A. Project Information:

Report type: Final Report

FREP grant number: 19-0968

Time covered by the grant period: 01/01/2020 — 12/31/2024

Project title: Irrigation and Nitrogen Management, Monitoring, and Assessment to
Improve Nut Production While Minimizing Nitrate Leaching to Groundwater

Project leaders: Thomas Harter!, Patrick Brown?, Isaya Kisekka'
'UC Davis Department of Land Air and Water Resources
2UC Davis Department of Plant Sciences

B. Abstract:

This project provides a comprehensive assessment of groundwater nitrate impact from
a promising best management practice, High Frequency Low Concentration fertigation
(HFLC). The project evaluates HFLC and compares three monitoring approaches to
assess nitrate impact to groundwater: (1) Groundwater monitoring, the regulatory gold
standard to assess pollution sources. Groundwater sampling is performed at 20
monitoring wells (screened at 7-14 m below ground surface). (2) Vadose zone
monitoring provides early feedback on potential groundwater nitrate discharge but can
be labor-intensive. Vadose zone monitoring is performed at 7 multi-level sites (0-3m
depth) where soil moisture, nitrate, and ammonium fluxes are measured. (3) The NUE
or nitrogen balance is a tool familiar to growers under the ILRP but its relationship to
actual groundwater nitrate discharge is not well understood. Field monitoring data are
collected to calculate water and nitrate (N) mass balance, as employed by the ILRP and
enhanced with on-site measurement equipment (flow-meter, ET-station). The study
makes important findings for growers, for consultants, and for regulatory agencies and
the public:

Key Results for Growers: HFLC has shown promising results during the seven-year
span of this project (2018-2024). On average, reported NUE has increased by 18% and
kernel yields have increased by 15% when compared to the previous five years of pre-
HFLC orchard management. Residual N mass in the first 60 cm of the orchard soils and
pore-water nitrate concentrations in the vadose zone (measured to a depth of 280 cm)
have both shown decreases following the switch to more efficient nutrient management.

Key Results to Environmental Consultants: Numerical models suggest that although
nitrate concentrations quickly decrease in the shallow vadose zone, there will be an up
to 30-year delay between the start of HFLC and an observable decrease in groundwater
nitrate concentrations at this site. This delay is caused by the long transport time that
nitrogen experiences between surface application and recharge at the water table, as
well as slow movement of groundwater flow. Our unsaturated zone models suggest that
this transport time can be between 5 and 15 years, depending on soil types (i.e. water



and nitrate-N move slower in clayey soils than in sandy ones). Computer simulations of
the orchard’s vadose zone and groundwater, calibrated to our extensive data set,
suggest that lower irrigation- and nitrogen-efficient young orchard management may be
the largest contributor to the highly spatially distributed groundwater N concentrations
measured in the monitoring wells and throughout the vadose zone soils. Other causes
of the large variability in groundwater nitrate may stem from block-scale non-uniformity
of fertilizer and irrigation application, but less so from the highly heterogenous local
geology. Calibration of the computer simulation models was most aided by vadose zone
water content measurements to 10 ft, which was key to properly determine the amount
of recharge and, hence, the proper dilution of residual nitrate mass in the leachate to
measured concentrations in the vadose zone and in groundwater (legacy leaching).
Properly determining recharge rates also reduces the uncertainty about travel time in
the deep vadose zone and affects groundwater flow.

Key Results to Regulatory Agencies and the Public: Importantly, with respect to
groundwater quality control, monitoring and assessment, this study makes the following
key findings: First, nitrate concentrations in first-encountered groundwater across an
orchard farm are highly variable, ranging over an order of magnitude, which has
implications for the design and proper application of groundwater monitoring networks.
Second, spatially averaged nitrate concentration across the farm (orchard), at first
encountered groundwater, are consistent with the NUE, i.e., with field/orchard/farm
scale nitrate losses estimated from N mass balance, with proper recharge estimates.
And, third, nitrate transport in the unsaturated zone, under efficient irrigation
management, in California climates, and/or in drought years with regularly less than
about 300 mm of annual precipitation may be subject to exceedingly long (years to
decades) travel time due to the small amount of recharge.

C. Introduction:

Agriculture is a significant source of nitrate in groundwater in the Central Valley (CV)
and is associated with leaching of fertilizers but also leaching of manure from confined
animal facilities. During the past decade, millions of acres of croplands in the CV have
been converted to orchards. Orchard crops have high nutrient demands; for example,
almonds require approximately 150-200 Ib/acre (170-225 kg/ha) nitrogen (N) annually
and have replaced crops with lower nutrient requirements (i.e. alfalfa, cotton). Following
this trend, the continued degradation of rural groundwater supplies is likely without
intervention. The Irrigated Lands Regulatory Program (IRLP) developed by the Regional
Water Boards (RWB) charges growers and their agricultural coalitions with
implementing N management plans that are protective of groundwater quality by
improving N use efficiency (NUE) and reducing N leaching to groundwater.

Previous research at the plot scale shows that high frequency low concentration (HFLC)
fertigation can improve production through inducing higher NUE, potentially reducing
impacts to groundwater. This project assesses commercial orchard farm-scale
implementation of HFLC at a 143 acre (58 ha) almond orchard near Modesto,



California. Measurements collected at the orchard span the root zone as well as include
direct measurements of groundwater quality immediately underneath the orchard via a
series of twenty monitoring wells. On-site measurements are used to develop vadose
zone and groundwater models which assess drivers of trends in shallow groundwater
quality and the long-term nitrate impacts of HFLC (Appendix L, Figure L1).

In May of 2022, we implemented a month-long pilot Agricultural Managed Recharge
(AgMAR) experiment in a portion of the farm, where the orchard had been removed.
With the existing array of vadose zone and groundwater quality sensors, along with the
fertigation records collected from the farmer, we were able to leverage our past
knowledge of the site to improve our understanding of how AQMAR affects groundwater
nitrate concentrations. In future work, data collected during the AQMAR will be used in
our existing computational models to assess the long-term water quality impacts of
these kind of flooding events.

D. Objectives:

Objective #: 1

1.1 Continued to adaptively manage and adjust the High Frequency Low
Concentration (HFLC) fertigation practice in a 58-ha (143 acre) commercial almond
orchard.

1.2 Determine the corresponding land surface annual water and nitrogen fluxes into
and out of the orchard (irrigation, fertigation, ET, harvest nitrogen) at the orchard
scale, at measurement standards meeting and exceeding requirements for the
Nutrient Management Plans required under Central Valley Regional Water Board
(CV-RWB) Ilrrigated Lands Regulatory Program (ILRP).

Objective #: 2

Measure and assess the water (recharge) and nitrate (NOs-) flux and its spatiotemporal
variability within and immediately below the root zone. Assess the need and potential
options for installing a new vadose zone monitoring network. Continued development
of an online data viewing application to help see trends in our collected data and
assist with our understanding of the orchard.

Objective #: 3

Determine groundwater quality impacts and their spatiotemporal dynamics using a
high-density groundwater monitoring well network and assess nitrate discharge from
the orchard to groundwater using hydrogeologic and groundwater quality information.
Investigate the use of Agricultural Managed Recharge (AgMAR) at the orchard to
reduce groundwater N concentrations.

Objective #: 4

Assess relationship between measured water and nitrogen mass balance; measured
vadose zone water and nitrogen fluxes, and measured groundwater quality (nitrate
concentration) through development of a vadose zone - crop model, a groundwater
model, and an integrated groundwater-vadose zone-crop model; apply models to
evaluate scaled-up regional application of HFLC as potential new BMP capable of
minimizing nitrate leaching to groundwater and improve groundwater quality at the
regional scale.

Objective #: 5

Inform and discuss interim and final findings with grower-collaborator, ILRP
agricultural coalition representatives, nut and other commodity grower
representatives, and orchard growers; provide technical advice and findings to
regulatory agency personnel, other ILRP stakeholders (e.g., environmental justice
NGOs).




E. Methods:
Objective #1:

At the start of each growing season, we collaborated with the grower to adjust fertilizer
application rates based on both the grower’s yield predictions and our calculations for
optimal nitrogen input. The total fertilizer amount was then distributed across as many
applications as possible to maintain HFLC management. The grower’s final fertilization
plan was determined through a two-step process: an initial harvest estimate in March,
following bloom, and a refined estimate in late April, after fruit set and plant tissue
analysis. This approach combined formal plant nitrogen content analysis with the
grower’s experience and intuition regarding potential almond yield for the season.
Additionally, the grower participated in semi-annual to annual meetings with the
research team, ensuring they remained informed on project findings and gained insights
on optimizing nitrogen application to minimize leaching to groundwater.

Water Mass Balance

Daily water mass balance calculations were conducted for each orchard block using the
following equation:

R=P-ETa+IR+AS

where:
e Ris the estimated groundwater recharge,
e P is precipitation,
e |Ris total irrigation, measured by the grower using a flow meter,
e ETais actual evapotranspiration, and
e AS represents changes in soil moisture storage.

For the first six years of the project (2018 through growing season 2023), actual ET was
estimated using the Cal-ETa model (Paul et al., 2018). In the final year (growing season
2024), we analyzed the uncertainty in these estimates by comparing Cal-ETa to
alternative ET estimation methods. These included:

e OpenET (satellite-based, remotely sensed ETa),
¢ An eddy-covariance flux tower installed at the orchard, and
e The grower’s irrigation management system (Ranch Systems).

This comparison allowed us to evaluate how uncertainty in ET estimates influenced the
overall water balance calculations and affected predictions from the numerical models.

