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The specific objectives addressed in 2016 were:  

1. Quantitatively determine how water temperature (as opposed to air temperature) affects 
crop development rate.  

2. Finalize the analysis of all salinity data collected from 2014 and 2015 and develop 
guidelines for water management where salinity may be a problem. 

3. Initiate studies on how the drought and increased pump irrigation has affected 
groundwater levels in the rice growing region and how this may affect irrigation 
management of rice. 
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SUMMARY OF 2016 RESEARCH (major accomplishments), BY OBJECTIVE: 
 
Objectives 1: Water temperature effects on crop development 
Air temperature (Ta) is commonly used to predict crop developmental rates in most crops 
including rice. However, in flooded rice systems the growing point of the plant is under water 
until about mid booting stage (roughly he first 70 days of the season). Thus it is reasonable to 
suspect that water temperature (Tw) is more than Ta in driving crop development rates. To 
determine the effect of Ta vs Tw on crop development rates we used data from two studies.  
 
Two sets of field trials were used to evaluate the effect of Ta and Tw on rice phenology. The first 
was a cold-water gradient study conducted in 2014 to directly analyze the effect of Ta and Tw on 
crop development and develop a model to account for the effects of both Ta and Tw. The second 
set of field trials was part of the University of California Cooperative Extension (UCCE) variety 
trials conducted in six locations, where Ta, Tw, and 50% heading date were recorded in 2015. 
Data from this trial were used to validate the model developed from the cold water gradient 
study. The variety M-206 was used in all studies.  

Cold water gradient study 

A cold water gradient study was conducted in three fields in Butte County, California in 2014. In 
many fields in this county the Tw of the irrigation water at the field inlet is relatively low (8) and 
the water warms up as it moves into the field due to solar radiation; thus the cold water area is 
typically restricted to a few ha near the inlet. This conditions allows for an analysis of the effects 
of Tw on crop phenology under conditions where everything else (i.e., Ta, crop management) is 
the same. In each field we identified five sampling locations (L1-L5) along a transect moving 
away from the inlet (L1 being near the inlet and having the lowest Tw and L5 being furthest from 
inlet and having the highest Tw). The distance between these locations varied between fields but 
averaged about 20 m. Throughout the season Tw was measured in all locations, while Ta was 
measured only in L1 and L5 locations using a HOBO 2x External Temperature data loggers 
(Onset; http://www.onsetcomp.com/products/data-loggers/u23-003). Loggers were set up before 
the fields were flooded and recorded the temperature every hour. The Tw sensor was placed 3 cm 
above the soil surface and the Ta sensor 120 cm above the soil surface and was enclosed in a 
HOBO Solar Radiation Shield Mounting-RS3 (Onset; 
http://www.onsetcomp.com/products/mounting/rs3). The fields were all water seeded as is 
typical for California, in which the field is first flooded and then the seeded by airplane. The 
fields remained flooded throughout the season until about three weeks before harvest when the 
fields were drained in preparation for harvest. In order to maintain the floodwater height in the 
field, water continually flowed into the field except for brief periods when the floodwater in the 
field needed to be lowered for some reason (e.g., herbicide applications).  

In all fields and locations, the rice growth staging system described by Counce et al. (2000) was 
used to identify three development stages: panicle initiation (PI or R0), 50% heading (HD or 
R3), and the appearance of one yellow hull on the main stem panicle (R7). Crop growth stage 
data were collected every 2 days during the periods of interest. PI was defined as when a dark 
green circle (i.e. “green ring”) formed below the last initiated leaves of the culm and initiated 
panicle. HD was defined as the time when 50% of the panicles were fully exerted, which occurs 
1 to 3 days before flowering (R4) in rice (33,34). Counce et al. (2000) indicated that 



physiological maturity occurs between R7 and R8 (when one brown hull appears on the main 
stem panicle); however, for this study we measured R7 as proxy for physiological maturity 
because it was more objectively identifiable than R8. The booting stage, which occurs between 
PI and HD, is also important for this study as that is the stage in which the panicle which is 
sensitive to ambient temperature moves upward through the main stem and changes from being 
below to above the water line (6).  

