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OBJECTIVES AND EXPERIMENTS CONDUCTED, BY LOCATION, TO ACCOMPLISH 
OBJECTIVES: 
The overall objective of this project is to develop fertilizer guidelines for California rice growers which 
are economic viable and environmentally sound. Toward this objective, in 2014 the following specific 
objectives were addressed. 

1. Determine the potassium status of rice soils.  
2. Develop management practices for growing rice under conditions of alternate flooded/dry soil 

conditions. 
3. Understand and quantify rice yield variability in the Sacramento Valley  
4. Mid-season N status and accessing the need to topdress. 
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SUMMARY OF 2015 RESEARCH (major accomplishments), BY OBJECTIVE: 
 
1. Determine the potassium status of rice soils. 
 In 2012 and 2013, 55 rice fields were identified. From each field, soils samples (from the top, middle and 
bottom checks), water samples (twice each season from inlet) and flag leaf samples at heading were all 
analyzed for K. In addition, each grower was asked about historical (past 5 years) yields from fields, 
straw management and winter flooding practices.  

Soil K values ranged from 35 to 350 ppm (critical level-60 ppm). There was no relationship between soil 
K values and the amount of K that had been added and removed (based on recent history data). The 
primary pattern we saw was that soil K values were lowest in the south-east, followed by north-east and 
north-west. Highest values were in south-west. All fields below 60 ppm (critical value) were on the east 
side of the valley. 

The critical flag-leaf K value is considered to be 1.2%. When soil K values were below the critical value 
of 60 ppm then 50% of the flag leaves sampled had K values below the critical range and when soil K 
ranged from 60 to 120 ppm, 8 flag leaf samples (24%) had K levels below the critical range (Fig. 1). 
Based on this data, we suggest when soil K levels are below 120 ppm, that K fertilizer should be 
considered.  

 
Figure 1. The relationship between soil K and flag leaf K values in 2012 and 2013 fields where K 
fertilizer was not applied. 

There was a significant difference in the concentration of K in irrigation waters. Of the two primary 
rivers, the Sacramento River had the highest K values (1.18 ppm) while the Feather River averaged 0.79 
ppm. Well water had the highest overall K concentration (2.3 ppm) but it was also highly variable. 
Recycled irrigation water averaged 1.4 ppm and was also variable. 
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In 2014, soils from all fields and checks were sent to lab for complete analysis. While we had anticpated 
that this data was ready for analysis and publication, it became clear that further analysis was necessary. 
In 2015, we had not requested funds for this objective; however we will be requesting funding to finish 
this research in 2016.  Findings from this research will be developed into a format that is useful for 
growers and made available on-line as well as other outlets in order that growers can further improve their 
K management.  

 
2. Develop management practices for growing rice under conditions of alternate 

flooded/dry soil conditions. 
While the conventional system of growing rice under continuously flooded conditions produces good 
grain yields and maintains high nitrogen use efficiency, California rice growers need to be prepared for 
situations where they might face legislative pressure to implement alternative water management 
strategies.  For example, concerns have been raised about the high greenhouse gas emissions associated 
with continuously flooded rice fields, as well as arsenic uptake by rice plants and methyl-mercury 
formation in flooded soils.  The alternation of wet (flooded) and dry (drained) conditions, known as 
AWD, has the potential to mitigate some of the aforementioned problems.  While these problems don’t 
currently necessitate an alternative water management strategy, it is important to evaluate the agronomic 
viability of AWD as a potential option. 

Experiments in 2013 and 2014 on alternate wetting and drying found that yield in both water and dry 
seeded systems could be maintained when soils were allowed to dry down to 35% volumetric moisture 
content.  In addition, we found that (1) the optimum N rate required to achieve maximum yields was 
similar to conventional water systems, (2) the Global Warming Potential (GWP) was reduced by 
approximately 60 to 80%, and (3)  grain As concentrations were reduced by 50%. While such results are 
encouraging and show the possibility of these systems, it is not clear how easy it would be to implement 
at the field scale. Therefore in 2015, we began to address this issue by addressing two objectives: 

1. Determining how dry the soil can get during the drying events before yields are reduced. 
Understanding this will help us determine the critical window for when soils can be drained 
without loss in yield. 

