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a  b  s  t  r  a  c  t

The  scarcity  of high  quality  irrigation  water  is a global  issue  facing rice  growers,  forcing  many  to  adopt
water  management  systems  that  may  result  in  increased  salinity  and yield  reductions.  While  salt  con-
centrations  in  field  water  have  been  shown  to vary  depending  on water  management,  the  distribution
and  build-up  patterns  of dissolved  salts  are  unclear.  This  study  was  conducted  to  elucidate  the  within
field  spatial  and  temporal  salinity  dynamics  in  water-seeded  rice  cropping  systems,  and  to assess  current
salinity  thresholds  for rice  yield  reduction.  In this  two-year  study,  water  and  soil  salinity  concentrations
of  eleven  field  sites  were  monitored  weekly,  with  three  sampling  points  being  established  in  the top,  mid-
dle and  bottom  basins  of  each  field.  There  was  a consistent  spatio-temporal  water  salinity  pattern  among
all fields:  the  maximum  water  salinity  within  a field  occurred  during  week  2 to week  7  after  planting,
and  was  greatest  farther  from  the  irrigation  inlet  and  where  soil  salinity  was high.  A  model  developed  to
predict  water  salinity  within a field  indicates  that, averaged  over  an  entire  growing  season,  the  position
within  a  field  contributed  to  82%  of  the variation  explained  by  the  model,  while  preseason  soil salinity

contributed  to 18%.  Importantly,  field  water  salinity  was  determined  to  be  the most  sensitive  salinity
metric  for  rice  yield,  as  preseason  soil  salinity  was  a poor  predictor  of  yield  loss.  The threshold  field  water
salinity  concentration  was  estimated  at 0.88  dS  m−1, lower  than  the  previous  report  of 1.9  dS  m−1. These
results  illustrate  the ability  to predict  water  salinity  in a rice  field  with  few  parameters,  while  highlighting
the  importance  of field  water  salinity  as the main  salinity  metric  for rice  cropping  systems.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

High quality water available for irrigated agriculture is currently
carce and is expected to become less available due to climate
hange and population growth (Hanak and Lund, 2012; Fraiture and

ichelns, 2010; Mirchi et al., 2013; Schewe et al., 2014; Wallace
000). This will result in increased use of marginal water and
ecreased drainage, thereby resulting in increased secondary salin-

zation (Connor et al., 2012; Molden et al., 2010). Rice, a globally
mportant staple crop, is the most salt-sensitive cereal (Grieve et al.,
012; Munns and Tester, 2008). Additionally, when grown under
rrigation, rice requires two to three times more water input than
ther cereals (Bouman et al., 2007; Kijne 2006). The current and
rojected decline in the quantity and quality of water for rice pro-

∗ Corresponding author at: Department of Plant Sciences, University of California
 Davis, Davis, CA, 95616, USA.

E-mail address: mmarcos@ucdavis.edu (M.  Marcos).

ttps://doi.org/10.1016/j.agwat.2017.09.016
378-3774/© 2017 Elsevier B.V. All rights reserved.
duction, prompts the need to investigate salinity in rice cropping
systems to avoid yield reductions.

In California, rice is the top agricultural water user based on
application rate per hectare (USDA, 2013). Rice fields in Cal-
ifornia, which are typically divided into several hydrologically
connected basins, are continuously flooded throughout the grow-
ing season, with irrigation water entering the topmost basin and
cascading through to the bottommost basin. The primary water
management system in California is a conventional flow-through
system (hereafter referred to as “conventional-drainage”). Under
conventional-drainage, tailwater discharges to a drainage ditch for
much of the growing season; the exception being during water
holding periods after pesticide applications, whereby tailwater
drainage is temporary halted to allow for pesticide degradation
in the field (Hill et al., 1991). Under conventional-drainage, the
amount of tailwater drainage can be as high as 7.6 ML  ha−1 (Hill

et al., 2006) and 39% of the total water applied to a field (Linquist
et al., 2015). Tailwater drainage helps remove salts that accumu-
late in the field water (Scardaci et al., 2002), thereby preventing

https://doi.org/10.1016/j.agwat.2017.09.016
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2017.09.016&domain=pdf
mailto:mmarcos@ucdavis.edu
https://doi.org/10.1016/j.agwat.2017.09.016


3 ater Management 195 (2018) 37–46

t
R
a
g
m
t
W
fi
i
w
w
a
h
l

p
1
e
c
t
b
g
t
o
s
w
l
i
t
s
(
i
e
i
s
a
t
1
t
h
fi
o

t
m
2
1
d
s
1
d
o
d
w
m
e
fi
l
i
d
d
e
s
fi

8 M. Marcos et al. / Agricultural W

he long term accumulation of salt in the soil (Lekakis et al., 2015).
ecent drought conditions in California have reduced the water
vailable for rice production (Howitt et al., 2015), forcing many
rowers to reduce the amount of water applied to a field. A com-
on  method to reduce the water applied to a field is to eliminate

he tailwater drainage (hereafter referred to as “zero-drainage”).
hile zero-drainage can greatly reduce the total water applied to a