Model development and simulations 
Thermal time simulation model 
A thermal time model (DD10, (33)) calibrated by Sharifi et al. (2016) for California rice systems 
was used for phenology simulations. In DD10, the development rate is modeled as a function of 
thermal time accumulation. A given amount of thermal time (°Cd) is required to reach a given 
developmental stage. The thermal time accumulated in each time step (in this case, t = 1 day) is 
calculated as follows: 

TTt = max  (0,  [0.5(𝑇𝑚𝑚𝑚 + 𝑇𝑚𝑚𝑚) − 𝑇𝑏])                          (1) 

Tmin = Tl   if   Tmin > Tl  

Tmax = Topt   if   Tmax > Topt  

where TT is the thermal time at time t, Tmax is the daily maximum temperature, Tmin is the daily 
minimum temperature, Tb is the base temperature, Tl is the lower threshold, and Topt is the 
optimum threshold. Thus, there is no development if the daily average temperature is below Tb, 
and there is no increase in development for daily maximum temperatures above Topt or for daily 
minimum temperatures above Tl. 

Sharifi et al. (2016) calibrated and validated the DD10 for M-206 using air temperatures (Ta). 
The ‘cardinal temperatures’ are Tb = 11.7 °C, Tl  = 13.1 °C, and Topt = 29.9 °C and a thermal 
time of 454 °Cd is required to reach PI, 178 °Cd for PI to booting, 356 °Cd for PI to HD, and 
203 °Cd for HD to R7. We assumed booting occurred halfway between PI and HD, that is 178 
°Cd after PI.  

Model simulations  
The effect of using Tw or Ta, or a combination of both on model performance was assessed using 
three modeling approaches (TA, TW and TWA) and data from the cold water gradient study. In 
the TA model runs, thermal time was calculated using only Ta. This was the control treatment in 
our study as Ta is typically used in phenology models. We used the averaged Ta of L1 and L5 
from each field since they did not differ - as expected since all locations within a field were 
within 100 m of each other. In the TW approach, only water temperature, Tw, was used. In the 
TWA runs, the DD10 model was set to use Tw until booting stage (i.e., when the growing point is 
under water), 178 °Cd after PI, and Ta after that.  

The prediction accuracy of each model was evaluated for the time to PI, HD, and R7 using 
RMSE, which was calculated as: 

RMSE = [n−1 ∑(𝑃 −  𝑂)2]0.5   (2) 



where n is the number of observations, P is the predicted duration (days), and O is the observed 
duration (days). 

Validation field trials 

The models developed using cold water gradient data (TA, TW, and TWA) were validated using 
data collected from separate field trials conducted under typical field conditions in 2015. Data 
were collected from the University of California Cooperative Extension (UCCE) variety field 
trials which were set up in six counties in the Sacramento Valley. Trials were set up as a 
randomized complete block design with 4 replicates. All varieties (we used only M-206) in these 
trials were water-seeded with individual varieties being hand broadcast into defined plots (3 × 6 
m). Planting dates were between April 27 to May 11. All fields were managed according to 
commercial practices. Ta and Tw were collected using the same instrumentation as described 
above for the cold water gradient fields; however, the only phenological data collected from 
these studies was HD. For the model runs, booting was set to 178 °Cd after PI, similar to cold 
water gradient study.   

Results 
Cold water gradient study 
Temperature gradients and crop phenology  

Across field the Ta of locations L1 and L5 were 22.9 °C and 22.6 °C, respectively (Table 1). 
Among fields there was little difference in mean Ta, while Tw were lowest in Field 3 and highest 
in Field 2. In all fields Tw increased from L1 to L5 following the direction of the water moving 
into the field from the inlet. On average across fields, the L5 mean Tw was 1.8 °C higher than L1 
between PL and PI and 0.8 °C from PI to HD. However, after HD Tw was similar for all 
locations (< 0.1 °C difference). Reflecting changes in Tw, the time to PI, HD, and R7 was 
delayed moving from L5 towards L1. Developmental delays occurred primarily between PL and 
HD (Table 1). Averaged across fields and relative to L5, PI was delayed by 5.6 days for L1, 4.6 
days for L2, 2 days for L3, and 1.6 days for L4. Similarly, HD was delayed by 9 days for L1, 7.6 
days for L2, 5.6 days for L3, and 1.6 days for L4. The delay in R7 was similar to the delay in 
HD. 