Nitrogen Mass Balance

Daily nitrogen mass balance calculations were performed for each orchard block using
the following equation:



NLosses = (Napplied) + (Ndeposition) + (Nmineralization) - (Nuptake) - (Ndenitrification) where:

e N-applied is the total nitrogen added through fertilizer,

e N-deposition accounts for atmospheric nitrogen deposition, which in the Central
Valley typically ranges from 4.5 to 9 Ib/ac/year (5 to 10 kg N/hal/year) but was set
to 18 Ib N/ac/year (20 kg N/ha/year) in this study due to nearby dairy operations
(Harter et al., 2017)

¢ N-mineralization represents nitrogen released from soil organic matter,

e N-uptake is based on harvested kernel weights reported by the grower,
calculated as:

(Kernel Weight [Ib/ac])x68/1000 + 40 Ib/ac (Brown et al., 2020, Muhammad et al., 2015)
where 40 Ib/ac (45 kg N/ha) accounts for annual tree growth, and

¢ N-denitrification accounts for 5% of applied nitrogen, removed from the system
due to microbial denitrification.

We also measured, in each harvest season during the project period, the N-uptake
directly by determining N content of kernel, shell, hull, and trash from representative
sub-samples taken from harvest hauling trucks. This provided an alternative value to
the kernel weight formula.

The annual nitrogen mass balance calculations provided a comprehensive assessment
of nitrogen dynamics within the orchard, allowing us to evaluate the effectiveness of
HFLC fertigation in reducing nitrate leaching. The calculations, with the kernel formula,
are effectively identical to the method used by growers to comply with the Irrigated
Lands Regulatory Program (ILRP) Nutrient Management Plan (NMP) requirements.

Objective #2:

Root zone monitoring was conducted at seven vadose zone monitoring stations
randomly distributed throughout the orchard. All stations are located approximately 2 ft
(60 cm) off the center of the tree-row, equidistant from the two adjacent trees, if
possible, but always within the wetting circle of one or two micro-sprinkler or micro-drip
emitters, approximately half-way between the center and the edge of the wetting circle.
Each station was equipped with:

e Four tensiometers installed at depths of 110 in and 118 in (280 cm and 300 cm),
continuously logging data every 15 minutes via a datalogger. These provided
information about the quantity and direction of water flux in the deep vadose
zone. However, due to issues arising from the tensiometers drying out, large
amounts of noise in the resulting datasets, and uncertainty in soil hydraulic
parameters, this data was not used in the analysis found in this report.



e Five pore water samplers placed at depths of approximately 1 ft, 2ft, 3 ft, 6 ft, and
9 ft (precisely at 30 cm, 60 cm, 90 cm, 180 cm, and 280 cm) to record vadose
zone N concentrations.

e Access tube to 10 ft used for manual water content measurements at the same
five depths using a neutron probe tool.

Pore-water samples (pore water sampled N-concentration and neutron probe water
content) were collected approximately every two weeks during the growing season, and
approximately monthly in the winter months. These data were used to assess real-time
field conditions in response to HFLC fertigation and aided in calibrating numerical
models.

Twice annually, before and after the growing season, soil samples were taken from 0O ft
— 11t (0 cm — 30 cm) and from 1ft — 2 ft (30 cm — 60 cm), at 9 random locations in each
of the five orchard blocks within the orchard farm and composited into 3 samples at
each depth, for analysis of soil nitrate and ammonia.

All collected data were accessed by the team and the grower through an interactive
data portal. This dashboard has improved communication and collaboration among
project members by providing a centralized platform for data visualization and analysis.

Objective #3:
Groundwater Sampling Methods

Groundwater monitoring wells were sampled twice quarterly, beginning immediately
after construction in April 2017, to assess groundwater depth, nitrate concentrations,
and overall water quality. The following parameters were measured at each sampling
event:

e Groundwater depth

¢ Nitrate concentrations

e Water quality indicators, including pH, electrical conductivity (EC), redox
potential, and temperature

A total of 20 groundwater monitoring wells were distributed throughout the orchard to
capture spatial variability in nitrate concentrations. Sampling followed standardized
procedures to ensure consistency in data collection over time.

AgMAR Implementation Methods

In May 2022, an Agricultural Managed Aquifer Recharge (AgMAR) trial was conducted
in the northeastern orchard block of the farm, after removal and recycling of trees. The
recharge event involved flooding three 0.17 acre (0.07 ha) recharge basins at the
orchard farm for a period of 29 days, applying approximately 30 ft (9 m) of water in each
basin.



Following the AQMAR event, groundwater samples were collected from the wells
directly downgradient from the flooded area to assess changes in nitrate concentrations.
The monitoring schedule remained consistent with the established groundwater
sampling protocol, ensuring long-term tracking of nitrate dynamics in response to
AgMAR implementation.

Objective #4:
Vadose Zone Model Development and Calibration

To simulate water and nitrate fluxes through the unsaturated zone, we developed
HYDRUS1D models for the orchard, utilizing soil texture information from 20 soil cores
collected during groundwater monitoring well installation in 2017. Each core was
simulated independently, resulting in 20 separate modes.

The boundary conditions for the simulations were assigned based on:

e Precipitation data from the nearest two weather stations and from one spatially
interpolated online weather service product.

e Evapotranspiration data from the nearest CIMIS station using the crop coefficient
developed for almonds by University of California, from OpenET™, from an on-
site ET tower (in 2024).

e |Irrigation records provided by the grower.

o Fertilizer application records, including the switch to HFLC fertigation in 2018.

Using (and repeating) climate, irrigation, and nutrient management data from 2013 to

2017 (pre-HFLC) and from 2018 - 2022 (with HFLC), the models were run over a 142-
year simulation period (1957-2099) to evaluate both historical (pre-HFLC up to 2017)
and long-term future nitrogen loading dynamics (with HFLC since 2018).

During the most recent reporting period, additional calibration was performed using
measured vadose zone data collected at the orchard since 2018. Calibration included:

Soil moisture content data from neutron probe measurements.

Pore-water nitrate concentrations from vadose zone samplers.

Optimization of hydraulic flow and root uptake parameters using the Parameter
Estimation and Simulation Tool (PEST), an industry standard nonlinear
parameter estimation software

This calibration process refined the models to better capture water and nitrate transport
through the vadose zone and improved the understanding of spatial variability in nitrate
loading to groundwater.



Groundwater Model Development

A 3D MODFLOW-based groundwater flow model was constructed to simulate the
movement of water and nitrate within the unconfined aquifer beneath the orchard. The
model domain spans approximately 1 mile by 0.7 miles (1.5 km by 1 km),
encompassing the entire orchard and upgradient areas. The model extends to a depth
of 130 ft (40 m), terminating at the Corcoran Clay confining layer.

Key components of the groundwater model include:

e Flow simulation using MODFLOW, incorporating transient boundary conditions
based on measured groundwater elevations.

e Contaminant transport modeling with MT3D, allowing for simulation of nitrate
migration.

e Groundwater age and particle tracking using MODPATH, to assess source
areas, travel times and long-term nitrate trends.

e Geologic heterogeneity representation using T-ProGS, a transition probability-
based stochastic modeling approach for alluvial sediment distribution.

e The hydraulic conductivity distribution was calibrated against flux estimates from
the MERSTAN regional groundwater model developed by the USGS (Phillips et
al., 2015). Recharge and nitrate flux inputs to the groundwater model were
derived from the calibrated HYDRUS1D vadose zone models, ensuring
consistency between surface and subsurface processes.

The hydraulic conductivity distribution was calibrated against flux estimates from

the MERSTAN regional groundwater model developed by the USGS (Phillips et al.,
2015). Recharge and nitrate flux inputs to the groundwater model were derived from the
calibrated HYDRUS1D vadose zone models, ensuring consistency between surface
and subsurface processes.

AgMAR Integration into Vadose Zone and Groundwater Models

The groundwater model was further adapted to incorporate the AQMAR recharge event
that occurred in May 2022. This involved:

e Simulating a 29-day flooding event over recharge basins in the northeastern
orchard block.

e Integrating measured groundwater nitrate concentrations from the three nearest
monitoring wells to validate model predictions.

¢ Running scenario-based AQMAR simulations to evaluate long-term nitrate
dilution potential.

Additional AQMAR scenario simulations were conducted to assess the impact of varying
infiltration volumes on groundwater quality. The model was used to determine the
threshold at which applied water dilutes nitrate concentrations rather than mobilizing



stored nitrogen, helping refine recommendations for future AQMAR applications. This
work is in progress and will be completed as part of the follow-on project.
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F. Data/Results:

Groundwater Nitrate Trends at the Study Site
Long-Term Trends in Groundwater Nitrate Concentrations

Groundwater nitrate concentrations at the orchard have shown a consistent increasing
trend since monitoring began in 2017. The median concentration has risen from
approximately 20 mg/L NOs-N to 40 mg/L NOs-N in 2024, with an average annual
increase of ~3 mg/L per year (Figure 1). Despite improved nitrogen management under
High-Frequency Low-Concentration (HFLC) fertigation, groundwater nitrate
concentrations have continued to rise due to historical nitrogen loading, long vadose
zone travel times, and the slow movement of existing nitrate contamination in
groundwater. Temporarily higher concentrations of nitrate were associated with young
orchards (less than 5 years old), which averaged 39 mg N/L, while average nitrate
concentrations in groundwater associated with mature orchards averaged 26 mg N/L
(Appendix L Figure L2).
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Boxplot of NO3-N Concentrations from all Monitoring Wells
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Figure 1: Groundwater nitrate-N measured in the shallow groundwater monitoring well network. For each sampling date, the
box represents the 25th and 75th percentile, the horizontal line represents the median, the whiskers represent the 5th and 95th
percentile.

Measuring and Modeling NUE Under HFLC Fertigation: Linking Mass Balance and
Modeled Leaching

HFLC fertigation was implemented to improve NUE by aligning nitrogen applications
more closely with tree demand. Throughout the project, nitrate leaching was assessed
using both direct field measurements and numerical modeling, allowing for a
comprehensive evaluation of HFLC impacts on nitrogen fate and transport.

