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ABSTRACT: The agriculturally productive San Joaquin
Valley faces two severe hydrologic issues: persistent ground-
water overdraft and flooding risks. Capturing flood flows for
groundwater recharge could help address both of these issues,
yet flood flow frequency, duration, and magnitude vary greatly
as upstream reservoir releases are affected by snowpack,
precipitation type, reservoir volume, and flood risks. This
variability makes dedicated, engineered recharge approaches
expensive. Our work evaluates leveraging private farmlands in
the Kings River Basin to capture flood flows for direct and in
lieu recharge, calculates on-farm infiltration rates, assesses
logistics, and considers potential water quality issues. The
Natural Resources Conservation Service (NRCS) soil series
suggested that a cementing layer would hinder recharge. The standard practice of deep ripping fractured the layer, resulting in
infiltration rates averaging 2.5 in d−1 (6 cm d−1) throughout the farm. Based on these rates 10 acres are needed to infiltrate 1 cfs
(100 m3 h−1) of flood flows. Our conceptual model predicts that salinity and nitrate pulses flush initially to the groundwater but
that groundwater quality improves in the long term due to pristine flood flows low in salts or nitrate. Flood flow capture, when
integrated with irrigation, is more cost-effective than groundwater pumping.

■ INTRODUCTION
The agriculturally productive San Joaquin Valley (SJV) relies
heavily on both surface water and groundwater for irrigation.
The Kings River (KR) basin in the southern part of the SJV
(Figure SI-S1) typifies the region: an annual 2.7 million acre-ft
(M ac-ft; 3.33 × 109 m3) of demand for irrigation water met
through surface water and groundwater sources with an average
annual overdraft of 0.16 M ac-ft.1 In the nearby town of Helm,
groundwater levels have dropped 60−80 feet (18−24 m) over
the past century.1 Now 200 feet (60 m) below ground
elevations, groundwater pumping is expensive, costing greater
than $90/ac-ft.2,3 In California, 1−2 M ac-ft is overdrafted
annually to meet 30−40% of urban and agricultural water
demands.4 Over 70% of the overdraft occurs in the Central
Valley’s (CV’s) Sacramento, San Joaquin, and Tulare Basins,4

affecting more than 7 million irrigated acres.5 Under the current
California drought, groundwater provides 53% of California’s
irrigation water needs.6

Groundwater value depends upon both availability and
quality. Nitrate, primarily from fertilizers, septic tanks, and
dairies, and salts, locally occurring but also exacerbated by
farming practices, irrigation waters, and wastes, are two quality

issues affecting CV groundwater sustainability.7−10 Many efforts
are now underway to define and manage these contaminant
sources.11−13

Ironically, the KR basin also faces flood risks. Precipitation
occurs predominantly during the winter months, yet during wet
years flood risks can exist from December through July; Pine
Flat Reservoir releases water in anticipation of achieving
reservoir capacity due to snowmelt runoff from the Sierra
Nevada. Over a 42-year record, KR flood flows ranged from
500 to 5,500 cubic feet per second (cfs; 14−160 m3 per second,
m3 s−1) with a median of 1,560 cfs (Figure SI-S2). Flows have
exceeded the 4,750 cfs flood design criterion for the river
channel on a 7-year recurrence interval (Figure SI-S2). Floods
in 1983, 1995, and 1997 resulted in total losses greater than
$1.2 billion (2012 dollars).14

Climate change will exacerbate both these hydrologic
challenges. Models project greater precipitation variance for
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California watersheds,15 challenging California’s reservoirs
system to manage flood risks and water supply.4,16 Increasing
groundwater recharge capacity is considered one cost-effective
tool for adapting to climate change.17,18

Over the last two decades, farmers and landowners have
worked with the Kings River Conservation District (KRCD)
and other water agencies to develop recharge strategies and
facilities. Near the James Bypass (Figure SI-S1), engineered
recharge basins on 67 dedicated acres were proposed to
potentially capture 230−800 ac-ft of stormwater monthly.19,20

The Kings Basin Integrated Regional Water Management Plan

recommended developing 2,600 acres for dedicated recharge
facilities through acquisitions and easements.21 These types of
hard engineering approaches are expensive and inefficient due
to land or easement acquisition costs, engineering require-
ments, and underutilization of lands during dry conditions.
Alternatively, working agricultural lands can be leveraged to

receive flood flows for in lieu (where crops are irrigated with
surplus surface water instead of groundwater) and direct
recharge. We investigated the technical and logistical feasibility
of this approach: quantified achievable flood flow capture rates;
investigated nitrate and salt leaching from the unsaturated zone