Maximum and minimum Tw 

Comparing the two extreme locations (L1 vs. L5) in all fields indicates that it was the maximum 
water temperature that led to higher mean Tw in the warmer T5 location (Fig 1). Daily minimum 
Tw was similar for L1 and L5 throughout the season. However, before booting stage, the 
maximum Tw at L1 was, on average, 4°C below the maximum Tw at L5. From booting to R7 
there was little difference in Tw between locations.   

Thermal time accumulation 

Using Tw to calculate thermal time led to an increased accumulation along the temperature 
gradient mainly during PL to PI with little difference after PI (Fig 2). Averaged across fields the 
daily thermal time accumulation rate was 7.9 °Cd-1 at L1 and 9.6 °Cd-1 at L5 during PL to PI (Fig 
3). When thermal time accumulation at L5 reached 499 °Cd  (PI), thermal time accumulation 
was 106 °Cd lower at L1, 71 °Cd at L2, 42 °Cd at L3, and 22 °Cd at L4 (Fig 3). After PI, thermal 
time accumulation rates were similar for all locations.    



Tw and Ta in phenology models 

In all cold water gradient fields TWA had the highest prediction accuracy (lower RMSE) (Table 
2). Averaged across fields, the TA (control) RMSE was 5.9 days for PI, 5.2 days for HD, and 5.4 
days for the R7 stage. For the TW the RMSE was improved by 2.5 days as compared to TA 
model for estimating PI; however RMSE increased by 9.5 days for HD and 22.4 days for R7 
stage. The TWA and TW model results were similar for estimating PI as both models used Tw. 
Relative to the TA, the TWA model improved RMSE by 1.6 days for HD and by 1.8 days for 
R7.  

 

Table 1. Cold water gradient study characteristics.  

   
Ta  Tw Days to reach 

Field Location Planting PL-PI 
(°C) 

PI-HD 
(°C) 

HD-R7 
(°C) 

 PL-PI 
(°C) 

PI-HD 
(°C) 

HD-R7 
(°C) 

PI 
(days) 

HD 
(days) 

R7a 
(days) 

Cold water 1 L1 7-May 23.0 24.5 23.8  22.1 22.9 22.1 56 90 110 
L2  - - -  22.4 23.0 22.2 54 87 108 

L3  - - -  22.8 23.0 22.5 54 85 106 

L4  - - -  23.3 23.0 22.3 51 83 103 
L5  22.7 24.2 23.7  23.7 23.2 22.4 51 80 101 

Cold water 2 L1 4-May 22.8 24.9 23.5  22.4 22.7 21.9 59 88 109 
L2  - - -  23.0 23.1 21.8 57 86 109 

L3  - - -  23.2 24.0 22.0 56 83 105 
L4  - - -  23.4 24.4 22.0 54 81 102 

L5  22.5 24.5 23.6  24.4 24.4 22.2 54 81 99 

Cold water 3 L1 8-May 22.8 24.1 23.3  21.1 22.1 21.5 57 95 111 
L2  - - -  21.7 22.2 21.7 56 95 111 

L3  - - -  22.2 22.5 20.7 56 88 108 
L4  - - -  22.3 22.5 20.7 53 86 105 

L5  22.5 24.5 23.2   22.9 22.5 21.0 51 84 103 

Mean air (Ta) and water (Tw) temperatures for the three fields and locations in the 2014 cold water gradient study. Ta was only measured for L1 
and L5 locations. Temperature data are averaged across different growth stages: planting (PL), panicle initiation (PI), 50% heading (HD) and R7. 
aR7 is the growth stage marked by the appearance of one yellow hull on the main stem panicle. We used it as a proxy for physiological maturity; 
however true physiological maturity occurs between R7 and R8.
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Fig 1. Maximum and minimum water temperature (Tw) for the L1 and L5 locations in the cold 
water study. For each field, maximum and minimum Tw for the L1 (coldest) location are shown 
relative to the L5 (warmest). For example, when the solid line is -5°C below the flat horizontal 
line the maximum temperature at that time for the L1 location was 5°C cooler than the L5 
location. The () marks the time of panicle initiation stage and () indicates when booting 
occurred at the L1 location. 
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Fig 2. Water temperature (Tw). Daily thermal time °Cd-1 accumulation (Eq. 1) for all locations 
(L1-L5) in the cold water gradient study. The black () marks the time of panicle initiation stage 
at L5 and grey for L1. 
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Fig 3. Cumulative thermal time °Cd based on water temperature (Tw) for the 5 locations in each 
cold water gradient study field. Ta shows the cumulative thermal time °Cd based on air 
temperature in each field. The () marks the time of panicle initiation in L1 and L5 locations 
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Table 2. Model simulation results for cold water gradient study.  