Orchard farm annual yields in 2013-2017, prior to HFLC, averaged 2190 Ib/ac of kernels
(149 Ib N/ac, 167 kg N/ha). Average yield from 2018 to 2022 (with HFLC, period used
for vadose zone and groundwater simulations) increased to 2460 Ib/ac of kernels (167
Ib N/ac, 187 kg N/ha). For the entire 2018 to 2024 period, average yields with HFLC
increased slightly less to 2320 Ib/ac of kernels (158 Ib N/ac). Over the period of record
(2013-2024), farm average yields (not including young orchard blocks) exceeded 2,500
Ib/ac (2,800 kg/ha) of kernels in 2018 and 2020 but were as low as 1,800 Ib/ac (2000
kg/ha) of kernels in 2019 and 2023.

Prior to HFLC implementation (2013-2017), the orchard had an average reported NUE
of 74%, with total nitrogen applications averaging 222 Ib-N ac™ yr™' (249 kg-N ha™ yr™).
Following the transition to HFLC, reported NUE increased to 92%, while total applied
nitrogen was reduced to 168 Ib-N ac™ yr™* (188 kg-N ha™ yr™") without impacting yield
(data exclude young orchards). For the period from 2018-2022 (HFLC period of the
simulation model), measured N fertilizer applications with HFLC averaged 189 Ib-N ac™
yr* (212 kg-N ha™ yr™") with a measured NUE of 86%. Modeled results aligned closely
with these measured trends, with simulated NUE increasing from 76% (pre-HFLC,
2013-2017) to 84% (with HFLC, 2018-2022). Note that the average NUE in 2022 —
2024 was higher than in 2018-2021, hence the different averages for 2018-2022 and for
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2018-2024. Annual orchard block details for N inputs and outputs for 2013 to 2024 can
be found in Appendix Table L1.

Improvements in NUE were reflected in measured reductions in soil nitrogen storage
and nitrate concentrations in the vadose zone. Post-harvest total soil nitrogen in the
upper 60 cm of orchard soils declined from approximately 100 Ib N/ac (112 kg N/ha)
pre-HFLC to approximately 20 Ib N/ac (22 kg N/ha), indicating a significant reduction (p-
value < 0.01) in residual nitrogen available for leaching. Additionally, average pore-
water nitrate concentrations in the shallow vadose zone showed a statistically significant
(p-value < 0.05) downward trend from 2018 to 2024. Both results are consistent with the
nitrogen mass balance above in that nitrogen losses (and therefore leaching
concentrations) decreased under HFLC fertigation (Figures 2, 3).

Mass of Nitrogen in Soil Samples: 0cm-60cm
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Figure 2 Mass of inorganic soil nitrogen in the upper two feet (60 cm), measured in soil core samples taken immediately before
and after the growing season in February and November of most years. From each of five orchard blocks, nine locations are
sampled and composited into three samples per block. Shown are mean and standard deviation of composite samples across all

blocks.

Vadose zone and groundwater modeling results reinforced these findings, providing a
broader view of nitrate transport and groundwater quality response to HFLC fertigation.
Vadose zone model simulations showed that nitrate concentrations leaching from the
root zone to the water table decreased substantially following HFLC adoption. Prior to
HFLC, modeled nitrate concentrations at the water table peaked at 47 mg/L NOs-N, but
under HFLC, these values declined to an average of 26 mg/L NO3-N, representing a
45% reduction in nitrate loading over approximately 10 years (Figure 4). This decrease
was driven by both improved NUE and reduced fertilizer application rates, leading to
lower nitrate mass available for leaching.
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Figure 3: Vadose zone soil solution nitrate, measured in the suction lysimeter network from 0 — 60 cm (seven vadose zone
monitoring stations).
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Figure 4: Mean and range of simulated nitrate-N concentration in recharge at the water table, 20 ft below ground surface (mean
over twenty simulated locations within the orchard, one at each monitoring well site, honoring the observed stratigraphy) under
pre-2018 management practices and with HFLC from 2018 onward. Measured concentrations in shallow groundwater
monitoring wells are shown for 2017 — 2024 (total range, 5" and 95™ percentile, mean). Simulated results for recharge nitrate
are taken from the calibrated vadose zone model (Version 2024, Jordan et al., 2024). The calibrated vadose zone model assumed
no nitrate in the vadose zone in 1960 and assumed pre-HFLC water and nitrogen management (as measured by the grower in
2013-2017) over the entire pre-2018 simulation period. Results show that it takes approximately 5 years for the mean nitrate in
recharge at the water table to begin to increase and about 10-15 years for the full effect of nitrate losses to be realized in
recharge at the water.
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Figure 5: Left diagram: Conceptual definition of a “source area” of a monitoring well — the specific land area where recharge
originates that eventually reaches a specific monitoring well. Right diagram: Likely source areas of water sampled from the
twenty monitoring wells, estimated by Monte Carlos simulation with the MODFLOW-Modpath groundwater flow and transport
model (recharge rates from the uncalibrated vadose zone model). The uncertainty arises by accounting for the uncertainty of the
specific heterogeneous sedimentary pattern of the aquifer through multiple random realizations of aquifer heterogeneity. All
realizations honor the specific geology determined at the 20 well sites during well drilling and, at the surface, in soil maps
(Gurevich et al., 2021, Haynes et al., 2022)

The groundwater model extended this analysis to predict how these reductions in nitrate
leaching will translate to long-term changes in groundwater quality. The model
confirmed that much of the source area of the monitoring wells lies within the perimeter
of the orchard farm with some monitoring wells being impacted by adjacent roads and
orchards (Figure 5). Results indicate that HFLC fertigation will lead to meaningful
improvements in groundwater nitrate concentrations over time, with measurable
reductions in the upward trend expected to begin over the next decade (Figure 9). As
older nitrate-laden water is gradually replaced by lower-nitrate recharge from HFLC-
managed areas, overall groundwater quality is projected to eventually improve.
However, variability in response is expected, particularly in areas with historically high
nitrate leaching or recent tree replanting, where longer travel times may delay
observable reductions. Despite these localized differences, model results support HFLC
fertigation as a viable solution for reducing agricultural nitrate loading to groundwater,
with both measured and modeled data confirming its effectiveness in improving NUE
and reducing nitrate losses.
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Statistical Relationship Between Applied Nitrogen and Groundwater Nitrate

A statistically significant relationship was observed between mass balance-estimated
leaching prior to implementation of HFLC, and 2018-2022 measured groundwater
nitrate concentrations (p = 0.04, R? = 0.91) at the orchard block scale (Figure X). Blocks
with higher estimated nitrogen leaching (from the mass balance) consistently exhibited
higher groundwater nitrate concentrations, reinforcing the link between fertilizer
application rates and long-term nitrate loading to the aquifer. This trend persisted across
multiple years and climate conditions, demonstrating that orchard nitrogen management
is the primary driver of nitrate concentrations in shallow groundwater.
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Figure 6: Linear regression between average reported leaching and the average measured NO3-N concentrations measured
within each orchard block. NE1 and NE?2 reported N balance was done as a single “NE” block; therefore, they could not be
separated for this analysis. The NW block was not considered due to data quality issues; for pre-HFLC years, the reported NUE
was unrealistically high in this block (>90% on average)

Spatial Variability in Groundwater Nitrate

Nitrate concentrations varied significantly across the orchard, with well concentrations
ranging from non-detect (<2 mg/L NO3-N) to over 100 mg/L NO3-N (Appendix L, Figure
L3). Two key factors were found to influence this spatial variability:

1. Tree Replanting and its Influence on Nitrate Leaching.
Orchard blocks that underwent tree replanting exhibited some of the highest
observed increases in groundwater nitrate concentrations. The SW1 and NE1
blocks showed increases of 52% and 150%, respectively, within two years of
replanting. These effects were not confined to orchard boundaries—wells near
the northwestern boundary exhibited a 53% increase in peak nitrate
concentrations following replanting of a neighboring orchard, as inferred from
satellite imagery. This highlights how management practices beyond the orchard
itself can strongly influence groundwater quality (Appendix L, Figure L2).

2. Variability in Nitrogen Use Efficiency (NUE) Across Orchard Blocks.
Blocks with lower NUE (less efficient nitrogen uptake) exhibited higher nitrate
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leaching rates, resulting in elevated groundwater nitrate concentrations.
Simulations calibrated to measured NUE also demonstrated a strong relationship
between modeled NUE and nitrate leaching, reinforcing the role of nitrogen
uptake efficiency in controlling groundwater contamination.

Nitrogen Mass Balance as a Monitoring Tool

A central component of this study was using a nitrogen mass balance approach to
estimate nitrate leaching losses. While high-resolution groundwater monitoring and
numerical modeling provide detailed insights into nitrate transport, they are not feasible
at every farm. Instead, mass balance methods offer a cost-effective, scalable
alternative for estimating nitrogen leaching at the orchard scale.

To assess the accuracy of the manual mass balance approach, we compared its
predictions to measured groundwater nitrate concentrations and modeled nitrate
leaching rates from the HYDRUS1D models.

The results show that, on average, the mass balance estimates provided a reasonable
approximation of groundwater nitrate trends. In particular:

e Orchard block-scale and orchard farm-scale groundwater nitrate concentrations
aligned with predicted nitrogen leaching from the mass balance.

« Model predictions, which were calibrated with the mass balance calculated NUE,
accurately captured the spatial variability in N leaching across the orchard.

e As was discussed previously, there was a strong correlation between block-level
NUE and groundwater nitrate concentrations, reinforcing that orchard-scale
nitrogen balance estimates are useful for predicting nitrate trends.

o While the mass balance could not capture sub-block scale spatial variability, it
effectively estimated average N leaching rates at the orchard block and orchard
farm scale.

« Reductions in leaching measured by the vadose zone monitoring network (pore-
water N concentrations and soil residual N) aligned with the mass balance
predicted increase in NUE following the switch to HFLC.

These findings suggest that a properly constrained mass balance approach—using
detailed irrigation, fertilization, and crop yield data—can provide a viable method for
estimating N leaching at other agricultural sites.