Table 1. Experimental Design

method analyses and statistics

cropd infiltration subsurface effects infiltration as a function of

field check
hydrologic
treatmentc winter summer

soil
IDb

pressure transducers/
staff gauges

soil
probes

soil
coresa

WQ
analyses

within field
variance

between
crops

between
soils

7 F07 Fl Al Al Fu × × ×
16 F16CN Fl WG WG Fu × × × ×
21 F21CN OI WG WG Fx × × × × × ×
21 F21CS OI WG WG Cb × × × × × × ×
22 F22CN Fl WG WG Cb × × × × × ×
22 F22CS Fl WG WG Fx × × × × × × ×
24 F24CN Fl F T Pt × × ×
28 F28CW Fl WG WG Pt × × ×
32 F32C1/

C2
Fl F T CfB/

Pt
× × ×

4 F4N Dr WG WG Fx × ×
4 F4S Dr WG WG Fx × ×

aSoil cores subdivided by depth (cm): 0−15, 15−30, 30−60, 60−100, 100−150, 150−200, 200−250, 250−300, 300−400, and 400−500. bFu =
Fresno fine sandy loam; Fx = Fresno-Traver complex; Cb = Cajon loamy coarse sand, saline alkali; CfB = Calhi loamy sand, 3 to 9% slopes; Pt =
pond fine sandy loam. cHydrologic treatment: Fl = flooding for direct recharge; OI = overirrigation; Dr = drip inigation. dWG = wine grapes; Al =
alfalfa; F = fallow; T = tomatos.

Figure 1. Study site. The study site was conducted on approximately 1,000 acres. Intensive hydrologic, soil, and water quality monitoring were
conducted at check locations as identified in the above map: Pressure Transducer = pressure transducers for water level measurements; YSI: EC =
YSI datasondes for EC and temperature; Soil Cores = Soil Cores for lithology and soil moistures; Moisture Probes = soil moisture probes for EC,
VWC, and temperature; Water Quality = discrete water quality sampling; GW Pump = groundwater pump; KR = Kings River Sampling Location.
Study checks are indicated with a white outline and labeled in brown; field names are in white.
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to groundwater; showed controlled flooding did not harm some
deciduous crops; and conducted a preliminary economic
assessment. Although geologic conditions and associated
infiltration rates vary with location, this feasibility study
addresses many important issues for implementing this
technology. Conventional units are used when discussing
flows and volumes, as they are most commonly used by the
engineering and agriculture community. SI units, used
throughout the scientific literature, are used for analytical data
such as chemistry.

■ METHODS
Site Description. This investigation was conducted on

1,000 acres of Terranova Ranch (TR) located in western
Fresno County, California (36°34′27.18″N, 120°5′39.69″W)
and adjacent to the James Bypass, a section of the KR (Figure
SI-S1). TR grows vineyard, orchard, field, and row crops and
pumps groundwater for irrigation. The Mediterranean climate
averages 7.4 in. (188 mm) of rain annually and average high
and low temperatures of 24.7 and 9.9 °C, respectively. The site
overlays sandy loams and loamy sands (e.g., Fresno sandy loam
− Fs, Fresno fine sandy loam − Fu, Fresno-Traver complex −
Fx, Traver fine sandy loam − Tt), with cemented duripan 0.5−
1 m deep in some areas. Area soil cores show silty clay and clay
lenses within the upper 30 m of the soil profile.22−24

Check Studies. Fields were divided into checks separated
by berms to enable shallow controlled flooding throughout the
field (15−30 cm depth). With 11 study checks, we assessed
potential infiltration rates for different field crops and soil types;
tested within-field effects, between-field effects, and between-
crop effects (Table 1, Figure 1); and assessed impacts to soil
chemistry, vadose zone water quality, and potential transport to
groundwater. Study checks were located on three types of fields
representing a representative mix of annual and perennial crops
potentially suitable for this application: fallow (before the
planting of summer row crops), wine grapes, and alfalfa.
Underlying soils had five different soil series classifications. The
control included two wine grape study checks, F4CN and
F4CS, irrigated as usual with drip irrigation of groundwater.
Managing and Quantifying Study Check Hydrology.