For all models showing prediction accuracy (RMSE) to panicle initiation (PI), heading (HD), and R7. TA used Ta and TW used Tw for the entire 
season; however, TWA used Tw until booting and Ta from booting to R7. 
aIn this study, we measured R7 (R7 is marked by the appearance of one yellow hull on the main stem panicle) as proxy for physiological 
maturity; however true physiological maturity occurs between R7 and R8. 
 

Field validation studies 

In the 2015 field validation studies, planting dates ranged from April 27 to May 11 and time to 
heading from 78 to 87 days (Table 3). There was little difference among locations in mean Tw 
and Ta across stages.  

Table 3. 2015 validation field trials showing planting dates, temperatures and observed days to 
50% heading (HD).  

  Ta Tw Ta Tw  
  PL-Booting PL-Bootinga Booting-R7 Booting-R7  

Field Planting Tavg 
(°C) 

Tmin 
(°C) 

Tmax 
(°C) 

Tavg 
(°C) 

Tmin 
(°C) 

Tmax 
(°C) 

Tavg 
(°C) 

Tmin 
(°C) 

Tmax 
(°C) 

Tavg 
(°C) 

Tmin 
(°C) 

Tmax 
(°C) 

Days 
to HD 

Butte 11-May 21.8 15.2 28.3 24.9 19.8 29.9 24.2 17.2 31.3 22.8 22.1 23.5 83 

Colusa 27-Apr 23.0 16.0 29.1 25.7 20.6 30.8 23.2 15.7 30.8 21.8 21.0 22.6 78 

Glenn 9-May 23.1 16.3 28.9 25.6 21.0 30.2 22.9 15.9 30.0 21.2 20.3 22.1 83 

Sutter 8-May 22.3 15.5 29.1 24.8 17.9 31.8 23.0 15.4 30.5 22.3 21.0 23.5 79 

Yolo 8-May 22.6 15.2 29.3 25.6 19.3 31.8 23.2 15.3 31.1 21.8 21.0 22.5 87 

Yuba 5-May 23.4 16.6 29.2 25.1 20.9 30.3 23.7 15.7 31.8 20.8 20.2 22.5 81 

 mean 22.7 15.8 29.0 25.3 19.9 30.8 23.4 15.9 30.9 21.8 20.9 22.8 82 
The mean (Tavg), minimum (Tmin), and maximum (Tmax) temperatures for air (Ta) and water (Tw) temperature during planting to booting* (PL-
Booting) and booting to R7 (Booting-R7). 
aThe time to booting was set to 178 °Cd after PI.  

Across fields, the average Tw was 2.6 °C higher from PL to booting than Ta; however, after 
booting it was 1.6 °C lower than Ta (Table 3). Minimum Tw was higher than minimum Ta by 4 to 
5 °C, and this difference remained relatively constant across the season. In contrast, maximum 

Field n Model RMSE_PI (days) RMSE_HD (days) RMSE_R7 (days) 
Cold water 1 5 TA 5.1 7.2 5.6 

 5 TW 3.2 15.3 28.3 
 5 TWA 3.2 2.5 4.0 

Cold water 2 5 TA 5.5 5.4 5.7 
 5 TW 2.8 19.5 31.8 
 5 TWA 2.8 5.4 3.7 

Cold water 3 5 TA 7.3 2.9 5.0 
 5 TW 4.1 11.3 23.2 
 5 TWA 4.1 2.8 2.8 

 

 

 

amean  TA 5.9 5.2 5.4 
Cold Water TW 3.4 15.4 27.8 

  TWA 3.4 3.6 3.5 
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Tw was higher than maximum Ta by 1.8 °C from PL to booting, but after booting the maximum 
Tw was 8 °C lower than Ta (Table 3). 

The changing relationship between Tw and Ta is shown more clearly in Figures 4 and 5. Across 
the season the difference between average Tw and Ta gradually decreased between PL and 
booting, while between booting and R7 it increased, with Tw being lower than Ta (Fig 4). 
Looking at the cause of this change by examining maximum and minimum temperatures indicate 
that it is the change in maximum temperatures that is responsible. For the first 20 days of the 
season maximum Tw averaged about 6 °C greater than maximum Ta; after which Tw in 
relationship to Ta declined and by the end of the season averaged about 10 °C less than Ta (Fig 
5). At approximately 40 days after planting maximum Tw was similar to maximum Ta. 