AgMAR and Groundwater Quality Impacts
Agricultural Managed Aquifer Recharge (AgMAR) was tested at the orchard in May
2022, when the northeastern block was flooded for 29 days, introducing

approximately 900 cm of water into three recharge basins. This provided an opportunity
to assess how managed recharge influences groundwater nitrate concentrations.
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Figure 7: TOP - Nitrate-N concentration in three monitoring wells of the NE block, which was removed after harvest in 2021. In
spring of 2022, an AgMAR (agricultural managed aquifer recharge) pilot experiment was implemented adjacent to each of the
monitoring wells (see detailed site description in Zhou et al., 2023). BOTTOM - Historic Spatial nitrate concentration in the
orchard (left), each black dot represents one of the 20 groundwater monitoring wells. Area circled in red corresponds to the
three wells that were flooded during the AgMAR event (seen in the picture on the right), where a distinct dilution signal can be
seen following the event.
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Nitrate concentrations rapidly decreased in three groundwater wells downgradient of the
recharge basins, showing a strong dilution effect in the aquifer. Two of these wells
remained below their pre-AgMAR levels of nitrate for the remainder of the project
period, however, the third well showed a temporary increase back to its pre-AgMAR
concentration within 1.5 years before again declining (Figure 7).

G. Discussion and Conclusions:

This study evaluated the effectiveness of High-Frequency Low-Concentration (HFLC)
fertigation as a best management practice for reducing nitrate leaching in a commercial
almond orchard. Using extensive field monitoring, nitrogen mass balance assessments,
and calibrated vadose zone and groundwater models, we assessed nitrogen use
efficiency (NUE), nitrate transport in the vadose zone and in shallow groundwater, and
long-term groundwater quality impacts. The results confirm that HFLC fertigation
improves nitrogen management and significantly reduces nitrate leaching. Results also
highlight the long timescales required for these reductions to translate into improved
groundwater quality, even under relatively shallow (20 ft bgs) water table conditions —
many areas of the Central Valley have deeper water table.

The outcome of this work to date informs three audiences of the CDFA Fertilizer
Research and Education program: growers, environmental/agricultural consultants, and
regulatory agencies and the public including domestic well owners and the public water
supply utilities impacted by groundwater nitrate pollutions. We discuss findings of most
importance to these stakeholders separately.

Key Discussion for Growers:

HFLC has shown promising results during the seven-year span of this project (2018-
2024). Lower applied nitrogen and higher NUE has led to measurable decreases in soil
nitrogen storage and pore-water nitrate concentrations, and simulations indicate that
there will be a 45% reduction in nitrate leaching at the water table from the vadose
zone. In the words of the grower “I have felt we have not seen any reduction in yield and
N leaf tissue levels have remained strong despite reducing N rates slightly.”

On average, reported NUE has increased by 18% and kernel yields have increased by
6 -12% when compared to the previous five years of pre-HFLC orchard management.
This efficiency gain was achieved through adaptive nitrogen management tailored to
individual orchard blocks, allowing for a reduction in applied nitrogen from about 220 Ib-
N/aclyr to about 170 Ib-N/ac/yr (~250 kg-N/ha/yr to ~190 kg-N/ha/yr) across all blocks of
varying age, not including young orchards, without compromising yield. Significant
savings in nitrogen fertilizer applications have been achieved, nearly 17.5% (33 Ib
N/ac), on average, between 2018 and 2022 and over 30% (54 Ib N/ac), on average,
between 2018 and 2024. Over the 7 seasons (or 5 season w/o 2023-2024) with HFLC,
on 143 acres and at $0.65/Ib N, this amounts to $5,000 ($3,100) in savings on fertilizer
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cost per year, respectively. Over 10 years, this would far exceed the cost of the
automated fertigation system that was installed to enable HFLC.

For nutrient management, the grower initially estimates season total expected yield from
inspections during blossom, in February, and again at fruit-set, in April, also using
information on orchard age, status, and climate conditions. The grower further monitors
tree nutrient status following the UC Davis Early-Sampling protocol and applies it to
make subsequent in-season nutrient management adjustments for May to July to match
expected yield (Saa et al., 2014).

Key Discussion for Environmental / Agricultural Consultants:

Nitrate N in both the unsaturated zone and in shallow groundwater is highly variable
(Figures 1, 3, Appendix L Figure L3), suggesting that the use of 7 vadose zone
monitoring stations and 20 groundwater monitoring wells across the orchard farm was
needed to characterize farm-scale leaching (Gurevich et al., 2021).

Using the nitrate variability observed at site, we computed the confidence interval of the
mean nitrate in groundwater across the orchard farm (“farm scale” groundwater nitrate)
as a function of the number of monitoring wells randomly placed across the farm. We
found significantly larger uncertainty about farm scale (mean) nitrate when 2 to 5
monitoring wells were used than with 10 monitoring wells or more (Figure 9).

Average nitrate specifically in the sand/gravel core samples of the shallow aquifer,
obtained during monitoring well drilling, was much better correlated with monitoring well
nitrate than nitrate in finer-textured core samples. This confirms that monitoring well
water quality reflects that in the coarsest aquifer sediments with the fastest lateral flow
(ibid.). Importantly, though, the fraction of coarse vs fine sediments in the highly
heterogenous 40 ft core profiles spanning both the unsaturated zone and the shallow
saturated zone had no predictive value of shallow groundwater nitrate. The numerical
simulation models confirm that stratigraphic variability has limited impact on
groundwater nitrate variability (Haynes et al., 2022).
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Numerical models suggest that
although nitrate concentrations
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Spatial variability in groundwater nitrate was primarily driven by block-level differences
in NUE (Figure 6) and cycles of tree replanting (Appendix L, Figures L2, L5), both within
the study site and in neighboring orchards. Blocks with lower NUE exhibited consistently
higher nitrate concentrations, and wells beneath or near recently replanted areas
showed sharp increases in nitrate levels. This is likely due to reduced irrigation
efficiency in young orchards, which mobilized stored nitrogen in the vadose zone. While
soil texture influenced modeled transport rates, it was not a strong predictor of nitrate
concentrations, reinforcing that management practices are the dominant control on
groundwater nitrate variability. These findings emphasize the importance of targeted
nitrogen management, particularly in historically lower-NUE areas and during orchard
replanting, to further minimize nitrate leaching.
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Figure 9: Measured and simulated groundwater nitrate-N concentrations (Version 2022 groundwater flow and transport model using
MODFLOW and MT3D, Haynes et al., 2022), simulating a period from 1989 to 2049. The model, for simplification, assumes no nitrate in
groundwater prior to 1989. The groundwater model is driven by recharge and nitrate concentrations of the uncalibrated vadose zone
model, which simulated the period from 1960 to 2050. The uncalibrated vadose zone model assumes no nitrate in the vadose zone prior to
1960 (Version 2022, insert, upper left). The uncalibrated vadose zone model results indicate that it takes over a decade (after 1970) for
nitrate to begin affecting recharge concentrations at the water table, at 20 ft below ground surface, and about four decades to reach
equilibrium conditions (no increasing trend) at the water table, under pre-HFLC management conditions. Groundwater concentrations do
not reach equilibrium conditions. Rising groundwater nitrate concentrations in monitoring wells begin to slow their upward trend
approximately 10-15 years after the switch to HFLC management (around 2030), but do not begin to decline until after 2050 (Haynes et al.,
2022). Note, that in the uncalibrated vadose zone model (Version 2022), the maximum mean recharge concentration of nitrate-N under pre-
HFLC conditions is nearly twice as high (nearly 80 mg N/L) than in the calibrated model (45 mg N/L,compare insert above to Figure 4).
The uncalibrated version underestimated recharge, leading to significantly longer travel times and higher nitrate concentrations at the
water table than the calibrated vadose zone model. In future work the integrated vadose zone — groundwater model will be updated. Based
on the outcome from the calibrated vadose zone model and the groundwater simulations here, we hypothesize that the measured increasing
trend in groundwater nitrate concentration will begin to significantly flatten and even decline within the next five years, and not reach
mean nitrate concentrations much exceeding current levels (less than 40 mg N/L), especially after discounting effects from neighboring
orchards (Figure 5).
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Other causes of the large variability in groundwater nitrate may stem from block-scale
non-uniformity of fertilizer and irrigation application (young orchard blocks, old orchard
blocks). On the other hand, despite the highly heterogenous local geology, which are
embedded in the simulations, modeling confirms the field observations: the highly
variable vadose zone and groundwater nitrate concentrations may be more driven by
the variability in water and nitrate leaching from the root zone, then sedimentary
heterogeneity within the deeper vadose zone or shallow groundwater.

Calibration of the vadose zone model was critical to match both, observed water content
(Appendix L, Figure L4) and observed nitrate concentrations and variability in the upper
10 ft of the vadose zone (Figure 3). Calibration was most aided by calibration of the
boundary conditions and less so by the calibration of the hydraulic parameters
characterizing the wide range of soil textures from which the models were built.
Regularly measured vadose zone water content measurements to 10 ft allowed us to
properly pick precipitation and ET data defining the top boundary such that seasonal
and inter-annual soil water content variations across the orchard farm were properly
simulated. The uncalibrated model yielded soil moisture conditions that were too dry
throughout the 10 ft profile, restricting ET and not leading to the nearly perfect match of
measured and simulated ET in the calibrated model.

From a discrete set of 9 measured (and equally plausible) precipitation and ET data
series combinations, manual calibration to water content selected the time series with
the highest long-term precipitation and the lowest long-term ET. Importantly, calibrated
recharge values were significantly higher than in the uncalibrated vadose zone model,
although still less than one-half foot per year (Appendix L, Figure L6). With fertilizer
applications fixed as input and further calibration of root nitrate uptake to measured
harvest, residual nitrate mass varied little between uncalibrated and calibrated vadose
zone model. Hence, nitrate concentrations in leachate from the root zone were highly
sensitive to the simulated recharge amounts. Calibration of the precipitation and ET
dataset provided a much better match of simulated to measured vadose zone nitrate
concentrations (relative to the uncalibrated version). Further calibration of soil hydraulic
parameters only slightly improved vadose nitrate predictions obtained with the proper
precipitation and ET dataset.