eld, it is likely to increase the salinity concentration, particularly
n bottom basins. Nevertheless, the projected future of decreased

ater available for rice production in California (Hill et al., 2006)
ill likely increase the practice of zero-drainage. This, along with

n increased reliance on groundwater for irrigation, which has a
igher salt concentration than surface water (Grattan 2002), may

ead to high salinity in rice fields and reductions in yield.
Crop yield response to salinity is most often displayed using a

iecewise linear model (Ayers and Westcot 1985; Maas and Grattan
999; Maas and Hoffman 1977), where the first segment is a tol-
rance plateau with a slope of zero, and the second segment is a
oncentration dependent line with a negative slope (Supplemen-
ary Fig. 1). The threshold salinity concentration, the concentration
eyond which crop yields decline, is of utmost concern to both
rowers and regulators. In flooded rice systems, a confounding fac-
or is the need to account for both field water salinity (i.e. salinity
f the ponded water) and soil salinity. Traditionally, field water and
oil salinity thresholds for rice have been developed from studies
ith limited observations over a wide salinity range, resulting in

arge distances between salinity treatments and a large uncertainty
n threshold estimates (Grieve et al., 2012). Additionally, salinity
hreshold studies occur under steady-state conditions, whereby
alinity stress is kept constant throughout the growing season
Maas and Grattan 1999). Conversely, field water and soil salin-
ty in commercial rice fields lack temporal uniformity (Scardaci
t al., 1996; Scardaci et al., 2002), and the range of observed salin-
ty concentrations is narrower and lower than in salinity threshold
tudies. The lack of relatedness between field and study conditions,
nd the uncertainty of threshold estimates, has led some to ques-
ion the applicability of current thresholds (Kijne 2006; Shalhevet
994), especially in rice, as yield loss has been reported below
he threshold value (Simmonds et al., 2013). These discrepancies
ave increased the focus on developing thresholds under realistic
eld conditions (Kijne, 2006), thereby increasing the applicability
f threshold estimates.

Elucidating the spatial and temporal salinity dynamics is vital
o ameliorate salinity stress in rice fields, especially since rice is

ore sensitive to salinity from tillering to flowering (Castillo et al.,
007; Heenan et al., 1988; Fraga et al., 2010; Pearson and Bernstein
959; Zeng et al., 2001). Additionally, there have been reports of
ecreased stand establishment in commercial rice fields due to high
alinity early in the season (Scardaci et al., 2002; Shannon et al.,
998). Previous studies in commercial fields under conventional-
rainage, have found that water salinity increased in bottom basins
f fields (Scardaci et al., 2002 & Simmonds et al., 2013), likely
ue to evapo-concentration. Simmonds et al. (2013) also found
ater salinity to be higher in areas of the field away from the pri-
ary water flow path (i.e. low flow areas). Results from Simmonds

t al. (2013) and Scardaci et al. (2002), suggest that location in a
eld, relative to the irrigation inlet and primary water flow path,

argely determines the field water salinity concentration; though,
t is unclear how applicable these results are in fields under zero-
rainage. A complete understanding of the spatio-temporal salinity
ynamics in rice fields, however, is essential to being able to prop-
rly manage salinity in rice fields. Therefore, the objectives of this

tudy were to: 1) reassess salinity thresholds using commercial rice
elds, 2) quantify spatial and temporal variation of water and soil
Fig. 1. A map  illustrating the location of field sites for the study. Field names refer
to  the first letter of the counties they are in.

salinity in commercial rice fields and 3) develop a model to predict
water salinity in fields under zero-drainage.

2. Materials and methods

2.1. Study area and site descriptions

This experiment was  carried out in commercial rice fields
throughout the Upper Sacramento Valley of California (Fig. 1) dur-
ing the 2014 and 2015 rice growing seasons. Eleven field sites with
zero tailwater drainage or conventional tailwater drainage, and a
wide range of soil salinity, were chosen for this study. There were
seven field sites in Colusa county (C1, C2, C3, C4, C5, C6, and C7), two
in Glenn county, (G1 and G2), one in Butte county, (B1), and one in
Yuba county, (Y1). This region has a Mediterranean climate, char-
acterized by warm,  dry conditions during the rice growing season.
The mean air temperature during the 2014 and 2015 growing sea-
sons was  22.7 ◦C, while the mean precipitation during the growing
seasons was 15 mm (CIMIS, 2016). All field sites have fine-textured
soils with minimal slope, which is typical for rice fields in the region.
Soil taxonomic classifications, soil characteristics, irrigation prac-
tices and variety sown are shown in Table 1. Field-specific pesticide
regimens were employed to combat weeds and insect pests.