Using these data and running the models to simulate time to HD indicate that using TWA 
increased predication accuracy by 1.4 days compared to TA.  RMSE for TW decreased accuracy 
with 7.4 days compared to TA (Table 4).  
 

Table 4. Model simulation results for 2015 validation field trials.  

For all models showing prediction accuracy (RMSE) for time from planting to heading (HD). TA used Ta and TW used Tw for the entire season; 
however, TWA used Tw until booting and Ta from booting onwards. Data used in the models are summarized in Table 3.   
  

Field n Model RMSE_HD (days) 
Validation field trial 6 

 

TA 5.1 

 6 

 

TW 12.5 

 6 

 

TWA 3.7 
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Fig 4. Average, maximum and minimum water (Tw) and air (Ta) temperatures during 2015 
growing season for Glenn field (Table 3). The () indicates the time to panicle initiation (PI), 
booting, heading (HD), and R7. Booting stage is half way between PI and HD. The time to PI 
and R7 was predicted using DD10 calibrated by Sharifi et al. (2016). 

R7 
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Fig 5. Water temperature (Tw) relative to air temperature (Ta) for all fields in 2015 validation 
field trials. Shown are average, maximum, and minimum temperatures. 

 
  
  



  PROJECT NO. RM-11 

Objective 2: Quantify flood water and soil salinity variation across fields and time 
 
Recent drought conditions have resulted in some irrigation districts requiring no-spill water 
management.  No-spill can reduce water input into rice fields by up to 40%; however, it may 
result in salinity build-up and yield loss, especially in bottom checks of fields.  In 2014 and 2015, 
we evaluated the impact of no-spill water management on salinity build-up and yield loss.  
Additionally, in 2015, we evaluated two fields under continuous flow-through water 
management.  In all field sites, we monitored water salinity and soil salinity on a weekly basis 
throughout the growing season.  Our results show consistent spatial and temporal water salinity 
patterns in all fields, with flood water salinity being greatest early in the season and farther from 
the irrigation inlet.  We did not observe yield loss due to high soil salinity; however, we 
determined the flood water salinity threshold to be 0.88 dS/m.  Above 0.88 dS/m, yield was 
negatively correlated with flood water salinity. 
 
Experimental set-up:  
Eleven field sites throughout the Sacramento Valley were monitored weekly for salinity during 
the 2014 and 2015 growing seasons.  In each field, three study plots were established in each of 
the top, middle, and bottom checks: one plot close to the water inlet, one plot in the middle, and 
one at the farthest point from the water inlet(s) (Fig. 1).  The distance from the irrigation inlet to 
the study plot was determined as the combination of the lateral distance down the field and the 
longitudinal distance across the field.  During the growing season, flood water salinity, soil 
solution salinity, water height, water temperature, and plant development were monitored on a 
weekly basis.  

 
Figure 1. A map illustrating the experimental set up within a field.  Water salinity measurements were 
collected at all plots. Soil solution salinity measurements were collected at circled plots.  The solid line 

and arrow on the left represents the longitudinal distance down the field, while the dashed line and arrow 
in the middle represents the lateral distance across a field. 

Flood water salinity: 
Flood water salinity concentrations observed throughout the duration of the study ranged from 0.06 
dS/m to 6.06 dS/m (Table 1).  Salinity of the irrigation water into the field ranged from 0.08 dS/m to 
2.92 dS/m.  Fields C4 and C7 were primarily irrigated with groundwater, while other field sites 
primarily received surface water.  Within a field, the highest flood water salinity tended to occur in 
the bottom check, between week 2 and week 7 after planting, while the lowest flood water salinity 
tended to occur in the top check.   
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Table 1. Overview of irrigation water salinity (ECiw), flood water salinity (ECfw) concentrations 
observed in the study.  