These results indicate that an important aspect of proper vadose zone modeling is to
reduce the uncertainty about precipitation and ET. Only then can we expect reasonably
accurate predictions of recharge rates, recharge nitrate concentrations, and travel time.
Long-term, frequent (bi-weekly to monthly) water content data to 10 ft depth (here
obtained with a neutron probe) proved critical for the calibration of the model, second
only to measured irrigation volume, fertilizer N and harvest N data.

Key Discussion for Regulatory Agencies and the Public:
Despite the improvements in farm-scale orchard management, groundwater nitrate

concentrations to date have continued to rise due to historical nitrogen loading and long
travel times. Since monitoring began in 2017, the median groundwater nitrate
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concentration across the orchard’s 20 wells has increased from 22 mg/L to 35 mg/L
(Figure 1). This increase comes with a commensurable increase in salinity (to be
analyzed in further detail in a follow-up project), indicating that it is less the outcome of
increased N losses over the pre-HFLC period; but rather the result of increased
irrigation efficiency and/or drought, already during the pre-HFLC period. Groundwater
model results confirm the long-term historic increase in nitrate and suggest that
concentrations will begin to decline within the next decade as the benefits of HFLC
fertigation propagate downward to the water table and into first-encountered
groundwater (upper 20 ft below the water table), where monitoring wells are screened.
The simulations confirm that shallow monitoring well nitrate will be significantly impacted
by the recharge rate, which in turn controls the travel time in the unsaturated zone
(Botros et al., 2012. Figure 9).

Results also highlight the value of nitrogen mass balance tracking as a practical tool for
estimating nitrate leaching at the orchard scale (Figure 6). While detailed groundwater
monitoring and numerical modeling provide valuable insights, mass balance
approaches offer a scalable, cost-effective method for tracking nitrogen losses and
predicting groundwater trends. Integrating block-level NUE assessments, mass balance
tracking, and modified fertigation strategies during orchard replanting could further
reduce nitrate leaching risks.

With respect to groundwater quality control, monitoring and assessment, this study
leads to three key findings:

(A) Nitrate concentrations in first-encountered groundwater across a farm are highly
variable, ranging over an order of magnitude, which has implications for the design and
proper application of groundwater monitoring networks.

(B) Spatially averaged nitrate concentration across the farm (orchard), at first
encountered groundwater, are consistent with the NUE, i.e., with field/orchard/farm
scale nitrate losses estimated from N mass balance, with proper recharge estimates.
(C) Nitrate transport in the unsaturated zone, under efficient irrigation management and
in California climates / drought years with regularly less than about 1 foot (300 mm) of
annual precipitation may be subject to exceedingly long (years to decades) travel time
due to the small amount of recharge.

These findings provide a clearer understanding of how nitrogen management decisions
impact groundwater quality. While HFLC fertigation has made measurable progress in
reducing nitrate leaching, long-term improvements will require continued monitoring,
adaptive management, and refinements to fertigation strategies. This work reinforces
the need for practical, data-driven approaches that balance crop productivity with
groundwater protection.

Finally, preliminary results indicate that managed aquifer recharge can be implemented
not only without increasing nitrate concentrations in groundwater but leading to
substantial long-term (multi-year) reductions in groundwater nitrate concentrations
following the recharge event (here: 30 ft of recharge in one month). Results will be
further evaluated to develop guidance on larger-scale application of AQMAR under
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various common water availability scenarios. For example, applying the results of the
AgMAR study to a scenario with repeated winter AQMAR treatment showed long-term
benefits to groundwater quality (Figure 10).

Average NO3-N Concentrations at Wells 6,7,8 Following AgMAR:
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Figure 10: Scenario modeling of the AgMAR flooding that occurred at the orchard in the summer of 2022. The panel to the left
shows the measured and simulated nitrate concentrations at the three wells directly below the AgMAR basins. The figure to the
right shows the long-term concentrations in those wells out to the year 2100. The 15% and 40% applied water scenarios refer to
applying that fraction of the amount applied in the actual experiment (10 acft/ac) across the entire orchard (1.5 ft and 4 ft). The
green timeseries shows a scenario of flooding 100% of the actual applied water every ten years.

H. Challenges:

Suction lysimeters: The suction lysimeters allow for spatial sampling of pore water at
various depths, which is crucial for monitoring the travel of nitrate deep into the vadose
zone. However, when many locations and depths are involved, it becomes labor-
intensive to install, maintain, apply vacuum, and collect samples. Additionally, given
their distribution in the orchard, they are prone to damage from farm machines during
harvesting. Their installation challenges often limit the depth of investigation. At the
orchard farm, many of the suction lysimeters were frequently too dry during the summer
and early fall to collect samples.

Tensiometers: We deployed water tensiometers with pressure transducers near the
suction lysimeter stations, intending them to provide data to estimate groundwater
recharge by determining water fluxes just below the root zone of the trees.
Unfortunately, we were not able to consistently collect reliable data from them due to
limitations in the representativeness of data from the different sensors. Some
tensiometers dried out during the drier seasons. The stations require periodic cleaning
as algae tends to build up in the columns over time. Like lysimeters, they are also prone
to damage from farm machinery.
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Vadose zone monitoring system: The VMS overcomes the challenge of investigation
depth experienced with suction lysimeters as it was installed with a drilling machine. It's
completely buried underground, protecting it from damage by farm machines and
preventing interference with farm operations. The VMS has six sampling ports at
various depths (40, 60, 240, 360, 480, and 620 cm), all easily accessible from the
control box above ground. However, similar to the suction lysimeters, it still requires
manual application of vacuum and sampling. It is also exceedingly expensive to install
($80,000). While it provides much larger depths of investigation than a typical lysimeter,
the samples are spatially limited to the installation location and represent only one
vadose zone measurement location.

Teros 12 and 21: Going forward, we will evaluate the use of Teros 12 and Teros 21 soil
moisture and tension sensors in the vadose zone at various stations, which will
significantly cut down on the maintenance requirements of the tensiometers and provide
more reliable data. These sensors are also less prone to damage from farm machines
as they can be buried underground, with data accessible via the data logger telemetry
system. However, installing the sensors in a uniform soil or geological layer for
consistent and comparable monitoring results is a challenge due to the heterogeneity of
the orchard's vadose zone.

For all of the field work, close communication between the field monitoring team and the
grower provided the foundation for successful data collection campaign, together with
successful joint long-term planning of this project. Data organization and the use of a
shared online data dashboard system further helped communication between project
team members and the grower.

I. Project Impacts: Use this section to describe the specific ways in which the work,
findings, or products of the project have had an impact during this reporting period.
Describe distinctive contributions, major accomplishments, innovations, successes,
or any change in practice or behavior that has come about as a result of the project.
Describe how data obtained from the project can be used and what further steps will
be needed to make it applicable for growers. This section must explicitly state your
project’s contribution toward advancing the environmentally safe and agronomically
sound use of fertilizing materials.

e This project has successfully demonstrated the multiple benefits of the High
Frequency Low Concentration (HFLC) nutrient management practice is nuts:
yields have been stable or increased, fertilizer inputs have significantly
decreased, and long-term groundwater quality is expected to improve by nearly
50%.

¢ We have provided detailed sedimentological and nitrate distribution description of
the root zone, the deep unsaturated zone from 6 ft to over 20 ft and of the
shallow aquifer to 40 ft depth across the 143-acre orchard farm. The results
provide important, representative insights into the variability of nitrate
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encountered in the subsurface across a single farm and the extent of monitoring
needed to obtain results that are representative at the orchard and farm scale,
informing environmental assessment and regulatory processes.

e The project has established a clear relationship between NUE and groundwater
quality, aided and confirmed by vadose zone and groundwater modeling.

¢ Results of this project are representative of nut orchard farms across the Central
Valley and provide promising management approaches for growers to comply
with nitrate discharge targets set by the Central Valley Irrigated Lands Regulatory
Program (ILRP).

e In collaboration with the Agricultural Water Quality Coalitions of the Central Valley,
this project has become a cornerstone to the Management Practices Evaluation
Program of the ILRP and aided the development of the tools used to set values
and targets for nitrogen emissions to groundwater.

e The project provides timely information and guidance to growers, consultants, as
well as to regulatory agencies, policy makers, and stakeholders affected by poor
groundwater quality.

e Future work will evaluate young orchard management impacts to groundwater
quality, assess the short- and long-term effects of agricultural managed aquifer
recharge on groundwater quality following a pilot study recently implemented in
the orchard.

¢ With successful applications for follow-up project funding by the Almond Board of
California (through early 2026) and FREP (2026-2028), monitoring of
groundwater, the vadose zone, and water and nutrient management practices
will be continued at this site.

