly immobile N, it likely accumulated
over several years to decades and, in that case, would represent
only a small fraction of the total N losses that have occurred over
the same period, given the above estimates of annual N losses to
below the root zone. The large changes in mobile water N reflects
rapid transport of N in a relatively small fraction of the water vol-
ume, suggesting that much of the annual N losses (Table 1) may
reach the water table within less than a decade, at relatively high
concentration.

The presence of a large N pool below the root zone has practical
consequences: High rainfall or irrigation rates during the winter
may lead to a flushing of the N pool. This may also limit practices to
replenish groundwater in California’s Central Valley by deliberately
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flooding dormant nut orchards with excess stream flow during win-
ter storms, unless sufficiently diluted or unless the pool remains
immobile. All three statistical methods used by us, highlighted the
contamination potential associated with extreme wetting events,
by showing strong to moderate impact of flood irrigation on pore-
water NOs~ variability (Tables 3 and 4, and SI-1).

Differences between solution sampling versus soil extraction
techniques are consistent with Landon et al. (1999) and Baram
et al. (2013). The differences in concentrations between the two
sampling methods there were attributed to most of the applied N-
fertilizer or solutes remaining in the mobile pool, and therefore
more likely to be transported deeper into the vadose zone and
into groundwater. Similarly, deep (15 m) vadose zone NO3~ pro-
files under a flood-irrigated nectarine orchard, were explained by
rapid preferential movement of N in a mobile zone that constitutes
about 3-5% volumetric water content, while total water content
averaged 20% (Botros et al., 2012; Onsoy et al., 2005). Such rapid
mobile flow is likely due to local soil textural and structural differ-
ences that leads to preferential flow, such as by fingering (Hillel,
1998; Vogel et al., 2000), lateral/funneled flow (Walter et al., 2000)
or thereby further preventing the leaching of solutes. Such phe-
nomenons are enhanced typically by field scale variations in degree
of cementation and depth.

For our fall and winter flood irrigations, differences in NO3~
concentrations below the orchards observed between sampling
methods and temporal trends in the pore water samples indicate
that these high volume irrigations do not uniformly flush salts from
the soil profile due to spatially heterogeneous fluxes. Furthermore,
the comparison of pore water NO3~ concentration following two
flood irrigations at the 2.9 m depth in Fig. 5 Al-F shows no flushing
of NO3~, although the wetting front reached the 2.9 m soil depth.
Such observations are in agreement with other experimental stud-
ies on solute transport in the vadose zone after surface flooding
(Amiaz et al., 2011; Dahan et al., 2008). These studies suggest that
wetting fronts do not move through the soil as piston flow during
and after flood irrigation. Significant fractions of dissolved ions such
as salts and NO3~ remain in the soil and are not necessarily trans-
ported deeper in the vadose zone. It remains unclear, whether these
accumulate only over long periods of time or, in fact, represent a
significant fraction of annual solute fluxes.

5. Conclusions

The data presented in this manuscript showed tremendous spa-
tial and temporal variations in deep soil NO3~ concentrations in
almond and pistachio orchards, regardless of irrigation practices.
Yet, using intensive instrumentation data yielded significant results
annual leaching of N at the orchard scale. Comparison of mass bal-
ance estimates for water and N indicated that the annual orchard
average N loss can be estimated based on averaging data from eight
monitoring sites. Results further indicated that soil cores taken
prior to the beginning of the growing season; represent a largely
immobile N pool that is unrelated to actual N losses. In contrast,
porewater samples (suction lysimeters) provide a snapshot of con-
centration profiles immediately below the root zone, where NO3~
is subject to leaching to the water table, at possibly rapid speed and
within a small fraction of the porous media.

Current BMPs for fertigation guidelines caused very high NO3~
concentrations in and below the root zone, likely exceeding max-
imum root NO3~ uptake rates. Statistical analyses of deep soil
NO3~ concentrations showed that knowledge of bulk soil physical
properties and their field variations was not sufficient to charac-
terize orchard-scale leaching. It also indicated that most of the
N loss occurred through preferential flow, measured by porewa-
ter samplers. Preferential flow in turn may limit practices that

might replenish groundwater in California’s Central Valley such as
deliberate flooding of dormant nut orchards with excess stream
flow during winter storms, unless sufficiently diluted. These results
indicate that irrigation water management practices are as criti-
cal as nitrogen application management practices. Implementation
of alternative water and N-fertilizer application methods, such
as HFLC, are required to control NO3~ leaching and to protect
groundwater. Such new practices will need to include knowledge
of optimal root N-uptake rates so that fertigation rates and frequen-
cies can be adjusted to minimize nitrate leaching.
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