 

Spatio-temporal flood water salinity pattern: 

In order to make comparisons between fields receiving water with different salinity 
concentrations, the data below focuses on salinity concentrations relative to the incoming 
irrigation water salinity.  Within fields, there were spikes in flood water salinity early in the 
season, in plots farther from the irrigation inlet (Fig. 2).  Higher flood water salinity early in the 
season is expected, as surface water evaporation will concentrate salts in the flood water, and the 
effect of the evapo-concentration will be magnified the farther the water travels down the field.  
Additionally, allowing water to subside for herbicide applications further amplifies evapo-
concentration. 

 

Figure 2. Spatio-temporal pattern of average relative flood water salinity (relative to irrigation 
inlet salinity) at A1, B2, and C3.  Average water depth in the C3 plot is shown on the right axis.  
Error bars represent standard error. 

 Irrigation Water EC Flood Water EC 

 
Field 

Average ECiw 
(dS/m) 

ECiw range 
(dS/m) 

Average  ECfw  
(dS/m) 

Min ECfw  
(dS/m) / Plot / Week 

Max  ECfw  
(dS/m) / Plot / Week 

C1 0.47 0.31 – 0.64  0.62  0.33 / A1 / W10  1.64 / C2 / W4 
C2 0.45 0.29 – 0.74  0.76  0.25 / A1 / W3  2.10 / C2 / W5 
C3 0.62 0.31 – 0.75  0.75  0.33 / A1 / W9  2.45 / B3 / W3 
C4 1.11 0.42 – 1.70  1.46  0.49 / C1 / W2  6.06 / C3 / W6 
C5 0.54 0.39 – 0.66  0.82  0.43 / A1 / W1  4.19 / C3 / W7 
C6 0.71 0.41 – 1.38  0.99  0.40 / A1 / W3  2.08 / A3 / W2 
C7 1.81 1.12 – 2.92  2.10  1.11 / A1 / W14  4.44 / C3 / W7 
G1 0.30 0.24 – 0.43  0.37  0.19 / A3 / W5  0.72 / C3 / W3 
G2 0.28 0.18 – 0.40  0.35  0.17 / A3 / W11  0.80 / C3 / W13 
B1 0.11 0.08 – 0.24  0.15  0.08 / C3 / W7  0.36 / C1 / W10 
Y1 0.09 0.08 – 0.13  0.12  0.06 / B1 / W7  0.39 / C1 / W4 
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Modeling flood water salinity in no-spill: 
Consistent spatial trends of water salinity among fields allowed us to develop a model predicting 
season-average flood water salinity throughout a field under no-spill water management (Table 
2, Fig. 3).  This model confirmed that water salinity within a field will increase as the lateral and 
longitudinal distance from the irrigation inlet increases.  Position within a field, which is a 
combination of the longitudinal distance and lateral distance from the irrigation inlet, accounted 
for 78% of the explained variation in the model, while initial soil salinity accounted for 22% of 
the explained variation in the model (Table 2).  In most fields under no-spill water management, 
the flood water salinity did not increase more than twice the salinity concentration of the 
irrigation water coming into the field.  Study plots in fields under spill water management tended 
to have observed water salinity concentrations lower than the predicted value, suggesting that 
spilling can lower flood water salinity concentrations.  
Table 2.  Model estimates and variable contributions to the model predicting relative flood water 
salinity.  The variable contributions to the explained variation are normalized to sum 100%. The 
95% confidence intervals of the estimates are in parentheses below each estimate. 

 Season Average Model 
 

Variable Estimate Contribution to r2 (%) 

Longitudinal Distance 3.90e-4 ***  
(2.89e-4 – 4.91e-4) 63.8 

Lateral Distance 9.70e-4 ***  
(5.41e-4 – 1.40e-3) 14.2 

Initial Soil Salinity 5.31e-2 ***  
(3.06e-2 – 7.56e-2) 21.9 

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

Figure 3.  Observed and predicted relative flood water EC for season-average relative water 
salinity using fields under no-spill (filled dots).  Unfilled dots represent fields under spill water 
management, and were not included in developing the model. 
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Soil solution salinity: 

Spatio-temporal soil solution salinity pattern: 

Soil solution salinity was measured weekly in all fields at the A1, B2, and C3 plots.  Soil 
solution salinity ranged from 0.08 dS/m to 12.28 dS/m (Table 3).  Within a field, the highest soil 
solution salinity tended to occur in the bottom check, while the lowest soil solution salinity 
tended to occur in the top check.  There was no clear temporal soil solution salinity trend among 
all fields; however, trends emerged when saline and non-saline field sites were grouped 
separately (Fig. 4).  Fields that had lower soil salinity concentrations (EC<4 dS/m) exhibited 
similar spatio-temporal patterns: an increase of soil solution salinity early in the season fallowed 
by a sharp decrease and then a gradual rise through the remainder of the season (Fig. 4a).  Fields 
with higher soil salinity (EC>4 dS/m) showed a slight steady increase for the first half of the 
season, followed by a steady decrease throughout the remainder of the season (Fig. 4b). 
 