2.2. Experimental design

Each field site contained 9 plots (2 m × 2m)  that were split
between the top (A), middle (B) and bottom(C) basins (Fig. 2).
Within each basin, three sampling plots were established and num-
bered (1, 2, 3) based on their proximity to the primary water flow
path (plot 1 being closest and plot 3 being farthest from the pri-
mary water flow path). For basins B and C, if water flowed down
from both sides of the field, then plot 3 was  in the middle of the
basin (as shown in Fig. 2). If water flowed from only one side of
the field, then plots in the B and C basins were spaced similar to
the A basin. All plots were established 15 m in from the edge of the
field to avoid border effects. Fig. 2 is a representation of the plot
design within a field; however, field sites varied in dimension and
number of basins. The position of each plot was  determined in each
field, with the position within a field being considered as the com-
bination of the longitudinal distance down the field and the lateral
distance across a basin (as shown in Fig. 2).
2.3. Sampling and measurements

After spring land preparation, but before fertilizer application
and flooding, soil samples were taken from each plot at a depth of
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Fig. 2. A map  illustrating the experimental set up within a field. The solid line
and arrow on the left represents the longitudinal distance down the field, while
the  dashed lines and arrows represent the lateral distance across a basin. Plots are
represented by a letter & number combination. A plots location in a field is a combi-
nation of the longitudinal and lateral distance from the irrigation inlet. Water salinity
measurements were collected at all plots. Soil solution salinity measurements were

collected at circled plots.

0–15 cm.  Soils were air dried, then ground to pass through a 2-mm
sieve. For each field site, equally weighted portions of the soil sam-
ples were mixed to generate a composite field sample, from which,
general field soil property data were determined (Table 1). Soil pH,
soil texture, sodium adsorption ratio, and soil organic carbon were
determined from the composite field samples using standard meth-
ods described in the Soil Survey Laboratory Methods Manual (Burt,
2014).

Four types of salinity measurements, all based on electrical con-
ductivity (EC), were made in this study using a calibrated Oakton
CON 450 or an Oakton CON 400 (Vernon, IL, USA) standardized
to 25 ◦C. Throughout the growing season, weekly water salinity
measurements were made at the irrigation inlet (ECiw), and at all
plot locations (ECfw). To obtain the measurements, the EC probe
was carefully lowered into the water and kept submerged until
a stable reading was reached. Soil samples taken from each plot
prior to flooding were used to determine the preseason soil salinity
(ECe) using the saturated paste technique (Burt, 2014). Additionally,
weekly in-season soil solution salinity (ECss) measurements were
made, at the same time as ECfw measurements, at A1, B2, and C3
plots (Fig. 2). In order to obtain ECss measurements, before flood-
ing, soil pore-water samplers (Rhizon MOM  10 cm,  Rhizosphere
Research Products, Wageningen, The Netherlands) were installed
10 cm below the soil surface. Before obtaining ECss measurements,
the hose of the pore-water sampler was  purged by extracting the

first 10 mL  of solution into evacuated vials. Soil solution was  then
extracted into evacuated 40 mL  vials, and ECss was  measured in situ.
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Fig. 3. Temporal pattern of average relative water EC (field water salinity relative to irrig
shown  on the right axis. Water depth in other basins has a similar pattern (data not show

Fig. 4. The relationship between season-average field water salinity (ECfw) and
season-average soil solution salinity(ECss).

F
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F
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r
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m
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a
d
(
a

ig. 5. The relationship between yield (kg ha−1) and season-average field water
alinity (ECfw). Yield is negatively correlated with field water EC above 0.88 dS m−1.
his figure only includes the significant fixed effects.

ield water depth measurements were taken at the same locations
nd at the same time as the ECss measurements.

Upon physiological maturity (grain moisture content below
8%) yield was quantified at all plot locations. A 1-m2 undisturbed
epresentative area within each plot was hand harvested and then

 sub-sample was oven-dried at 70 ◦C until a constant weight was
chieved. Samples were then processed to determine total above-
round biomass and grain yield. Grain yield was corrected to 14%
oisture content.

.4. Data analysis

R statistical software (R Core Team, 2015) was  used for data

nalysis and visualization. The following packages were used for
ata visualization: ‘ggplot2′ (Wickham and Chang 2016), ‘gtable’
Wickham, 2016), ‘maps’ (Becker et al., 2016), ‘maptools’ (Bivand
nd Lewin-Koh 2016), and ‘raster’ (Hijmans, 2015).
ation water salinity) at A1, B2, and C3 plots. Average water depth in the C3 plot is
n). Error bars represent standard error.

For comparisons of soil and water salinity between the top (A1)
and bottom (C3) of a field, a one sample t-test was  performed.
Results are reported as a percent increase from the top to the bot-
tom basin.

Salinity yield threshold analysis was conducted by determining
the convergence point of two  linear regression lines seeking to min-
imize overall deviance. To account for potential difference in yield
at the field scale, a mixed-effects modeling approach was  employed
using the ‘lme4′ (Bates et al., 2016) package. In this approach, field
site was a random effect and was allowed to have its own intercept
(i.e. yield potential).