KR flood flows were diverted to TR from January to July 2011
(Figure 1). Except for the control, each study check received
water for direct recharge (Table 1). Fields under a flooding
regime were managed to maintain flooded conditions as long as
logistically possible. Overirrigated fields had shorter periods of
flooding. After flooding ceased for the season, both treatments
were irrigated with groundwater via drip irrigation.
Pressure transducers (PTs) with data loggers and staff gauges

were installed in each study check receiving flood flows (Table
1, Figure 1). Checks were flooded, and then inflows and
outflows ceased as infiltration and evapotranspiration lowered
water levels. Irrigators measured staff gauges at the beginning
and end of each cycle, which was used to calibrate PT readings.
Direct recharge rates were calculated from infiltration rates after
accounting for ET losses using reference ET and crop
coefficients.25

A depth range for the applied water front within the vadose
zone was calculated using estimated minimum and maximum
water capacity.22,26 Water capacity for soils down to 30 m was
approximated by determining the available water capacity for
each core based upon soil types and averaging across all cores.
Water Quality, Soils Analyses, and Soils Mass Budgets

at Study Checks. Water quality samples were collected in 200

mL amber bottles and concurrently measured for EC (YSI
datasonde, Yellow Springs, OH) at several locations: from the
KR at the Terranova canal, at check locations where flood flows
were applied, and from a groundwater well 60 m (200 ft) deep
(Figure 1). Samples were stored on ice and analyzed at the
University of California (UC) Davis Soil Biology and
Biochemistry lab for dissolved solids (TDS; mg L−1; Method
2540B);27 dissolved nitrogen species as nitrogen (nitrate NO3−
N, ammonium NH4−N;28 total dissolved nitrogen TDN; mg-N
L−1);29 dissolved available phosphate PO4−P;29 total dissolved
phosphorus (TDP; mg-P L−1);30 dissolved organic carbon
(DOC) (mg L−1; Phoenix 8000, Teledyne-Tekmar, Mason,
OH); and electrical conductivity (EC) (dS m−1; Model 220
Conductivity Meter, Denver Instruments, Bohemia, NY).
Decagon ECH2O TE soil probes (Pullman, WA) were

installed in replicate (N = 3) within two checks to measure EC
and volumetric water content (VWC) on 15 min intervals.
Probes were installed at depths of 15 and 60 cm at F21CS and
F22CS and also at 120 cm at F21CS, through 45° angle
boreholes with bentonite plugs every 15 cm to prevent
preferential flow. Soil cores collected during installation were
analyzed for EC and gravimetric moisture content.
Field capacity was estimated by observing changes in slope of

moisture content data over time.31 We defined a wilting point
surrogate, the wilting point index, as the minimum moisture
content achieved during the study. Available water capacity was
estimated as the difference between field capacity and wilting
point index and was compared to values estimated using
regional soil data.
Soil cores were collected in November 2011 using a

Geoprobe (Geoprobe Systems, Salina, KS) at checks F21CS,
F21CN, F22CS, F22CN, F4N, and F4S to a depth of 3 m with
3 replicate cores at each location, plus an additional core
collected to 5−8 m. Soils were analyzed for EC and nitrate.
The mass of salt that could be flushed from the soils was

calculated from soil core profile data. We assumed conditions at
nonflooded locations F4N and F4S corresponded to initial
preflush conditions before recharge. Geoprobe soil EC data
(0−8 m; Figure SI-S3) and groundwater EC data from wells on
Terranova were integrated to calculate TDS mass volumes in
the vadose zone using site specific EC versus TDS relation-
ships.24 For soil depths exceeding 8 m, we assumed porewater
EC concentrations were equal to groundwater EC concen-
trations. This assumption resulted in a TDS mass estimate at
the high end of the likely range because groundwater EC was
higher than porewater EC at 8 m. The salt mass in the vadose
zone profile was calculated as the product of calculated
porewater TDS concentrations and the vadose zone field
capacity moisture content. By subtracting the salt mass at each
study check from the salt mass under preflush conditions, we
determined the salt lost from the vadose zone.