2. Determine which growth stages are most sensitive to unsaturated soil conditions.  

Field experiment 

In order to address objective one we set up a field experiment at the RES systems site. The experiment 
had three treatments each replicated 3 times: 

1. WS-Control: Water seeded conventional flooded (control) 
2. WS-AWD35: Water seeded AWD with dry downs to 35% volumetric water content (similar 

to previous years). 
3. WS-AWD 25: Water seeded AWD with dry downs to 25% volumetric water content (drier 

than the previous treatment). 

During the 2015 growing season this experiment was implemented using M206. The drain periods began 
after canopy closure which helps ensure weeds do not become a problem and that preplant fertilizer N has 
been taken up. The AWD treatments involved flush-irrigating the field every time the volumetric water 
content dropped to 35% or 25%.  Each AWD treatment experienced 2 dry down events between 45 days 
after planting and heading. Greenhouse gas emissions (GHG-methane and nitrous oxide) were monitored 
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daily to weekly using non-flow-through vented flux chambers.  At the end of the season, plots were 
harvested, yields were determined. Grain samples were processed for As analysis. Rhizotron tubes were 
inserted into soil to examine root dynamics between these systems. 

Rice grain yields in all treatments were above 11,800 lb/ac. (Fig 1). There was also no difference in yields 
between the treatments. The period the soil remained unsaturated during the dry down events was 7 days 
in the AWD-35 and ranged from 8 to 11 days in the AWD-25. This suggests that soils during this period 
can be drained for up to 11 days  

 

 
Figure 1: Rice grain yields of the three water management treatments for the 2015 growing season 
 

 
Nitrous oxide (N2O) emissions were below zero for all three treatments, but methane (CH4) emissions 
were reduced on average by 70% in the AWD treatments (Table 1). There was no benefit or penalty to 
letting the soils dry further in terms of GHG emissions or yield. The global warming potential (GWP) and 
yield-scaled GWP of the AWD treatments was lower by roughly the same magnitude as the reduction in 
CH4 (Table (Fig. 4; Table 1). These results indicate that AWD can maintain rice grain yields while 
significantly reducing the GHG emissions associated with rice cultivation. 
 
Table 1: Mean (SE) cumulative CH4 and N2O emissions for each water management treatment with total 
GWP and yield-scaled GWP for the 2014 growing season 

N fertilizer mode of 
application 

Total CH4 emissions Total N2O emissions Global warming potential 

 kg CH4-C 
ha-1 

season-1 

kg CO2 
eq ha-1 
season-1 

g N2O-N 
ha-1 

season-1 

kg CO2 
eq ha-1 
season-1 

kg CO2 eq 
ha-1 
season-1 

kg CO2 eq 
Mg-1 season-

1 
       
Flooded 338a 11,288a -57a -15a 11,262a 948a 
AWD 35 92b 3,055b -111a -52a 3,003b 253a 
AWD 25 111b 3,696b -32a -27a 3,681b 305b 
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Figure 2: Air temperature and greenhouse gas emissions (CH4 and N2O - means ± SE) during the 2015 
growing season for the water-seeded continuous flood and AWD treatments. 
 
Bin experiment 
 
In order to address the second objective and understand which growth stages are most 
susceptible to dry down events we set up an experiment at the RES systems site. The treatments 
were as follows: 
 

1. Continuous flood (control) 
2. Panicle initiation drain (PI) 
3. Booting drain 
4. Heading drain. 

 
These experiments were set up in plastic bins which were buried in the field so that the height of 
soil in bin was the same level as the surrounding field soil.  The top rim of each bin was above 
the flood water level in the main field. Holes were placed at the side of each bin at soil level so 
that the water height could be maintained within each bin. For the drain, the holes were plugged 
and water pumped out until the water level was at soil level. The soils were allowed to dry down 
to 17-20% volumetric water content after which the plugs were removed and the bins reflooded 
with water. 
 
Yields (data not shown) were similar among treatments but the data were highly variable. We 
plan to examine effects of drain time on grain As concentrations but these data are not yet 
available.  
 