While a water salinity threshold was  determined, this study was
unable to identify a threshold for soil salinity. Nevertheless, the
potential effect of soil salinity on yield was  assessed using the ECe

of plot locations above the water salinity threshold. The relative
importance of soil salinity on yield was evaluated by comparing
three mixed-effects models (1–3) developed using the ‘lme4′ (Bates
et al., 2016) package:

Yij = aj + B1 ∗ xij + eij (1)

Yij = aj + B2 ∗ zij + eij (2)

Yij = aj + B1 ∗ xij + B2 ∗ zij + eij (3)

where Yij is the yield at plot i in field j, aj is the intercept for field
j, xij is the water salinity at plot i in field j, zij is the soil salinity
at plot i in field j, B1 is the water salinity coefficient, B2 is the soil
salinity coefficient, and eij is the error term for plot i in field j. The
relative importance of field water and soil salinity to yield loss was
assessed by comparing the Akaike’s Information Criterion adjusted
for a small sample size (AICc), marginal R2 values of the models,
and the significance of the model coefficients. The ‘MuMIn’ (Bartoń,
2016) package was  used to determine AICc values of the models,
with the lowest AICc value indicating the best model (Burnham and
Anderson 2002). The ‘MuMIn’ (Bartoń, 2016) package was also used
to determine marginal R2 values for the mixed-effects models; the
method used follows the procedure described by Nakagawa and
Schielzeth (2013), where marginal R2 is the proportion of variation
explained by the fixed factors. The ‘lmerTest’ package (Kuznetsova
et al., 2016) was used to determine p values for the mixed-effects
models.

As field salinity concentrations varied based on field location
and source of irrigation water, comparisons of field water salinity
among field sites were made relative to the irrigation water salinity.

During the season, the C2 site began receiving water from multiple
irrigation inlets and could not be used for this analysis. Using fields
under zero-drainage, a predictive model for season-average rela-
tive field water salinity was developed based on a priori knowledge
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f potential parameters that may  influence water salinity: position
ithin a field and soil salinity. One superior model emerged (4):

ij = a + B3 ∗ wij + B4 ∗ uij + B5 ∗ qij + eij (4)

here Sij is the salinity of plot i in field j relative to the salinity of the
rrigation water into field j, a is the intercept, wij is the longitudinal
istance down the field from the irrigation inlet for plot i in field j,
ij is the lateral distance across a basin from the irrigation inlet or
asin inlet for plot i in field j, qij is the preseason soil salinity of plot

 in field j, eij is the error term for plot i in field j, and B3, B4, and B5
re model coefficients. Parameters from this season-average model
ere used to develop early and late-season models to assess vari-

ble contributions throughout the growing season. Early-season is
efined as week 1 to week 7 after planting, while late-season is
efined as week 8 to week 15 after planting. The ‘relaimpo’ pack-
ge (Groemping and Matthias, 2013) was used to assess variable
ontributions to the models; this was done by R2 partitioning, as
one by Lindeman et al. (1980). Model performance was assessed
hrough leave-one-field-out (LOFO) cross-validation, as employed
n other field-based agricultural studies (Pike et al., 2009; Scudiero
t al., 2015; Stevens et al., 2012), using the ‘caret’ package (Kuhn
016). In this LOFO cross-validation approach, a model is developed
sing data from six of the seven usable fields under zero-drainage.
he model is then used to generate predictions for the seventh
eld. This procedure is repeated seven times so that each field is

eft out once. Finally, after model validation, data from all seven
ero-drainage fields were used to develop the final models.

. Results

.1. Site salinity conditions

Field average preseason soil salinity (ECe) ranged from 0.29 to
.25 dS m−1 (Table 1). In general, fields with lower preseason soil
alinity were under zero-drainage, while fields with higher pre-
eason soil salinity, were under conventional-drainage, with the
xception of C6, which was under zero-drainage. The irrigation
ater salinity (ECiw) of fields under zero-drainage ranged from 0.08

o 1.38 dS m−1, while ECiw of fields under conventional-drainage
anged from 0.39 to 2.92 dS m−1 (Table 2). Fields supplied with
roundwater had a higher ECiw than fields supplied solely with
urface water. Additionally, the ECiw of fields supplied with sur-
ace water, which is under irrigation district control, varied largely
ased on the proportion of recycled water allowed by the irrigation
istrict.

.2. Spatial and temporal field water and soil solution salinity
ynamics

Fields differed in size and shape, leading to variation in field
ater salinity (ECfw) and soil solution salinity (ECss) build-up

hroughout the field; however, on average, season-average ECfw
nd ECss were 79% and 130% higher, respectively, in bottom basins
ompared to the top basins (Table 3). Within a field, the maximum
bserved ECfw tended to occur in the bottom basin between week

 and week 7 after planting, and ranged from 0.36 to 6.06 dS m−1

Table 2). Spikes in ECfw early in the season tended to coincide with
ow field water depth (Fig. 3). There was no consistent temporal

Css trend among fields (data not shown). Additionally, while there
as a positive correlation (R2=0.40) between season-average ECfw

nd season-average ECss (Fig. 4), there is poor correlation when
Css > 3 dS m−1. Ta
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Table  3
Relative increases of soil or field water salinity from the top of field (A1 plot) to
bottom of the field (C3 plot), with the 95% confidence interval in parentheses.