Farm Water Budget. We developed a farm water budget
using farm operation and flow records. A Teledyne ISCO
Acoustic Velocity Meter (AVM) recorded inflows to Terranova
Canal at location KR (Figure 1) on 15 min intervals. Irrigators
recorded pump start and stop times, fields receiving water, and
percent water delivered to each field (Table SI-S1). Irrigator
data were cross checked against KR AVM data. These data were
combined with CIMIS precipitation and ET data to calculate a
water budget for each study field (Table SI-S2 and SI-S3). All
statistics were performed using STATISTICA software.32

Costs. TR staff tracked costs associated with project
implementation: field preparation, installation and rental of
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equipment and infrastructure, labor, energy, and project
support.

■ RESULTS
Potential Recharge of Applied Surface Water at Study

Checks. Recharge rates measured at the study checks averaged
4.2 in d−1 (10.7 cm d−1), ranging from an average low of 2.6 in
d−1 (6.8 cm d−1) at check F22CS to an average high of 16 in
d−1 (40 cm d−1) at F21CN (Table 2). Infiltration rate
differences were analyzed within fields, between fields, between
crops, and between soils. The only statistically significant
difference between treatments was soil type Fx (Field 21),
which had statistically significant higher infiltration rates.
Measured recharge rates represent potential achievable
infiltration rates. Recharge rates were highest during initial
flooding, decreased after two flood days to range from 2−3 in
d−1 (5.1−7.6 cm d−1), and then declined only slightly over
longer periods.
Seasonal totals of applied water on the study checks ranged

from 0.5 m at F32C2 for 10 days of flooding to nearly 3 m at
F22CN for 34 days of flooding. Total seasonal volumes at a
given field depended primarily on number of days flooded (r2 =
0.86, p < 0.05). Based on soil water capacity estimates, recharge
water extended into the vadose zone 11 to 20 ft (3−6 m) at
F32C2 but up to 118 ft (36 m) at F22CN (Table 2).
Surface and Subsurface Water Quality and Soil Cores

at Study Checks. KR flood flow water quality was equivalent
to that of laboratory blanks for nitrogen and phosphorus
species, DOC and TDS concentrations (Figure 2). Ground-
water had elevated concentrations: TDN concentrations
averaged 45 mg L−1 with 40% as ammonium and 30% as
nitrate; TDP concentrations averaged 0.5 mg L−1 with 60% as
phosphate; DOC concentrations averaged 15 mg L−1; and TDS
concentrations averaged 900 mg L−1. When fields were flooded,
the resulting standing water on the fields had elevated TDS,
phosphate, TDP, DOC, and TSS concentrations, presumably
from equilibration with soils.
During recharge periods (January into February; mid-March

through early June) VWC measured at the study checks F21CS
and F22CS reached a maximum of about 0.3 m3/m3 at 15 and
60 cm below the ground surface and remained elevated while
fields had standing water. Once flooding ceased, VWC dropped
over the next few days to field capacity. When VWC is above
field capacity, water migrates downward. From the moisture

probe data, we estimated field capacity at 18% for Field 21
(Figure SI-S4) and at 25% for Field 22 (Figure SI-S5). The
moisture probe VWC results correlated well with the VWC
calculated from the gravimetric water content of soils collected
during probe installations. We determined the wilting point
index from Field 22 at about 13.5%. These data suggest that the
available water capacity of the Cajon loamy coarse sand, saline
alkali soils (Cb) in Field 22 is about 4−5%, consistent with
NRCS soils data predicting a range of 6−10%.22
Salinity (EC) data from F22CS and F21CS show prolonged

flushing decreased pore water salt levels (Figure 3). The
hydrologic treatment of flood capture and recharge greatly
decreased root zone salt levels. At Field 22 (F22CS) EC
decreased from about 0.8 dS m−1 to 0.1 dS m−1 at a soil depth
of 15 cm and from 0.65 to <0.1 dS m−1 at a soil depth of 60 cm
(Figures 3 and SI-S5). Greatest decreases occurred during the
first 3−4 weeks of flooding. EC increased slightly to about
0.25−0.3 dS m−1 at 15 cm and to 0.15−0.2 dS m−1 at 60 cm
during summer drip irrigation with groundwater (Figure 3).
In comparison, Field 21 study checks received about 40% of