J. Outreach Activities Summary:

Over the project reporting period (2020-2024) and in the first half of 2025, the principal
investigator and project team presented about this project or aspects of this project at
76 events, reaching an audience of 3,000 attendees (see Appendix to Section J for
detailed table). This includes three presentations at the Fertilizer Research and
Education Program annual conference, five presentations at the annual Almond Board
Conference, and four field tours of the project orchard near Modesto. The audience
included growers, grower consultants, environmental consultants, extension advisors,
academics, staff members of NGOs, policy and advisory groups, and decision-makers
at the regional, state, and federal levels.
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Diate Activity / Prezentation Eole Event Organization | Event/Afesting | Andience Location Attend
Title Title
22020 | Sustaimable Groundwater  |Imvited Helmhaliz Zentrm Seminar UEZ Lusheck, 30
hlamazement in Zpeaker far Unrweltforschung acacdermics Cremmany
Agriculture: The California UEZ
Mitrate Cass
422010 | W Limitation m the Prazemter | MMlomtersy County Sfaff and ifaff, ag COVID-12 |8
Proposed Az 4.0 for Farm Buremy leadershin leadershipm | Onlme
Zalmas Valley masting Momterey
Coumiy
41372020 | Update on UC Davis Presemter | Sacramento Valley aff Mestinz | Coalition COVID-18 |3
Hrtrate Bodeling Wark for and San Toaguin leaderships Online
ILER Coumty Az Coalition
42072020 | Cwenaew of the WPEAT  |Imvited Canfral Valley Staff mesting Fezulatory COVID-18 |12
Modeling Framework and | Speakoer Fezzional Water Board zgency staff | Onlme
Application Conbegt
4232020 | Dizcuzsion of ILFER Parficipant | Ceniral Vallsy aff hMesting | Regulatory COVID-18 |2
HMutrient Management Blan Ruzgional Water Board zzency staff | onlme
Chatcomes
5282020 | Szommente Valley ILFP  |Participant | Morthem California Technical NCWA staff, [ZCOVID-18 |10
Ag Coalition Fommla TWater Association Advizing conzultamis anline
hzstins
G122020 | Review of Draft Az Order |Presester | Sustaimable Foumdtails NGO seaff, COVID-18 |10
41 Conzervation Masting WERCS staff, |onlme
RED seaff
G82020 [SWATvHYDEUS mthe |Pre:ester | Morthern California SarTamento Copsaltaets, | COVID-18 |12
LEFER Wark TWater Association Valley Water azrcultaral anlme
Chaality representativas
Coalition MEPEF
Workzroup
G12020 | Crveraew of the UC Danviz | Invited Zamiral Valley Horthem Agricalral [ COVID-18 | 30
Honpoeint Source Speaker Rzgional Water Board | Coalitions representatives | onlme
Azzeszment Tool Phase [I[ REEP |, 2G0:,
(MP3AT), It “x Application Work Plan and | regulatory
1o the Central Valley (CV- SWAT Update | zzency
NPSAT) and bow it may fit persomme],
into the MPER conzultmis
T42020 | Az Order 4.0 Pathway 2 Participant | Central Coast Eaff Mestineg | EWE staff COVID-12 | B
Clarification Fezional Water Board anlime
B132020 Using NPSAT azpartof  |Presester  |Morthem Central Groundwater Agriculral | COVID-18 | B
the [LEP LIPEP Valley Water (uality | Protection representative: | anlme
development Coalitions Forenala . aftommeys,
Eriefins copzultanis
102020 | Monpoint sparce pollotion | Tmvited Clemspn Univerzify | Engimesring Snadents, COVID-18 |23
in agricultural lamdzcapes: | Speaker Seminar Semes | faculy anline
Azzesament, monitaring,
regulation, and
manazement
107282020 | Measuring Nitrate Prezemter  |Ferfilizer Research | Anonal COVID-18 |33
Leaching in an Almeond &nd Education Meeting anline
Orchard {co-author, FProgram
presznted by Hanna
Chuzakmin)
1232020 | GNLA-3WAT Mitrate Prazemter | Enwvirommental Workshop Aromeys, COVID-18 |16
Loadnz and Linkage to Formation copzultants, anline
HNPSAT zenculbaral
representatives
12714/2020 | The Food-Water Link and  |Orgamizer | Amenican Geopiryzical | Fall Meeting Sriemtiztz, COVID-18 | 100+
Honpoeint Source Flox Tlmicn 20240 studemts anlime
Tmpact on Groundwater,
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Vadose Zone, and Surface

Water (mality
1222021 | Developing Groundwater  |Presemter | Envirommental Scoping Conzultants COVID-18 (12
Protection Targets with the Formation Mesting | anlme
MNESAT Simulztion
PFlatfonm
20572021 | Developing Groundwater  (Presemter | Epvirommental Scoping Conzultants COVID-18 (12
Protection Targets with the Formation Mesting I anline
MNESAT Simulztion
PMatform
212021 | HPSAT Cverview Prezemter  [ILEP Agricalmral Groundwatsr Aftornevs, COVID-18 |20
Coalitions Protection aericulharal anline
Target Zmall represeniative:
Group Brisfing |, consultamt:
Series
V262021 | Sumenary of the four Prazemter | Sotl Water Armual Mesting, | Academics COVID-18 | 130
Central Valley CEAP Conzervation Socisty | Special Se:sion anline
Projects (24 modeling, af CEAP
Vegetable Aszeszment, Leaders
AsMAFR, Wetlands)
142021 | Orchard Scale Modeling of (Presenter | Groundwater 4" Waztern Conmaltants, | Burbemk, CA (40
Hon-point Source Mitrate Rzsources Azsociation | Grousdwater local state’
Groundwatsr Compress federal azency
Confaminaiton in the persorme],
Cenmal Valley, Califomia policy makers,
(presented by Hanni academics
Haya:)
10032021 | Using Inteprated Models  |Presemter | Califormiz Wateramd | Apmual Meeting | Consultanss, | COVID-18 |40
for Monitoring Environment Forum local state’ anline
federal azency
persommel,
policy makers,
academics
10372021 | Guest Lechare: Monpeint | Iowited Agriculural and AGCT 190 Fmst | First vear Dawis, CA |15
Zmurce Pollution in Speaker Envirommental Year Seminar | zraduate
Agriculmural Lardscapes: Chemizmy Graduate | Courze students
Azzeszment, Blonitormg, Group, UC Davis
Fegulation, and
ement
12162021 | Modeling the impacts of  |Prasester | Amencan Geoplryzical | Apmual Fall Soiemtiztz COVID-18 |30
nonpoint searce mitrate fux Union Mestins anline /
from 2n almond erchard on Iryheid
shallow sromndwater in the
Cenimal Valley, Califomia
{co-author, prezented by
Harmi Haymez)
132027 | Quantifying lonz-tarm Eeynote Europem Union Land Use Water | Fesearchers, | Mazstricht, | 230
regronal groundwater Speaker Chaality 2021 local-regional- | FL
quality benefits fom Conference state-federal
azricultoral practice: SOVEHIMENRT
azency staff,
copzultanis
DI4T02T | Aszeszment of national or | Oither Europeam Union Land Use Water | Fesearchers, | Mazastricht, | 230
regiomal policy & Policies Chaality 2021 local-regional- | FL
for improving water quality Confarencs state-fedaral
Plepary Sezsion Chairs: Zovernment
Thomas Harter (IT5A) & azency staft,
Jermy Deaking (Treland) capzalimis
132022 | Increasing our Other European Tnion Land Use Water | Bezearchers, | Mamsmicht, | 13
understanding of 'systzms Chazlity 2022 local-regianal- | FL
furction Conference state-federal
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Sesgion Chairs: Clawdia ZoVernmEn
Hewdecke (Germarny) & 2zency staff,
Thomas Harter (TI54) capzulimiz
10713/2022 | UC Dawis's Groundwater | Iovited CA&ZES Dean's Office | Dean's Advizory | Ag and TUC Dawis 40
in Agriculbare Program Speaker Coumril anvironemental
leadership in
industry,
acadermia, and
policy
10v13/2022 | Epvironmiental Prezemter | UC Dawis HYD 20l A Craduate TUC Dawis 10
Enforcement honitoring at studeniz
the Food-Water Interface:
hzazuring Fegalatory
Lard Manazemant
Parformance with
Comparative [nfegrated
Hydrologic Sirmlations
[Guest Lachare)
1002672022 | Orchard scale monitarmg | Presenter | Califomia Department | Fartilizer Growers, Wizalia BD
and modeling to aszes: of Food and Fuzsearch capzulianis,
impacts of nitrogen Agriculmrs Education academics,
manasement on almand Program Annuz] | exbension
production and nitrate Conference persomme]
leaching to srommdwater
(presented by Hanni
Haynes)
107172022 | Epvironmental Presemter | UC Dawis HYD20l A Craduate TUC Davis 10
Enforcement hionrtoring at studemiz
the Food-Water Interface:
Mzazuring Fegalatory
Land Manazement
Performance with
Comparative [ntegrated
Hydrologic Sientlations
(Dizcussion Seszion)
117372022 | Are Agriculurz] Practices  |Prezemter  [TTSDA Agricalheal Zanrth West Aradsmics, TUC Davis 1]
Sustamafle? - Water Cemter of Groundwater studentz, CAP
Azzeszing Long-Term Emczllence CAP Armuaal advisory
Fzzional Mesting commities
Groundwater Croality members
BEenefits
11/13/2022 | Modeling the Fuiurs of Inwited UCD Water Fezource: | Fall Semmar Stadents and | UC Dlawis £
Groundwater Mitrate Speaker Engmesring Saries faculty
23 2 Decizion Support Tool
121572022 | Mumerical Modelmg of Prazemter | American Geoplryzical | Armual Resting | Stadents, Chicaga BD
Efficient Mitrate Ulnicm postdocs,
hlamazement and AshAR rezearchers,
Projects to Feduce NiTate faculty
Leacking and Improve
Shallew Groundwater
Chaality af the Orchard
Srale (presented by my
student Spencsr Jordan)
115/2012 | Mitrate Validation for Mon- |Presemter | American Geopiryzical | Annual hMesting | Snadents, Chicaga BD
point Source A:sezzment Ulnicm postdocs,
Tool i the Cenmal Valley, rezearch
Califomia {presented by faculty
my stodent Zhendan Cao)
01/05/2023 | Fhamerical Maodeling of Prezemter | TTSDA W41EE Zpdl Armual Mesting | Stadents, LazsVegas |30
Efficient Milrate Plryzics Wirkzroup postdocs,
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hlanazement to Reduce rezearch
Mitrate Leaching faculty
01/03/2023 | AshAR Effect= on Prezemter  |TTEDA TW412E Epdl Armal Meeting | Snadets, Laz Vegaz |30
Shallow Groundvater Piryzics Workzroup postdocs,
Chaality at the Orchard rezearchers,
Srale (presemted by my facuity
student Spencer Jordan)
5242023 | Mutrate, pesticidas, and Tmwited TCCE Ventura Thalma Hanzen | Copsaltants, | Onlme ]
sustainable gromdwater Speaker Coumty Symposiom enginzers,
quality managsment in “Furure of Water | local, stats,
azriculbaral landscapes: im Agricolhure” | and fedaral
2ZEnCy
persomel,
irrigation and
persommel,
atarmeys,
anvironeental
stakeholders
612022 | Introduction to Trrwited Califormiz Water Maomthly Public, Board | Onlme ETH
Groundwater Monitoring - | Speaker Chaality Bomitoring Mestmz h=mbers
austainable sroundwater Cmmeil
quality managsment
with a focws an agricultural
landscapes
81472023 | Quzmrifying Prazemter |UCCWER Arnmaal Meeting | Academics, Fart Collin:, | B0
Long-Term Begional smudanz, farm | C0
Groundwater Croality adwisors, NGO
Benefits from Apriculiural staff, federal
Practice: agency staff
B0 | Chmtifying Prezemter | Zou Watsr Healthyy Land, | Extenzion Dies Moines, |20
Long-Termm Fegional Conzervation Society | Cleam Water — | 2zents, IA
Groundwater Cruality 78* Armual academics,
Benefits from Good Mestmz studemiz
Agmiculural Practices
B/1072023 | Water quality in AsMAR.  |Participant | Czliformia Department | Water Crualiny zommel Online ]
of Water Fesources Monitoring from
Technical rezulatory
Advizory agzencies,
Camrmittes MiF0s,
academia,
comzultmoies
13%2023 | Comtmopus Fertigation and | Towited Almond Board of The Almeond Gromvers, Sacramento, | 2470
Recharze Promise Speaker Califomia Conference aancultaral CA
Improved Gromdwater copzulianiz
1DT12015 | Aszeszinz Long-term Tmwited Amencan Geoplrysical | Amnual Mesting | Scientistz, Sam B3
Groundwater Croalify Speaker TUlkiom studemts Frameizco
Impacts to Guide CA
Agriculmral Palicy:
Limking Field Fezearch
witth Basin Scale BModeling
12711/2023 | The Food-Water Link and  [Organizer | American Geopinyzical | Anmoal Mesting | Sciemtiztz, Sam 100+
HNonpoint Source Flox Ulmion studemiz Francizca
Impact on Groundwater, CA
Vadose Zone, and Surfaces
Water Cality Poster
12711/2023 | Chozmrifying Uncertainty i (Presester | American Geoplnyzical | Anmoal Mesting | Sciemtiztz, Sam 100+
Evapotranspiration and Ulmion studemiz Framcizco,
Imrigation Estimates Tamg CA
2 Mon-point Sgurce
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Agricaliural Contammant
Tranzport Mode] and a
Dienzely Instromerted
Almond Orchard in the
Canfral Valley, TA
{presented by Spencer