Relative Increase from top (A1) to bottom (C3) (%)

ECfw 78.8 *** (46.2–111.5)
ECss 130.0 ** (42.3–217.6)
ECe 53.4 ** (17.1–89.8)

ECfw: field water salinity. ECss: soil solution salinity.
ECe: preseason soil saturated paste salinity.
*,  **, ***, correspond to the 0.05, 0.01, and 0.001 significance level.

Table 4
Parameter estimates for mixed-effects models for yield loss due to salinity. Field
site was a random effect. Only field water EC values greater than the threshold
(0.88 dS m−1) were used for these models.

Mixed Effects Model Fixed Effects Estimate 95% Confidence
Interval

Field water EC Model
Intercept 13656.0 *** 12278–14903
ECfw −1971.8 ** −2756 − −1151
Marginal R2 0.46
AICc 533.97

Soil EC Model
Intercept 12475.2 *** 10844 − 14088
ECe −334.6 -654–2
Marginal R2 0.16
AICc 537.5

Field water + Soil EC Model
Intercept 14349.4 *** 12897 − 15827
ECfw −1941.5 *** −2662 − −1226
ECe −154.5 −375 − 47
Marginal R2 0.50

*
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Table 5
Model accuracy parameters (R2 and Root Mean Squared Error (RMSE)) between
predictions from Eq. (4) and ground-truth values. For Observed, the entire dataset
was fit to Eq (4). For Validation, the leave-one-field-out cross-validations were fit
to  Eq. (4). The season average model includes measurements from week 1 to week
15  after planting. The early season model includes measurements from week 1 to
week 7 after planting. The late season model includes measurements from week 8
to  week 15 after planting.

Model Observed Validation

R2 RMSE R2 RMSE

Season Average 0.69 0.149 0.60 0.171
AICc 534.97

,**,***, correspond to the 0.05, 0.01, and 0.001 significance level.

.3. Yield results

Using a mixed-effects modeling approach, a significant neg-
tive correlation was observed between yield and field water
alinity above 0.88 dS m−1, with a 95% confidence interval of
.35–1.36 dS m−1 (Fig. 5). In contrast, the same approach did not
esult in a significant breakpoint for ECss and ECe (data not shown),
otentially due to the nature of the data. There was a gap in ECe

alues between 1.88 and 3.88 dS m−1 (Supplementary Fig. 2), and
nly three ECss data points per field. Therefore, the effect that soil
alinity may  have on yield loss was further assessed by comparing
odels that included and excluded ECe and ECfw terms (Table 4),
hich helped to determine the importance of the two variables to

ield loss. The yield model with solely ECfw resulted in a signifi-
ant regression coefficient of −1971.8 kg ha−1 per dS m−1 and had

 marginal R2 of 0.46 (Table 4). The yield model with solely ECe did
ot produce a significant regression coefficient, and had a marginal
2 of 0.16. The yield model with both ECfw and ECe produced a sig-
ificant regression coefficient for ECfw but not for ECe, while the
arginal R2 was 0.50. Additionally, the model with only ECfw had a

ower AICc value than the models with only ECe or with both ECfw
nd ECe.

.4. Modeling field water salinity

A model was  developed that predicts season-average ECfw in
ero-drainage fields based on incoming irrigation water salinity,
he lateral and longitudinal distance from the inlet, and preseason

2
oil salinity, with R of 0.69 when evaluated against all data and
2 of 0.60 for the LOFO cross-validation predictions (Table 5). For
he season-average water salinity model, lateral and longitudinal
istance together contributed to 82% of the explained variance in
Early Season 0.76 0.194 0.68 0.227
Late Season 0.57 0.149 0.19 0.239

the model, while preseason soil salinity contributed 18% (Table 6).
Model results for the early-season (week 1 to week 7 after plant-
ing) indicate that preseason soil salinity had a larger effect and
contributed to 49% of the explained variance in the model, while
lateral and longitudinal distance contributed to the remaining 51%
(Table 6). In contrast, preseason soil salinity did not have a signif-
icant effect in the late-season (week 8 to week 15 after planting)
(Table 6). The early-season model also performed better than the
late-season model, as the validation R2 for the early-season model
was 0.68, compared to 0.19 for the late-season model (Table 5).
Additionally, while fields with conventional-drainage were not
included in the development of the models, in the early-season
model, observed relative water salinity of fields with conventional-
drainage was always lower than the predicted value (Fig. 6 ).

4. Discussion

4.1. Field water EC is the most sensitive salinity metric for rice
yield

Soil and water salinity are both commonly used to determine
whether rice yield may  be adversely affected by salinity (Ayers and
Westcot 1985; Maas and Grattan 1999). In this study, there were
two soil salinity metrics, preseason soil salinity (ECe), which came
from samples collected at each plot from 0 to 15 cm below the soil
surface prior to flooding, and soil solution salinity (ECss), which
were weekly pore-water measurements at 10 cm below the soil
surface. Though there was a good correlation (R2 = 0.89) between
season-average ECss and preseason ECe (Supplementary Fig. 3), the
two soil salinity metrics were employed for different analyses. To
observe the relationship between soil and field water salinity, ECss

was used, as there were measurements for this metric at the same
time and location as ECfw. To study the relationship with yield,
ECe was used, as there were ECe measurements at all plot loca-
tions. Additionally, growers are more likely to gather soil samples
before the season, when the field is dry, and this is therefore a more
appropriate metric for yield.