3. Understand and quantify rice yield variability in the Sacramento Valley  
California rice yields are amongst the highest in the world; however over the past 15 to 20 years 
yields have stagnated. Our objective is to identify ways to further increase yields through 
improved management that optimizes the yield potential of the varieties being developed. 
Broadly the objectives of this research are as follows: 
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• Create a database of Statewide Variety Trials, state and county yield data, grower yields, 
and other yield data that is accessible to multiple research groups for analysis. 

• Analyze yield trends across time, estimating the impact of soils, management, and 
climate variability. 

• Conduct a Yield Gap Analysis 
• Highlight areas of improvement or future research in support of increased yield and yield 

stability in CA rice production. 
 
Initially, we are conducting a Yield Gap Analysis (YGA) of California rice systems. A YGA 
identifies the maximum yields possible (yield potential) and compares this to the yields that are 
being achieved. The difference between these two values is the yield gap. Our objective is to 
narrow the yield gap through improved management. Secondly, we will focus on understanding 
year to year yield variation. Despite the yield stagnation just mentioned there has been 
considerable yield variation from year to year. In order to better understand this yield variation, it 
is critical to understand the impact of various climate variables on yields. 
 
We have compiled a complete database of UCCE Statewide Variety Trials, state and county 
yields, and grower yields. We have also created a data base of climate and soils data that is 
paired with each of the yield data bases. This data base is as follows: 
 

• Compiled all Statewide Variety Trial data from 1999-2013 into a central database, 
including error checking (approximately 21,000 data points) 

• Linked yield data to site-specific daily climate (CIMIS and DAYMET) and soils 
(SSURGO) data (approximately 3 million data points) 

• Created a procedure to calculate climate variables (e.g. – average temperature during 
flowering) specific to each data point in the Statewide Variety Trials.  

In 2015, using this data base (and from the southern US) our specific objectives were to:  
 

1. Calibrate and validate the ORYZA model to quantify the maximum yield potential of US 
rice production systems  

2. Use this maximum potential yield estimate and county level data to determine the yield 
gap (difference between potential and achieved yields). 

3. Investigate avenues for improving yields. 
 

Methods: 

• Phenology parameters in ORYZA were calibrated for both CXL745 and M-206 using data 
from well managed experimental plots (Fig 1). 

• Additional parameters controlling the simulation of cold induced sterility were adjusted for 
M-206. 

• These calibrations were validated against large data sets from CA (M-206; 1999 – 2014) and 
the Southern US (CXL745; 2007-2013).  

• Since the model was calibrated to simulate yield potential, it was expected that the model 
should predict yield potential greater than observed yields in most cases. It was acceptable 
for no more than 10% of observed yields to be larger than estimated yield potential. 
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• Three areas of concern were further investigated via sensitivity analyses: 
o Leaf Area Index (LAI): Using default values, ORYZA did not simulate LAI in direct 

seeded rice correctly.  
o Cold induced sterility: ORYZA’s sub-routine for cold induced sterility uses Tmean rather 

than Tmin. This may not be accurate in environments such as CA with large diurnal fluxes. 
o Physiological maturity: Large differences in estimated yield potential can be achieved 

under different definitions of physiological maturity.  
 
Results: 

1. ORYZA was slightly better able to model yield potential in the Southern US (CXL745) 
after only basic calibration compared to CA (M-206) (Fig. 2). This is likely due to 
environmental similarities between the Southern US and the Philippines (where ORYZA 
was originally developed). 

2. ORYZA was less able to simulate yield potential in CA (M-206) rice production systems. 
Issues with phenology prediction and cold induced sterility likely contributed to this.  

3. Default values for the initial leaf area per plant (LAPE) resulted in large differences in 
simulated leaf area index (LAI) and harvest index (Fig. 3). LAPE will needed to be 
adjusted according to the simulated planting density for accurate simulations 

4. ORYZA was unable to accurately simulate cold-induced sterility in CA. Adjustments to 
the threshold at which ORYZA’s cold sterility routine activates only slightly improved 
poor simulations of yield potential.  

5. Simulated yield potential can be increased by 230 kg ha-1d-1 by adjusting the date of 
physiological maturity. There are many different definitions for physiological maturity 
currently in use, so users of this model must be clear about how physiological maturity is 
determined (Fig 4).  
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Figure 1: Locations of weather stations and sites used for the calibration and validation of 
ORYZA. Sacramento Valley (CA) for rice variety M-206 (left) and for the Gulf Coast and 
Mississippi Valley (Southern US) for rice variety CXL745 (right). 