the applied surface water and were not flooded until late April.
EC levels decreased from about 0.3 dS m−1 to 0.1 dS m−1 at 15
cm. Flood flow applications were insufficient to decrease EC
levels much below 0.3 dS m−1 in deeper soils, where EC was
initially 0.8 dS m−1 at 60 cm and 0.55 dS m−1 at 120 cm (Figure
SI-S3). With each flood event, EC levels at both locations
increased slightly in response to flood initiation, suggesting
applied surface waters remobilized soil column salts. With
summer drip irrigation, EC levels increased to about 80% of
initial conditions.
From November (post recharge, post summer irrigation) soil

core data, nitrate distribution differed between the different
study checks (Fields 21, 22 and 4; Figure SI-S3). Field 4 study
checks received only groundwater via drip irrigation and
represented soil conditions typical to preflood conditions. In
Field 4, nitrate concentrations were elevated from 0−40 cm
depths, typically ranging from 20−100 mg NO3-N kg−1. In
comparison, soil samples in Fields 21 and 22 were in the 0−20
mg NO3-N kg−1 range except for some exceptions at F22CN.
The relationship between EC and nitrate concentrations was
significantly correlated (r2 = 0.85, p = 0.0000; Figure SI-S3)).
Fields 21 and 22 nitrate concentrations were significantly lower
(p < 0.05) than Field 4 concentrations.
We calculated nitrate mass (Nitrate-N g m−2) in the soil

cores for depths of 0−100 cm and 100−300 cm (Figure SI-S6).

Table 2. Infiltration Rates and Seasonal Totals of Flood Flows Applied at Study Checksb

estimated depth of
infiltration (ft) for min
and max available
water capacity (%)

check date range Na infiltration rates in/day daily total ft season total ft 8% 14%

F16CN 1/27/11−7/30/11 30 3.8 0.26 7.8 98 56
F21CN 4/30/11−7/31/11 7 15.8 0.41 2.8 35 20
F21CS 5/6/11−8/3/11 5 14.2 0.51 2.6 32 18
F22CN 1/29/11−7/9/11 34 3.3 0.28 9.5 118 68
F22CS 1/29/11−7/10/11 31 2.7 0.20 6.2 78 45
F24CN 1/15/11−2/4/11 23 2.7 0.11 2.6 32 18
F28CW 4/12/11−7/11/11 5 3.5 0.57 2.9 36 20
F32C2 1/29/11−2/4/11 10 3.5 0.16 1.6 20 11
F07 4/19/11−7/28/11 6 6.0 0.34 2.1 26 15

aNumber of infiltration events. Each event is roughly 1 day long. bRecharge rate is infiltration rate minus ET; infiltration rates were about 2% lower
than recharge rates during the study period.
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Checks F21CN, F21CS, and F22CS ranged from 3−15 NO3−
N g m−2. Check F22CN had a total of 100 NO3−N g m−2.
NO3−N concentrations in Field 4 were uniformly higher
(146−352 NO3−N g m−2). On average, nitrate mass found in
the soil cores in Fields 21 and 22 was less than 15% of the
nitrate mass in Field 4 soil cores (Figure SI-S6).
Achievable Farm Water Budget. From January to early

July 2011, flows diverted from the KR ranged from 2−22 cfs
(0.06−0.6 m3 s−1), resulting in a 3,116 ac-ft (3.8 × 106 m3)
diversion. Almost 2,000 ac-ft were applied during the growing
season, from April through mid-July (Table SI-S1). About 15%
of the applied water went to direct recharge and 85% went to in
lieu recharge (Table SI-S2). Direct recharge occurred in wine
grape fields through May and in pistachio and alfalfa fields in
April (Table SI-S3). The controlled flooding did not affect
plant vigor or yield.2

■ DISCUSSION
Direct Recharge Capacity. Soil hydrologic characteristics

and farm infrastructure constrain recharge rates. The check
studies showed field recharge rates for extended inundation
ranged from 2 to 44 in d−1 for all crops and soil types. Fresno-
related soil series data typical of these locations suggests
recharge rates would be an order of magnitude lower because of
a cementing layer at 60 to 90 cm depths and classifies them in
Hydrologic Soil Group D.22,23 However, the soil at TR is
periodically ripped, a standard practice to fracture the
cementing layer and improve root penetration. This practice
enhanced infiltration, creating conditions with higher recharge
rates more typical of Hydrologic Soil Group C.33,34 Some
checks were inundated for 30 or more days, resulting in 2 to 3
m of applied water, with only 1 to 3% lost to ET. For a typical
70 acre field, this yields 450 to 700 ac-ft per month of direct
recharge.