In this study, a positive correlation (R2 = 0.40) was observed
between season-average ECfw and season-average ECss (Fig. 4).
Similarly, Dickey and Nuss (2002) and Scardaci et al. (2002), found
within-season correlations of soil and water salinity, with R2 values
ranging from 0.52 to 0.70. Grattan et al. (2002) found season-
average ECfw and postseason ECe to correlate with R2 = 0.88. High
correlations between soil and field water salinity led Grattan et al.
(2002) and Dickey and Nuss (2002) to effectively equate soil salinity
(averaged from 0 to 15 cm below the soil surface), with field water
salinity. The poor correlation between ECfw and ECss observed at
EC values >3 ds m−1 (Fig. 4) questions this approach. At lower soil
ss

salinity concentrations there seems to be good correlation between
soil and field water salinity but at higher soil salinity concentra-
tions there is no clear relationship. The poor correlation at higher
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Table 6
Model coefficients and variable contributions to the models to predict relative water EC (field water salinity relative to the irrigation water salinity) in zero-drainage fields. These models were developed using data from all fields.
The  variable contributions to the explained variation are normalized to sum 100%. The season average model includes measurements from week 1 to week 15 after planting. The early season model includes measurements from
week  1 to week 7 after planting. The late season model includes measurements from week 8 to week 15 after planting. The 95% confidence intervals of the estimates are in parentheses below each estimate.

Model Model Coefficients Variable Contribution to explained R2 (%)

Intercept Longitudinal Distance Lateral Distance Preseason ECe Longitudinal Distance Lateral Distance Preseason ECe

Season Average 9.293e-01 *** 5.057e-04 *** 9.994e-04 *** 4.887e-02 *** 68.9 13.4 17.7
(8.31e-01–1.028) (3.998e-04 − 6.116e-04) (6.20e-04 − 1.379e-03) (2.884e-02 − 6.890e-02)

Early Season 8.668e-01 *** 6.196e-04 *** 1.051e-03 *** 1.225e-01 *** 46.6 4.4 49.0
(7.380e-01 − 9.956e-01) (4.808e-04 − 7.585e-04) (5.492e-04 − 1.553e-03) (9.627e-02 − 1.487e-01)

Late  Season 9.796e-01 *** 4.270e-04 *** 7.799e-04 *** -8.691e-03 79.1 19.2 1.7
(8.809e-01 − 1.078) (3.204e-04 − 5.337e-04) (3.975e-04 − 1.162e-03) (-2.884e-02 − 1.146e-02)

*, **, ***, correspond to the 0.05, 0.01, and 0.001 significance level.
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oil salinity necessitates differentiation between soil salinity and
eld water salinity in flooded rice cropping systems.

Field water salinity correlated better with yield, and produced
 better model based on AICc values, than did preseason soil salin-
ty (Table 4). Furthermore, adding preseason soil salinity to the

odel with field water salinity did not produce a significant regres-
ion coefficient for soil salinity, worsened the model based on AICc

alues, and did not greatly improve the models predictive capac-
ty. These results, along with high yields observed under high ECe

Supplementary Fig. 2) and high ECss (Supplementary Fig. 4), sug-
est that ECfw is the most sensitive index when seeking to predict
alinity induced yield loss.

Rice yield responding primarily to water salinity stress may
e explained by the morphology of rice roots. Under flooded cul-
ure, rice plants develop many surface roots (Morita and Yamazaki
993), and the rooting depth is partially controlled by environ-
ental conditions (Yoshida 1981). Previous studies have shown

hat under heterogeneous salinity conditions, roots take up water
rom the least saline areas (Bazihizina et al., 2012; Homaee and
chmidhalter 2008). It is therefore likely that in fields where soil
alinity is much higher than water salinity, rice roots preferentially
eveloped and absorbed water from the surface, and thereby only
xhibited a response to water salinity stress.

.2. Threshold concentration of field water salinity is lower than
reviously reported

The effect field water salinity will have on rice yield is a com-
ination of the salt concentration, the length of exposure to the
tress, and the plant susceptibility at that growth stage (Läuchli
nd Grattan 2007). While it is known that rice is very sensitive to
alinity during tillering (Heenan et al., 1988; Pearson and Bernstein
959; Zeng et al., 2001) and during reproduction (Castillo et al.,
007; Heenan et al., 1988; Fraga et al., 2010), it is not clear which
rowth stage is most sensitive to salinity nor the relative contri-
ution that salinity stress would have to yield loss if salinity stress
ccurred during multiple growth stages. Additionally, reductions

n stand establishment were not observed in this study. Therefore,
ater salinity concentrations used for the yield threshold analy-

is were a season-average ECfw developed from weekly field water
alinity measurements averaged over the duration of the growing
eason in which the field was flooded. This approach is similar to
hat taken by others that have contributed to threshold estimates in
ice (Ehrler 1960; Grattan et al., 2002; Narale et al., 1969; Pearson
959; Venkateswarlu et al., 1972). While this study was able to
evelop a yield threshold for field water salinity, the narrow range
f season-average field water salinity observed (0.10–2.72 dS m−1),
revents characterization of crop yield response to very high field
ater salinity.