Table 3. Overview of soil solution salinity (ECss) concentrations observed in the study.  Soil 
solution for this salinity measurement was extracted 4 inches below the soil surface.  
* represents a saline field site (EC> 4 dS/m). 

 

 

 

 

 

 

 Soil Solution EC 

 
Field 

Average ECss 
(dS m-1) 

Min  ECss  
(dS m-1)/ Plot / Week 

Max  ECss  
(dS m-1) / Plot / Week 

C1  1.65  0.43 / A1 / W2  3.69 / C3 / W16 
C2  1.79  0.43 / A1 / W8  3.51 / C3 / W6 
C3  1.28  0.73 / A1 / W1  2.30 / C3 / W4 
C4*  7.55  4.55 / A1 / W14 11.35 / C3 / W2 
C5*  5.70  1.69 / A1 / W7 12.28 / C3 /W1 
C6*  7.81  4.35 / A1 / W16 11.95 / C3 / W5 
C7*  3.49  1.89 / A1 / W15 5.35 / C3 / W7 
G1  0.84  0.31 / A1 / W13  1.56 / B2 / W3 
G2  1.06  0.32 / A1 / W4  2.81 / C3 / W13 
B1  0.75  0.11 / B2 / W7  1.36 / C3 / W16 
Y1  0.90  0.08 / A1 / W6  2.17 / C3 / W2 
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Figure 4 a,b. Spatio-temporal pattern of soil solution salinity at A1, B2, and C3, relative to the 
A1 site position for non-saline (a) and saline sites (b). Error bars represent standard error. 

Salinity effect on yield: 

We did not observe yield reductions due to high soil salinity.  We did observe yield reductions at 
flood water salinity concentrations above 0.88 dS/m (Fig. 5).  Above the 0.88 dS/m threshold, 
flood water salinity is negatively correlated with yield.  This threshold is below the previous 
report of 1.9 dS/m.   
 

 

Figure 5. Yield is negatively correlated with water EC above 0.88 dS/m.  This figure only 
includes the significant fixed effects.   
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Objective 3: How the drought and increased pump irrigation has affected groundwater 
levels in the rice growing region and how this may affect irrigation management of rice. 

During the 2016 growing season, we monitored subsurface hydraulic head gradients 
(which determine the direction of water flow) in three commercial rice fields to better understand 
groundwater-floodwater interactions and the implications for rice field water budgets. Replicated 
piezometers were installed at three different depths in the soil profile to monitor the hydraulic 
head at each depth; piezometers are essentially monitoring wells with their intake at a specific 
point rather than over a larger screened interval and the height to which water rises in the 
piezometers indicates the hydraulic head. The direction of water flow can be determined based 
on differences in hydraulic head (the piezometer water height). For example, a higher water level 
(greater hydraulic head) in the shallowest piezometer indicates downward flow. Conversely, if 
the highest water level (greatest hydraulic head) is observed in the deepest piezometer, this 
would indicate the upward flow of water. 