 

Figure 2: Validation results for M-206 (left) and CXL745 (right). ORYZA was able to simulate 
yield potential well for both varieties, however could not accurately estimate yield potential well 
for cold-affected sites (CA). 
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Figure 3 and 4: Results of model sensitivity analyses.  Left: model simulation of leaf area index 
in response to modification of initial settings for leaf area. Right: simulated yield in response to 
varying length of grain filling time. 

Conclusions: 

ORYZA can adequately simulate yield potential for environments similar to the one it 
was developed in (i.e. – Southern US) after basic calibration of phenological parameters. 
Modeling of environments that experience cool temperatures (i.e. – CA) required more extensive 
calibration. Even more extensive calibration, however, was not able to address structural 
deficiencies in the model itself. Complex phenomena like cold induced sterility will require 
updating several structural components of the model. Issues notwithstanding, we show here that 
ORYZA can be acceptably calibrated and validated for US rice production. 

Cold-induced sterility  

Issues with the ORYZA model prompted exploration of the response of modern CA rice varieties 
to exposure to cold temperatures during the period from panicle initiation to 50% heading.  Of 
particular interest was quantification of the benefits of increased water depth during this period 
to protect the developing spikelets from cold-induced sterility. 

Methods: 

• Flood boxes (1 m x 1.25 m) were filled to 15 cm depth with 80% sand/20% peat mix and 
water seeded with variety M-205. NPK applied at sowing 

• Overflow tubes installed to drain 5 cm above soil surface 
• Randomized complete block design 
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• Due to high variation, individual bins were assessed for N status (leaf color) at 
tillering. Blocked according to N status and plant stand/height 

• Additional top-dress of N applied at tillering according to N status/leaf color 
• At PI (determined by green ring), an additional riser tube was added to increase flood 

depth to 25cm. 
• Temperature sensors installed to collect air and water temp. 
• Water remained raised for 3 weeks (approximately 50% heading) 
• Both control and treatment had similar flood depth except for this 3 week period.  
• Harvested approximately 30 panicles from each plot 

 

Results: 

Results indicated that raising water between PI and Heading did not affect blanking (Fig. 1–left) 
but did result in an increase of about 10 grains per panicle (Fig. 1-right). This is a single study 
and therefore interpretation of results should be made with caution. 

  

Figure 1: The estimated effects of increased water depth during the period from panicle 
initiation to 50% heading for rice variety M-205. There were no significant differences between 
the low and high water treatments in spikelet sterility (left) but there were significant increases 
in panicle size under the high water treatment (right). 

Seeding rate to achieve optimal yields 

The modeling exercise with ORYZA also highlighted the importance of stand density. Little 
work in this area has been conducted recently with most recommendations relying on data 
collected in the 1980’s and 1990’s on old varieties. In 2015 we set up an experiment at the RES 
to examine effect of seeding rate on yields. We used M206. We had two planting times (May 25 
and June 1) and 5 seeding rates (5, 15, 25, 35, 45 and 55 seeds/ft2).  
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Results show that: 

1. Plant density was about half of the seeding rate density (Table 1) 
2. The optimal plant density to achieve maximum yields was 25 plants/ft2 (Table 1, Fig. 1). 

This was achieved a seeding rate of 50 seeds/ft2. For M206, this equates to  planting at a 
140 lb/ac rate. 

Table 1. Plant, tiller and panicle density and yields for different seeding rates and times. 

Planted Seed rate  
(seeds/ft2) 

Plants 
(plt/ft2) 

Plant 
height 
(cm) 

Tiller 
count 

(till/ft2) 

Panicle count 
(pan/ft2) 

total 
panicle 
wt (g) 

Panicle 
wt 

(g/pan) 

yield 
(lbs/ac) 

25-May 5 2.3 94.0 43.5 39.2 102.8 2.17 6556 
  15 11.4 95.8 61.0 54.5 88.2 2.05 8864 
  25 16.5 96.3 70.3 61.8 71.8 1.66 9336 
  35 19.4 95.0 66.3 56.3 87.3 1.80 9040 
  45 26.3 94.5 78.8 69.3 74.7 1.64 9764 
  55 30.6 95.5 77.5 64.5 74.8 1.52 9699 