The season-average ECfw yield threshold was estimated to be
.88 dS m−1 (Fig. 5). This threshold is well below the previous report
f 1.9 dS m−1 (Grattan et al., 2002) and this may  be due to the
ifferent conditions under which values were obtained. Grattan
t al. (2002) conducted their study under steady-state conditions,
hereby salinity concentrations remained constant from seeding

o maturity. In contrast, in this study, field water salinity var-

ed during the growing season (Table 2; Fig. 3), with rice plants
xperiencing spikes in salinity during tillering, a very salt-sensitive
rowth stage (Heenan et al., 1988; Fraga et al., 2010; Pearson and
ernstein 1959; Zeng et al., 2001). This resulted in a lower threshold

he early-season model includes measurements from week 1 to week 7 after plant-
ng.  The late-season model includes measurements from week 8 to week 15 after
lanting. The season-average model includes measurements from week 1 to week
5  after planting. R2 and Root Mean Squared Error (RMSE) are reported in the figure.
he dashed line is a 1:1 line, while the solid line is the line of best fit.
anagement 195 (2018) 37–46

estimate, as the season-average salinity concentration incorporates
higher field water salinity during a sensitive growth stage, and
lower field water salinity during less sensitive growth stages. Ide-
ally, growth-stage specific salinity thresholds could be developed;
however, this was not feasible in this experiment, as the salinity
concentrations were not controlled.

Nevertheless, the approach taken to establish this thresh-
old estimate addresses a key concern that many have with the
traditional threshold-slope approach. Generally, salinity studies
attempt to characterize the entire range of salinity stress, from
0 to 100% yield loss; therefore, they tend to have too few obser-
vations near the threshold value and too many above what is
realistic in grower’s fields. This tends to result in poor defini-
tion of the yield threshold (van Genuchten and Hoffman, 1984).
For the previous 1.9 dS m−1 threshold, the 95% confidence inter-
val was  0.6–3.2 dS m−1 (Grattan et al., 2002; Grieve et al., 2012). In
this study, the 95% confidence interval for the 0.88 dS m−1 thresh-
old was  0.35–1.36 dS m−1 (Fig. 5). The improved definition of this
threshold estimate is likely due to this study having more observa-
tions near the expected threshold value. This, along with this study
being done under commercial field conditions, with realistic sea-
sonal variations in ECfw, makes this season-average threshold more
applicable to commercial rice fields. Future work should be done to
develop salinity thresholds at various growth stages, as this could
not be achieved in this study.

4.3. Spatio-temporal field water salinity dynamics

Quantifying the spatial and temporal variation of water salinity
in rice fields is the first step towards developing potential man-
agement solutions to prevent salinity induced yield loss. Among all
fields, consistent spatial water salinity patterns emerged: season-
average ECfw was greater in C3 positions than in A1 positions by
an average of 79% (Table 3). Additionally, in most field sites, the
maximum ECfw occurred in the bottom basin, and ranged from
0.36 to 6.06 dS m−1 (Table 2). Similarly, Scardaci et al. (2002),
Simmonds et al. (2013) and Shannon et al. (1998), all reported
higher water salinity in bottom basins of rice fields. It is likely
that ECfw increases with increasing distance from the irrigation
inlet due to evapo-concentration of salts in the field water and the
subsequent movement of that salt concentrated water down the
field.

A consistent temporal water salinity pattern also emerged: rela-
tive ECfw is higher early in the season (Fig. 3, Fig. 6) and ECfw maxima
generally occurred from week 2 to week 7 after planting (Table 2).
This is similar to results reported by Scardaci et al. (2002). The rise
in ECfw early in the season is likely due to two factors. First, low
canopy cover during this period allows for high rates of evapora-
tion from the water surface thereby concentrating salts in the field
water. Second, it is common for growers to allow field water to
subside early in the season for the application of foliar herbicides
(University of California Cooperative Extension, 2015). As the field
water subsides, the surface area to volume ratio of the field water
increases such that evapo-concentration increases. In this study,
low water depths during this period coincided with higher water
salinity (Fig. 3).

4.4. Modeling field water salinity

Consistent spatial trends of water salinity among fields allowed
for the development of a model capable of predicting season-
average water salinity throughout a rice field under zero-drainage

(Fig. 6; Table 6). Position within a field, which is a combination of
the longitudinal distance and lateral distance from the irrigation
inlet, accounted for 82% of the explained variation in the model.
This result indicates the importance that distance, and in effect
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eld size, has on water salinity build-up within flooded rice fields.
or the same irrigation water and soil salinity, larger fields are at
reater risk of having field water salinity increase to yield-reducing
oncentrations.