Figure 2. Water Quality Analyses Results. Samples taken on 5/5/2011, 5/17/2011, and 6/15/2011 at the Kings River. Data analyzed across four
locations: from the Kings River (River), at checks being irrigated with diverted storm flows (Field (SW)), from a groundwater pump (GW), and a
blank. Means with box (standard error: SE) and whisker (standard deviation multiplied by two: 2*SD).
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The farm scale component of this study highlights
infrastructure limitations. Field preparation (e.g., check levees)
was rapid and generally inexpensive.24 Farm conveyance
facilities (e.g., piping and pumps) designed for meeting crop
ET (ETc) demand limited floodwater application rates. In the
check studies, application rates were an order of magnitude
greater than ETc losses. For the farm in general, about 70% of
flood flows captured went toward in lieu recharge, and only
about 30% went toward direct recharge. For fields specifically
targeted for direct recharge (e.g., Fields 16, 22, and 28), about
half of total flood flows were used for direct recharge. Water
was applied to fields with existing flood irrigation system; thus
individual outflow rates were similar to irrigation flow rates and
did not cause erosion or scour.
Vadose Zone Hydrologic and Salinity Budget;

Implications for Groundwater Management. The deep
water table and groundwater quality pose challenges for
irrigation. Pumped groundwater during 2007−2009 was of
much lower quality than diverted KR flood flows during 2011.24

Mean nitrate levels were about 3 mg NO3−N L−1, ranging up
to 11 mg NO3−N L−1 and 1−2 orders of magnitude greater
than measured flood flow concentrations (Figure 2). Mean EC
levels were about 1 dS m−1, up to 3 dS m−1 and typically about
50 times higher than flood flows.24 Nitrate and salts are key
constituents of concern with regard to CV groundwater.1,7,10−13

EC levels were similar to those found in the shallow root
zone at depths of 60 and 120 cm (Fields 21 and 22) when this
project was initiated (Figures 3, SI-S4, and SI-S5).24 EC levels
above 2 dS m−1 stresses yields for sensitive and moderately

sensitive crops, a number of which are grown at TR (e.g.,
grapes, almonds, alfalfa).35 These data support the concept that
groundwater quality at the site, particularly salinity, poses long-
term risks as it does in many areas of California.10

A conceptual model for flood recharge impacts on the
saturated zone and water quality was developed (Figure SI-S7).
Root zone water quality constituents such as salts and nitrates
migrate into deeper layers during each infiltration event,
reducing EC levels in the root zone, decreasing plant stress, and
potentially increasing yields. With continued flood flow
applications, root zone constituent concentrations within the
flooded zone decreases through advective and diffusive
transport. Once flood flows cease, advective flow in the upper
root zone also ceases, but the front continues to migrate
downward as the moisture content in deeper soil rises above
field capacity. Eventually water and salt movement through the
soil profile stops. During subsequent flood events, the cycle
repeats flushing salts from soil pores through advection and
diffusion, resulting in a salinity/nitrate front migrating down
the soil profile. This front raises groundwater salinity/nitrate
concentrations until constituents have been flushed from the
unsaturated zone, after which groundwater salinity and nitrate
levels begin decreasing.
This conceptual model suggests groundwater salinity

concentrations will improve over time, consistent with the
predictions of others that suggest high quality surface water
would improve groundwater quality throughout the Kings
Basin.36 Our mass balance calculations estimate 12 m3 m−2 of
recharge water will need to be displaced in the unsaturated

Figure 3. Volumetric Water Content (VWC; m3 m−3) and EC (dS m−1) 60 cm into the root zone for study checks F21CS and F22CS, 2011. The
study check at Field 21 (F21CS) received about 40% of the applied surface flood flow water than the study check at Field 22 (F22CS; Table 2). EC
levels in the soils were higher at F21CS than at F22CN. Application of flood flows reduced EC levels to about 0.1 dS/m at a 15 cm depth (Figures
SI-S4 and SI-S5) but did not reduce EC levels below 0.3 dS/m at 60 cm. Once flood flow application ceased and groundwater drip irrigation began,
EC levels at F21CS increased steadily to a range of 0.6−1 dS/m. At F22CS, EC levels dropped to less than 0.1 dS/m at both 15 and 60 cm depths
(Figure SI-S5). When flood flows stopped and drip irrigation began, EC levels increased but never exceeded 0.2 dS/m at 60 cm depth.
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zone at TR to displace the salts, moving 11 kg TDS m−2