1-Jun 5 3.1 103.5 43.5 36.7 70.4 1.84 8426 

 
15 11.8 103.5 61.0 49.9 66.4 1.77 8793 

 
25 16.8 99.3 70.3 61.0 64.6 1.70 9814 

 
35 20.6 103.3 66.3 56.6 59.1 1.39 9582 

 
45 24.3 99.8 78.8 68.4 61.2 1.56 9998 

 
55 31.0 97.8 77.5 65.2 64.2 1.61 9788 

 

 

Figure 1. Relative yield versus plant density for two planting dates and 5 seeding rates. 
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4. Mid-season N status and accessing the need to topdress. 
The objective of this study was to examine the potential of using remotely sensed data to 
determine the need for a top-dress N application. Two studies were conducted to access the 
potential of NDVI (using Green Seeker). In addition, a hyperspectral camera was used to 
examine the potential of other spectral bands and indexes. Below we will discuss results from the 
Green Seeker as the other data are not yet available.  

An N rate trial was conducted in Arbuckle and at the RES. In this trial 5 N rates (0-240 lb/ac) 
were used to provide different color and yields. An additional experiment on 29 farmer fields 
was also conducted in which we took plant samples at PI and heading; in addition to Green 
Seeker and other measurements. Table 1 highlights the data collected for the different 
experiments.  

Table 1. Experiment details and data collection from each experiment. GS refers to Green Seeker 
and HH2 refers to the HandHeld-2 hyperspectral camera.  

Experiment Location Plant 
date 

Variety 45 3-4X PI Heading Harvest 

N trial (5 rate) Arbuckle  M206 GS, HH2, 
biomass, [N], 
leafclip top 3 
leaves, [N] top 
3 leaves, 
PAR,LCC 

4X (GS, 
PAR, 
HH2, 
leafclip 
top 3 
leaves, 
[N] top 3 
leaves) 

GS, HH2, 
biomass, [N], 
leafclip top 3 
leaves, [N] top 3 
leaves, PAR 

 Grain/straw 
yield, 
Total N uptake, 
 

N trial (5 rate) RES  M206 GS, HH2, 
biomass, [N], 
leafclip top 3 
leaves, [N] top 
3 leaves, PAR 

3X (GS, 
PAR, 
HH2, 
leafclip 
top 3 
leaves, 
[N] top 3 
leaves) 

GS, HH2, 
biomass, [N], 
leafclip top 3 
leaves, [N] top 3 
leaves, PAR 

 Grain/straw 
yield, 
Total N uptake, 
 

Nup X SOM 29 fields 29 fields multiple   GS, biomass, [N], 
SoilExN, waterN 

GS, 
biomass, 
[N] 

 

 

Preliminary results (we have a lot of data yet to analyze) 
1. For the N rate trials 

we received a fairly typical 
response to fertilizer N with 
maximum yields at the 
Arbuckle site being achieved 
with 75 kg N/ha (67lb N/ac) 
and at the RES 180 kg N/ha 
(160 lb N/ac). One unusual 
outcome of this study was the 
very high yields achieved in 
the treatment with no 
fertilizer N applied.  
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2. Data from the two N rate trials show that above ground biomass at late tillering (42-45 
days after planting) and at panicle initiation (about 60 days after planting) is a poor 
predictor of final yield. For each given sampling time and location there is good 
correlation but poor correlation across sites and times. 

 

 
 

3. For the experiment where we looked at the 29 different fields we see that Green Seeker 
NDVI is good at predicting biomass or N concentration across fields at a given 
developmental stage; however, the results are very time sensitive as different 
relationships exist for samples taken at panicle initiation versus heading. 

 
 

4. Looking at the same data as above but using total N uptake (biomass X N concentration) 
we see that Green Seeker NDVI estimates total N uptake well across stages. 
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5. Adding data from the N trails to the above data and looking only at data from panicle 
initiation we see a strong relationship between Green Seeker NDVI and total N uptake at 
PI that holds across locations and N rates.  

 

 
 

6. Data from the two N rate trials show that N uptake at 45 days after planting is poorly 
correlated with final yields but N uptake at PI is well correlated with final yields.  