At the field sites in Woodland, CA and Arbuckle, CA, all indications suggested that the 
entire soil profile was saturated (the groundwater was connected to the floodwater) and the head 
gradients indicated downward flow over both depth intervals measured (Figure 1). The 
magnitude of these flows (the amount of percolation) will be controlled by the saturated 
hydraulic conductivity of the soils, which previous studies in similar soils suggest is quite low. 
At the third field site (in Richvale, CA), our results suggested that the groundwater did not 
connect to the floodwater for most of the growing season and that there was an unsaturated zone 
present in the soil profile. Hydraulic head gradients indicated the upward push of the 
groundwater into this zone from below and downward percolation of the floodwater from above 
(Figure 2). The upward movement of the groundwater associated with the flooding of rice fields 
and irrigation canals in the area may be due to landscape-level heterogeneity that results in the 
outcropping of higher hydraulic conductivity soil layers. 
 In addition to monitoring hydraulic head gradients, we also made preliminary direct 
measurements of lateral seepage and deep percolation using three-sided seepage frames inserted 
into the levees and percolation rings inserted through the plow layer in the fields. The three-sided 
seepage frames allowed water to flow horizontally into the levee or percolate downward (a 
negligible loss compared to lateral seepage), but not to flow horizontally into the field. A 
constant height of ponded water was maintained in the frames and the rate at which water needed 
to be supplied to maintain a constant height was taken to be the seepage rate. Frames were nested 
to provide a buffer zone with the same ponded water height and covered with reflective 
insulation to minimize evaporation. The seepage rate per frame was divided by the length of 
levee enclosed by the frame and then converted to an equivalent height of water in the field by 
multiplying by the total levee perimeter and dividing by the field area. Percolation rings 
consisted of 30-cm (12-inch) diameter PVC tubes that were installed to 25 cm below the soil 
surface, covered with reflective lids to prevent evaporation, and maintained with ponded water 
higher than the field water level. As such, this is an over-estimate of percolation since water may 
flow laterally out the bottom of the percolation ring due to the lower field water level, but it 
nevertheless provides a useful upper bound for percolation. Our measurements showed that both 
lateral seepage and percolation have high spatial variability (Table 1), emphasizing the 
importance of replicating these measurements extensively, both within fields and between fields 
to examine the landscape-level variability. However, these initial results also showed that lateral 
seepage and percolation are relatively small water loss pathways, though the potential for most 
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losses to occur in a small percentage of the total field area (and thus not be captured by these 
methods) should not be discounted. 
 
Table 1: Lateral seepage frame and percolation ring measurements during the 2016 growing 
season at the three field sites 

  Season  Seepage (cm season-1)  Percolation 
Site  days  Site 1 Site 2  mm day-1 cm season-1 

Arbuckle  135  1.41 1.44  0.2 2.5 
Richvale  132  1.49 3.71  0.3 4.0 

Woodland  114  4.23 14.6  0.2 1.8 
 
 
 

 
Figure 1: Hydraulic head gradients at a field site in Arbuckle, CA as indicated by the water 
height in replicated piezometers installed to three depths (30 cm, 75 cm, and 135 cm beneath the 
soil surface). The inset diagram indicates the direction of flow for the two depth intervals. 
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Figure 2: Hydraulic head gradients at a field site in Richvale, CA as indicated by the water 
height in replicated piezometers installed to three depths (30 cm, 75 cm, and 135 cm beneath the 
soil surface). The inset diagram indicates the direction of flow for the two depth intervals. 
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CONCISE GENERAL SUMMARY OF CURRENT YEAR’S RESULTS: 

1. Data from 2014 and 2015 indicate that water temperature has a greater effect on crop 
development rates than air temperatures for the first 70 days of the season (until roughly 
mid-booting). While not surprising, given that the growing point of the plant is below 
water during this period, it is important to consider when working on crop development 
model; and it does indicate that crop development models based on air temperature will 
always be somewhat limited in their accuracy. 

2. There is a consistent pattern of flood water salinity build-up in rice fields throughout the 
season.  Flood water salinity levels are highest early in the season and furthest from the 
inlet.  The season average flood water EC at which yields begin to be compromised is 
0.88 dS/m2. To maintain this EC throughout an average size field, irrigation water needs 
to be lower than 0.6 dS/m2.   

3. In most CA rice fields, salinity should not be a problem as irrigation water EC and soil 
EC is low.  In fields that receive high salinity water or have soils that are high EC, 
maintenance flows help a little (but not much). A better strategy is to have open weirs 
along both sides of the field. Or alternate open weirs on either side of the field and switch 
occasionally during the season. These strategies help flush out stagnate water areas that 
are high in salinity. 

4. Percolation and seepage rates at the three fields studied this year are all very low.  
Percolation rates average about 1.1 inch/season and seepage rates 1.8 in/season. 
However, these results were highly variable-particularly seepage rates.  

5. Results from piezometer studies also indicate that surface flood water moved downward 
during the season (percolation). There was also indication that in some fields water was 
moving upwards from ground water table. The objective of this study was to determine if 
the height of ground water table influenced the rates of percolation. We had too few 
studies to get a good sense of this; however, we have developed the methodology to 
pursue this in 2017. 
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