throughout the unsaturated zone into the groundwater (Table
SI-S4).24 Depending upon the initial groundwater quality
regarding the constituent of concern, different volumes of
flushing will be needed to return the groundwater to its original
background concentration. For median salt values measured at
TR, we estimate a similar water volume is needed to return
underlying groundwater to current salinity levels (Table SI-S4)
with greater volumes further decreasing groundwater salinity.24

Considerations for Regional and Local Implementa-
tion Logistics. On-Farm Flood Capture and Recharge
(OFFCR) represents a new paradigm for the farming
community: actively integrating flood flow capture and recharge
into farm management to address chronic and severe
groundwater overdraft. We estimated for an infiltration rate
of 2.5 in d−1, 1 cfs is captured on 10 acres (Figure SI-S8). For
the infiltration rates typical of TR (2.6−5.7 in d−1), 1 cfs
captured requires 4−10 acres. With 0.16 M ac-ft overdrafted
annually in the KR basin,1 a meaningful effort requires
substantial acreage. Median flood flows past the James Bypass
during years in which they occur are about 1,500 cfs, 280,000
ac-ft over a 3-month period. Assuming infiltration rates similar
to those measured here, about 15,000 acres would be needed;
more permeable soils would further reduce the footprint.
Many logistical factors need consideration to implement

OFFCR including a sustainable cost structure that might
include irrigation savings and cost reimbursement from
partnering organizations and easements; appropriate convey-
ance infrastructure; built-in flexibility for farm-scale implemen-
tation and coordination with agronomic BMPs; and regional
coordination.
Costs and Sustainability. In the CV, the current drought

has caused least 410,000 acres to be fallowed, farm revenue
losses of $800 M and increased groundwater pumping costs of
$447 M.6 Much of the CV is moving toward higher profit
permanent crops. For these crops, groundwater has a high value
as a drought buffer, providing a reliable water source when
surface flows are not available.6 This model requires sustainable
groundwater management and secure farm profits. For this
reason, farmers have a strong economic incentive to participate
in sustainable groundwater management.37 OFFCR is econom-
ical compared to other direct recharge methods and provides an
opportunity to secure sustainable groundwater and a profit.
Over a 25-year period OFFCR costs were $36/ac-ft. Recharge
costs using an engineering basin system has been estimated to
range from $5−97/ac-ft, with a median cost of $51/ac-ft.38

James Irrigation District charges consumers $88−91/ac-ft for
irrigation purposes and relies primarily on groundwater.3

Because some captured flood flows are utilized for in lieu
recharge, the costs of pumping groundwater are avoided.
Pumping groundwater is estimated to cost TR about $95/ac-ft
but may be as high as $120/ac-ft.2 Figure SI-S9 shows the
combined cost to irrigate and capture flood flow for recharge
on an acre-foot basis. When flood flows are captured but not
utilized for in lieu recharge purposes, the cost to capture and
irrigate is $131/ac-ft: the cost of OFFCR ($36/ac-ft) plus the
cost of groundwater pumping ($95/ac-ft). When 100% flood
flows are used for in lieu recharge, the total cost decreases to
only the OFFCR costs as groundwater is not needed. For this
project irrigation costs drop when 25% or more of the captured
flood flows are utilized for irrigation. The avoided costs form a
basis for investing in and saving money with groundwater
recharge practices.

Not included in this farm-scale cost assessment are regional
benefits. Besides slowing regional groundwater declines, these
practices also reduce flood damage risks. Large floods in 1983,
1995, and 1997 along the KR and the San Joaquin River caused
$1.2 billion dollars (2012 dollars) in damages.14 A Hydrologic
and Hydraulic assessment found implementing a 500 cfs
diversion at TR to divert flood flows from the KR had a
benefit:cost ratio near 2 over 50 years, with $800,000 annual
savings from avoided flood damages along the Kings and San
Joaquin Rivers.39 The first phase of the full project, which will
divert 150 cfs, is under construction and projected to save
$300,000 annually.
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