 

 
 
 

7. The relationship between Green Seeker NDVI at PI is relatively well correlated with final 
harvest yield. Data below is only from the N trials at Arbuckle and RES. 
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8. In summary, Green seeker NDVI is a generally poor predictor of biomass at PI and of N 
concentration in the plant; however it does appear to predict above ground N content well 
which makes it useful for estimating final yields and possibly if a top-dress N application 
is necessary (this later point requires further data analysis). 
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CONCISE GENERAL SUMMARY OF CURRENT YEAR’S RESULTS: 

Objective 1. Determine the potassium status of rice soils. 

Plant, soil and water data from the 55 fields sampled in 2012 and 2013 have all been analyzed. In 
brief, soil K values ranged from 35 to 350 ppm (critical level-60 ppm). There was no relationship 
between soil K values and the amount of K that had been added and removed (based on recent 
history data) suggesting that it is not a good management strategy to try to build up soil K but 
rather apply the amount needed. The primary pattern we saw was that soil K values were lowest 
in the south-east, followed by north-east and north west. Highest values were in south-west. All 
fields below 60 ppm (critical value) were on the east side of the valley. The critical flag-leaf K 
value is considered to be 1.2%. When soil K values were below the critical value of 60 ppm then 
50% of the flag leaves sampled had K values below the critical range and when soil K ranged 
from 60 to 120 ppm, 8 flag leaf samples (24%) had K levels below the critical range (Fig. 1). 
Based on this data, we suggest when soil K levels are below 120 ppm, that K fertilizer should be 
considered.  

There was a significant difference in the concentration of K in irrigation waters. Of the two 
primary rivers, the Sacramento River had the highest K values (1.18 ppm) while the Feather 
River averaged 0.79 ppm. Well water had the highest overall K concentration (2.3 ppm) but it 
was also highly variable. Recycled irrigation water averaged 1.4 ppm and was also variable. 

Preliminary analysis of data indicates it is difficult to make refined recommendations for K and it 
is likely due to different minerology among soils. Therefore in 2016 we plan to examine the soils 
collected for mineralogical traits which we anticipate will allow us to refine K recommendations.  

Objective 2. Develop management practices for growing rice under conditions of alternate 
flooded/dry soil conditions. 

In 2013, 2014 and 2015 grain yields in all AWD treatments were the same as the conventional 
water seeded treatment.  Similarly the optimum N rate required to achieve maximum yields was 
similar among treatments. In addition, we have found that these systems reduce GHG emissions 
by over 70%, grain arsenic by 50% and may have positive effects on methyl mercury cycling in 
these systems. While such results are encouraging and show the possibility of these systems, it is 
not clear how easy it would be to implement at the field scale. Research this year suggests the 
“window” during which a field can be safely drained is fairly large as fields could dry down to 
25% volumetric water content without a yield penalty.  

Objective 3. Understand and quantify rice yield variability in the Sacramento Valley  
 
In 2015, the focus of our efforts was conducting a Yield Gap Assessment of US rice systems. 
Specifically, to date in this project we have: 

• Compiled all Statewide Variety Trial data from 1999-2013 into a central database, 
including error checking (approximately 21,000 data points) 



  PROJECT NO. RM-4 

• Linked yield data to site-specific daily climate (CIMIS and DAYMET) and soils 
(SSURGO) data (approximately 3 million data points) 

• Created a procedure to calculate climate variables (e.g. – average temperature during 
flowering) specific to each data point in the Statewide Variety Trials.  

• Using this data and others from the southern US calibrated and validated the model 
ORYZA to estimate yield potential in the various regions of the US. This indicates the 
maximum yields possible. Using county level yield data, we plan to determine current 
yields for each region and then determine the Yield Gap in each region. 

 
Objective 4. Mid-season N status and accessing the need to topdress 
Green seeker NDVI is a generally poor predictor of biomass at PI and of N concentration in the 
plant; however it does correlate well with above ground N content well is useful for estimating 
final yields and possibly if a top-dress N application is necessary. This assessment comes after an 
analysis of studies over multiple locations and N rates. At present, our analysis in this area is 
preliminary. There are considerable more data from this season that we have yet to analyze; 
however, given these initial promising results along with the increase availability and use of 
remotely sensed data, further research in this area is warranted. 
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