The other factor influencing water salinity build-up within
 field was the preseason soil salinity. Soil salinity had a sig-
ificant effect on water salinity build-up early in the season,
ontributed to 49% of the explained variance in the early-season
odel (Table 6). Furthermore, among all field sites, the higher ECfw
axima occurred in sites with high ECe (Table 2). These results may

e explained by considering vertical water and solute movement in
ooded rice fields. Rice fields in the region tend to have low rates
f percolation during the growing season (Linquist et al., 2015).
his, along with low transpiration rates early in the growing sea-
on results in low advective flow downward. Studies by Bachand
t al. (2014a,b) show upward diffusion of solutes in flooded rice
elds occurs during periods of minimal transpiration and that the
ate of diffusion is dictated by concentration gradients. Therefore,
t is likely that in fields with high soil salinity, salts were diffusing
pward into the field water early in the growing season, contribut-

ng to greater observed field water salinity.
Temporal differences are also evident from these models. The

arly-season model had a substantially higher validation R2, 0.68,
ompared to the late-season model, 0.19 (Fig. 6). This is due to
odel parameters having less influence later in the growing sea-

on. Salts from the soil are less likely to diffuse upward later in the
eason when transpiration is high and there is high advective flow
ownward. Additionally, low evaporation later in the growing sea-
on, due to canopy cover, and a higher water depth, decreases the
nfluence that the spatial position within a field (i.e. longitudinal
nd lateral distance) has on water salinity build-up within a field.

These models also allow comparisons to be made between zero-
rainage and conventional-drainage fields. While the sample size

or comparison was limited (only 3 fields under conventional-
rainage), there is evidence suggesting tailwater drainage reduces
eld water salinity. During the early-season, water salinity in fields
nder conventional-drainage was overestimated (Fig. 6), indicat-

ng that tailwater drainage early in the season reduces field water
alinity. This is similar to results reported by Scardaci et al. (2002).
ailwater drainage helps remove dissolved salts that accumulate

n field water. The tailwater drainage early in the season, in fields
nder conventional-drainage, thus resulted in reduced water salin-

ty in those fields.
These modeling results highlight the ability to sufficiently pre-

ict water salinity in rice fields with a few simple parameters.
his study did not consider flow rates, slope of the field, or cli-
atic effects. These factors could have an important contribution to

xplaining water salinity in a field and may  have improved model
stimates. However, it is shown, that with relatively few factors,
eld water salinity can be reasonably well predicted which facili-

ates application of these results for use by growers.

.5. Management implications

This study has several important implications for managing
ater to control salinity in rice fields. First, in fields with low soil

nd irrigation water salinity, practicing zero-drainage is a viable
trategy to reduce water usage without harming yield. Seven of the
ight field sites studied under zero-drainage, had low soil and irri-
ation water salinity, and in those sites, the field-average ECfw did
ot increase beyond the 0.88 dS m−1 salinity threshold (Table 2).

n the long-term however, zero-drainage may  result in secondary

oil salinization if amelioration efforts are not employed. One way
o reduce the potential long-term soil salinity build-up is through
inter flooding, a common practice in California to aid in rice straw

ecomposition (Linquist et al., 2006). Winter flooding can bring
anagement 195 (2018) 37–46 45

up and export solutes that have built-up during the growing sea-
son (Bachand et al., 2014a). The degree to which winter flooding
can reduce salt concentrations in rice fields under long-term zero-
drainage management merits further investigation.

Second, in fields with either high soil or irrigation water salin-
ity, maintaining a higher water depth and allowing for tailwater
drainage early in the season will help reduce field water salinity.
The highest field water salinity occurred early in the growing sea-
son (Table 2; Fig. 3) when rice is sensitive to salinity (Heenan et al.,
1988; Fraga et al., 2010; Pearson and Bernstein 1959; Zeng et al.,
2001). In these high salinity fields, salt flow from the soil to the
field water and high rates of evapo-concentration, may  increase
field water salinity to yield-reducing concentrations. Increasing
water depth during this period allows for dilution of dissolved
salts. Additionally, allowing tailwater drainage during this period
may  also help reduce field water salinity (Fig. 6). These practices,
however, may  not be feasible with many pesticide regimes com-
monly employed in California, as contact herbicides require low
water depth to ensure proper coverage, and water holding periods
imposed after pesticide applications prevents tailwater drainage.

Lastly, in most fields studied, season-average field water salinity
reached concentrations that were 50% greater than the irrigation
water salinity (Fig. 6). Therefore, to avoid season-average field
water salinity increasing beyond the 0.88 dS m−1 threshold in the
bottom of an average sized field (35 ha in this study), it is recom-
mended to maintain irrigation water salinity below 0.6 dS m−1. This
criterion for irrigation water salinity is similar to the 0.75 dS m−1

reported by Finfrock et al. (1960). To maintain irrigation water
salinity below 0.6 dS m−1, the use of groundwater as an irrigation
source should be minimized, and irrigation districts should care-
fully portion the amount of high salinity recycled water allowed
in the supplied surface water. Furthermore, as increases in water
salinity within a field are largely a function of distance from the
irrigation inlet, in areas with high soil or irrigation water salinity,
smaller fields and multiple irrigation inlets should be considered.
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