Jordar)

111172023 | Evaluating the Performance | Prasenter | American Geoplryaical | Armual RMesting | Scientiztz, San 10+
of a Deep Vadoszs Zone Tlrdon studemts Francizca,
Monitoring 3vstem using CA
Bromide a: Tracer
{presented by Will Lezmon)

11142023 | The Impact of Vadose Prazemter | Amencan Geoplryaical | Armual Mesting | Scientizts, Sam 104+
Zone Heterozensify an Tlrdon studemts Francizca,
Flow and Contaminant ZA
Transport during
Agriculural Manazed
Aruifer Bechargs: Findms:
from 2n Experimental and
Modalms Smudy (presented
Try Helen Diahlke)

132024 | Field-Scale Mopitoring and |Presester | TTSDA Multiztate Armual Meeting | Sciertistz Las Viegas, |34
Modaling of Mitrate Ruzzearch Group NV
Leaching in an Almond TWH1EE
Orchard — Update

32372024 | Promoting a System-Bazed |Imwited Foundation for Foed | Alizning Global | Mational 51. Louis, 40
Approach to Advancing Speakar and Azncultare Fezzearch leaders from | RIO online
Agriculnral Manazsment: Fazzearch Priorities & the
Raole of Models 23 Towestment groundwater
Moritoring Toals atthe Stratepies for anema,
Food-Gromdwater-Surface Sustaimahls azriculbare,
TWater Meyms Water and watershed

Manazement ERpETES

1072872024 | Irrigation and Mitrogen Tawited Califormia Department | Fartilizer Crronwers, Monterey, 1
Mamazement, Monitoring, | Speakesr of Food and Fezearch & azricutharal CA
and Asgezsment to Impoove Agriculurs Education copzultants,
Hut Production While Program Anrmiz] | Cooperative
Mirimizing Mitrate Masting Extension
Leaching to Gromndwater persorme]

1271172024 | The Food-Water- Orgamizer |Amerncan Geoplryzical | Apmual Mesting | Fesearchers, | Washington,
Ecozyatem Memos: Unicn studemts D
Monpeint Source Pollution
Drymamics, Impacts, and
Mamazement in
Groundwater and Vadoss
Zone Systerns Poster

121172024 | Calibration of a Vadoze Prazemter | Amerncan Geoplryzical | Apmual Mesting | Fesearchers, | Washington,
Zone Crop Dinde] to Ulnion students D
Acoarately Bimuolate
Groundwater Mitrate
Heterozensity and
Leaching Fesponss to an
Agriculural BLP

12112024 | How Leong Will the Presemter | American Geoplryzical | Armual Mesting | Besearchers, | Washinston,
Groundwater Mitrate TUlnicn studemtz Do
Legacy Endare m the
Ceniral Valley, Califomia’
{presented by Zhendan
2o, PhD stadent)

1271172024 | Aszeszing the effect of Prazemter | Amerncan Geoplryzical | Apmual Mesting | Fesearchers, | Washmgton,
irmeaticn and ferfilization Ulricn studemts D.C
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practices on nonpeie: |
spurce nitrate leaching into

zroundwater (prezented by
Falix Ogurminium,
Postdocioszl Fellon)
1302025 | Sustamabls proumdwater Towited Salano County B.CD Armaal Groowers, 22 Dizon, ©4 |51
quality managsment in Speaksr Groundwater comsulianis
zzriculboral landscape: — Workshop
the role of modeling tools
4132025 | Fate of Mitrogen m the Tmwited Almond Board of Production Grrowers, Modesto'onli | 30
Unzaturated Zone and Speaksr Califormia Stewardship azncultaral ne
Groundwater at the Worksroap comsulEmis
Orchard Farm Scale
21225 | Groundwater Cuality and  [Presemter | Ulmiversity of Inroduction to | Consultants, | Onlme 150
Contamination: Tranzport California Dravis and | Groundwater, | enginesrs,
Proceszes, Monitorizz, and UC ANE Waterzheds, and | lscal, state,
Sampling Groundwater and fedaral
Sustamability | 2gemcy
Plarminz — An | persomnel,
Onlme Shart irrization amd
Courze water district
persommel,
attormeys,
environenental
stakeholders
20725 | Groundwater Cuality and  [Presemter | Ulmiversity of Inroduction to | Consultants, | Onlme 150
Contamination: Tranzport Califormia Davis and | Groundwater, | enginesrs,
Proceszes, Momitoring, 2md UC ANE Waterzhads, and | lecal, state,
Sampling Groundwater and federal
Susmability | 2gemcy
Plarminz — An | persommnel,
Onlme Ehart irrization amd
Courze water district
persome,
attormeys,
environenental
stakeholders
552015 | The UCANE. Groundwater |Iovited College of 2025 Collepe External Diavis 120
Extenzion Program — Fole | Speaker Agricalura] and Symposiom callegs
and Impact in California Ervironmental stakehnlders
Sriences and patential
fonders
582025 | Improving orchard Towited Almond Board of ABC Local, state, | Modesto B0
mamazement whils Speaksr Califormia Ervirommental | federal policy
protecting eroumdwater Stewardship makers, EPA
Field Diay at our | Rzgion B
archard field site | leadarzhin,
state 2Zency
leadarz
(CDFA,
SWRCE,
FWWEs,
COEW
5202025 | Monitoring and Modeling | Imvited UC ANE Cooperative | Armual Famm adiizorz | AModesto R0
Water and Mitrata Speaksr Extenzion Walmond Tour
hzmazement in an Orchard
o Support a FRegulatory
Ervironment
Graa0s Maomitoring and Prezenter Land Usa Water Imbernational Arademics, Aarhus, 20
Azzeszment of Nilrogen Chuality Conference Conference Cooperative Dlermark
Leaching in an [meared 2025 Exfension
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Orchard Farm mmder Semi- zzents,
Arnd Climate Zovemment
agency
TEpreseniatyes
4182025 | Monitorieg and Towited Almond Board of ABC Production | Growers, farm | MModeszto 400
Azzeszment of Mitrogsn Speaksr Califormia Fuzsearch advisors, 22
Leaching in an Imgated Sumemit conzulimiz
Orchard Farm ander Semi-
And Climate
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L. Appendices:

Table L1 (next page): Summary of age, acreage, N inputs and outputs, and NUE per orchard block for
each study year. Assumptions for mineralization, atmospheric deposition, and denitrification are
discussed in section E, objective #1. Seasons with newly replanted trees (e.g. NW block growing season
2013) were not included in calculations due to a lack of data of N uptake used to produce fruit in young
trees. From 2018 — 2024, two N uptake values were obtained in each block, one based on grower
reported harvest using the Brown conversion (“Brown”, 68 Ib N per 1000 Ib almonds), and one based on
grower reported harvest using manually collected samples of almond nuts, shells, hulls, and trash
(“measured”). Columns “Avg. NUE” refer to acre-weighted average NUE for the entire orchard.
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NUE per Avg.
Denit- | N Mine- N Atm. | NUE per Avg. Block NUE
Orchard NFert. | NUptake | NUptake N for rifi- rali- | Depo- Block NUE (Mea- (Mea-
Block GS Age | Acres Applied (Brown) | (Measured) Growth ication | zation | sition | (Brown)  (Brown) sured) sured)
NE 2013 12 40 240 214 - 40 12 36 18 0.90 0.79 -
NW 2013 1 25 - - - 30 - 36 18 - -
sSW1 2013 12 25 240 183 - 40 12 36 18 0.80 -
sw2 2013 13 25 240 197 - 40 12 36 18 0.85 -
SE 2013 2 28 95 27 - 55 5 36 18 0.58 -
NE 2014 13 40 257 182 - 40 13 36 18 0.76 0.77 -
NW 2014 2 25 113 60 - 55 6 36 18 0.72 -
sw1 2014 13 25 257 160 - 40 13 36 18 0.68 -
sw2 2014 14 25 257 191 - 40 13 36 18 0.78 -
SE 2014 3 28 190 140 - 65 10 36 18 0.88 -
NE 2015 14 40 220 182 - 40 11 36 18 0.85 0.79 -
NW 2015 3 25 161 127 - 65 8 36 18 0.83 -
sw1 2015 14 25 220 122 - 40 11 36 18 0.83 -
sw2 2015 15 25 220 146 - 40 11 36 18 0.72 -
SE 2015 4 28 176 120 - 55 9 36 18 0.80 -
NE 2016 15 40 270 158 - 40 14 36 18 0.65 0.66 -
NW 2016 4 25 200 133 - 55 10 36 18 0.78 -
sSW1 2016 15 25 270 120 - 40 14 36 18 0.54 -
sw2 2016 @ 16 25 270 140 - 30 14 36 18 0.57 -
SE 2016 5 28 200 140 - 45 10 36 18 0.77 -
NE 2017 16 40 240 154 - 30 12 36 18 0.67 0.68 -
NW 2017 5 25 240 196 - 45 12 36 18 0.86 -
sSW1 2017 16 25 240 128 - 30 12 36 18 0.58 -
sSw2 2017 17 25 240 143 - 30 12 36 18 0.63 -
SE 2017 6 28 240 147 - 40 12 36 18 0.68 -
NE 2018 17 40 190 141 147 30 10 36 18 0.74 0.83 0.76 0.83
NW 2018 6 25 238 218 238 40 12 36 18 0.92 0.99
sSw1 2018 - 25 - - - - - 36 18 - -
sw2 2018 18 25 190 157 149 30 10 36 18 0.81 0.77
SE 2018 7 28 218 193 179 40 11 36 18 0.90 0.85
NE 2018 18 40 173 103 95 30 9 36 18 0.62 0.69 0.59 0.66
NW 2018 7 25 174 111 103 40 9 36 18 0.70 0.66
sw1 2018 0 25 55 - - 30 3 36 18 - -
sw2 2018 19 25 188 116 102 30 9 36 18 0.64 0.58
SE 2018 8 28 204 157 159 40 10 36 18 0.80 0.81
NE 2020 19 40 175 182 170 30 9 36 18 0.96 1.02 0.91 0.95
NW 2020 8 25 210 271 232 40 11 36 18 1.22 1.07
sSW1 2020 1 25 - - - - - 36 18 - -
sw2 2020 20 25 180 165 149 30 10 36 18 0.84 0.77
SE 2020 9 28 225 256 243 40 11 36 18 1.10 1.05
NE 2021 20 40 166 134 151 30 8 36 18 0.78 0.84 0.86 0.88
NW 2021 9 25 226 210 206 40 11 36 18 0.93 0.92
sSW1 2021 2 25 70 - - 55 4 36 18 - -
sSw2 2021 21 25 178 135 139 30 9 36 18 0.75 0.77
SE 2021 10 28 226 206 217 40 11 36 18 0.92 0.96
NE 2022 0 40 68 - - 30 3 36 18 - 0.99 - 1.00
NW 2022 10 25 201 205 194 40 10 36 18 1.00 0.96
sSw1 2022 3 25 106 115 117 65 5 36 18 1.16 117
sw2 2022 22 25 144 119 125 30 7 36 18 0.79 0.82
SE 2022 11 28 188 199 201 40 9 36 18 1.03 1.03
NE 2023 1 40 105 - - 30 5 36 18 - 1.05 - 1.07
NW 2023 11 25 113 160 144 30 6 36 18 1.17 1.08
sw1 2023 4 25 113 102 115 55 6 36 18 0.97 1.05
sw2 2023 23 25 82 66 73 30 4 36 18 0.74 0.79
SE 2023 12 28 103 159 165 40 5 36 18 1.30 1.34
NE 2024 2 40 83 - - 55 4 36 18 - 1.06 - 0.99
NW 2024 12 25 156 190 169 40 8 36 18 1.13 1.03
swi1 2024 5 25 146 134 130 45 7 36 18 0.93 0.91
sw2 2024 24 25 43 75 71 30 2 36 18 1.10 1.06
SE 2024 13 28 160 178 157 40 8 36 18 1.06 0.96
Pre-HFLC (Growing Seasons 2013-2017) Average NUE:| 0.74 -
Post-HFLC (Growing Seasons 2018-2022) Average NUE:| 0.87 0.86
Post-HFLC (Growing Seasons 2018-2024) Average NUE:| 0.93 0.91
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Figure L1: Study site and location of field instruments. Twenty groundwater monitoring wells (blue dots)
and seven vadose zone monitoring stations (orange dots) were distributed throughout the orchard.
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Figure L2: Histogram of measured groundwater NOs-N concentrations under young (<5 years old) and

mature trees (>5 years old). The young tree dataset includes data from wells 16, 17, and 18 following the
observed replanting of the neighboring Northwest orchard in 2022.
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Figure L3: Spatial contours of measured groundwater concentrations through time. Higher concentrations
were consistently observed in the Southwest blocks of the orchard. In the middle panel of the bottom row,
the observed decrease in concentrations in the center of the orchard was a result of the AGQMAR flooding
that occurred in the summer of 2022.
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Neutron Probe Water Content
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Figure L4: Neutron probe measured water content at each of the seven vadose zone monitoring stations,
for each of the five available depths. Much of the variability observed at 280 cm is due to measurement

noise and low data quality due.
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Figure L5: Average measured groundwater concentrations separated by their location in blocks which
had higher average reported NUE and those with lower. A very clear trend of lower N concentrations was
observed between wells sampled in low NUE areas of the orchard.
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Figure L6: Simulated net change in orchard farm water balance for the entire 21 ft of the unsaturated
zone, after calibration. The “water balance” is here defined as the sum of precipitation, irrigation, and
evapotranspiration (negative), minus the measured change in water content. Negative changes indicated
drying in the upper vadose zone. Positive changes indicate an increase in soil water content and/or
recharge. Importantly, water content in the unsaturated zone in October 2013 and October 2024 is
negligibly different. Hence, the cumulative change in storage is zero (and nearly zero between
subsequent October samples). Therefore, the cumulative water balance over the period represents the
total recharge to groundwater, with almost no recharge during drought periods, 2013-2016 and 2020-
2021.
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M. Factsheet/Database
Project Title

Irrigation and Nitrogen Management, Monitoring, and Assessment to Improve Nut
Production While Minimizing Nitrate Leaching to Groundwater

Grant Agreement Number
CDFA Grant #19-0968
Project Leaders
Thomas Harter (UC Davis), Patrick Brown (UC Davis), Isaya Kisekka (UC Dauvis)
Start Year / End Year
2019 — 2024
Location
Modesto, CA
County
Stanislaus County
Highlights
o HFLC fertigation was found to increase NUE by 8% while maintaining or
improving yields and required a lower average amount of N fertilizer application.
« Pore-water nitrate concentrations in the vadose zone and soil nitrogen storage in
the orchard soils decreased post-HFLC.
o Vadose zone and groundwater models confirm long-term nitrate reductions,
predicating a 45% decrease in N-leaching from the vadose zone in response to
HFLC and observable decreases in groundwater within twenty years.
o Mass balance tracking provides a practical tool for estimating nitrate leaching.
Introduction
Groundwater contamination from nitrate leaching is a growing concern in California’s
agricultural regions. In almond orchards, excess nitrogen (N) from fertilizers can move
through the soil into groundwater, contributing to rising nitrate concentrations. This
study evaluated High-Frequency Low-Concentration (HFLC) fertigation as a best

management practice (BMP) for reducing nitrate leaching while maintaining crop
productivity. Using field monitoring, nitrogen mass balance tracking, and numerical
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modeling, we assessed HFLC’s long-term effects on nitrogen use efficiency (NUE) and
groundwater quality.

Methods/Management

Field Monitoring: Groundwater nitrate concentrations were measured from 20
monitoring wells across a commercial almond orchard from 2017-2024. Pore-
water nitrate concentrations were collected from seven vadose zone stations
biweekly.

Nutrient Management: HFLC fertigation was implemented to match nitrogen
supply with tree demand, reducing excess N applications.

Mass Balance Calculations: Annual nitrogen fluxes, including applied fertilizer,
plant uptake, and leaching losses, were tracked.

Vadose Zone & Groundwater Modeling: HYDRUS1D and MODFLOW models
simulated nitrogen transport and long-term groundwater quality trends.

Findings

Increased NUE Without Yield Loss: After HFLC adoption in 2018, measured
NUE increased from 74% to 86% (92% if 2023 and 2024 are included), and
modeled NUE improved from 76% to 84%. Fertilizer applications decreased from
220 Ib-N/aclyr to 190 Ib-N/ac/yr and 170 Ib-N/aclyr (first five and seven years,
respectively), with no reduction in yield.

Decreasing Soil & Pore Water Nitrate: Post-harvest soil nitrogen storage in the
upper 60 cm decreased by 80%, from ~100 Ibs-N/acre to ~20 Ibs-N/acre. Vadose
zone pore water nitrate concentrations also showed a downward trend.

Modeled Long-Term Nitrate Reductions: Vadose zone model results showed a
45% decrease in nitrate leaching to groundwater under HFLC, and groundwater
models predict nitrate concentrations will begin decreasing over the next decade
as lower-nitrate recharge replaces older contamination.

Mass Balance as a Practical Tool: Block-level NUE tracking and mass balance
estimates correlated well with groundwater nitrate concentrations, making them a
viable, cost-effective alternative for monitoring nitrogen leaching trends at the
orchard scale.

This study demonstrates that HFLC fertigation is an effective BMP for improving
nitrogen management and reducing nitrate leaching, but due to long vadose zone travel
times, improvements in groundwater quality will take time to fully materialize. Continued
monitoring, adaptive management, and targeted BMPs will be essential for further
reductions in agricultural nitrate pollution.
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