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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 2018 the 
following specific objectives were addressed. 

1) Assessing top-dress N needs through the use of remote sensing 
a) Green Seeker assessment 
b) Drone assessment 

2) Ammonia volatilization losses in California rice systems 
3) Develop management practices for growing rice under conditions of alternate flooded/dry 

soil conditions. 
 

SUMMARY OF 2018 RESEARCH (major accomplishments), BY OBJECTIVE: 
 
1. Assessing top-dress N needs through the use of remote sensing 
 
Overview 

This study was initiated in 2015 to evaluate the potential of sensor-based technologies to access 
N status in rice and determine the need for top-dress applications. We found that GreenSeeker 
NDVI measurements taken at PI accurately determine total N uptake in rice, whereas biomass 
and N concentration alone were poor indicators of crop N status. In 2016 and 2017, the 
experiment was repeated to confirm this result, as well as determine which NDVI value would 
indicate the need for a top-dress application. Six N response trials were established over the two-
year period with 5 preplant N rates ranging from 0-200 lbs N/ac. Additionally, at PI each plot 
was split into three subplots receiving 0, 20, and 40 lbs. N/ac top-dress. The strong correlation 
between NDVI measurements and total N uptake observed in 2015 was confirmed in 2016 and 
2017. Additionally, from the yield results it was estimated approximately 100 lbs N/ac are 
required to be taken up by the crop at PI to achieve maximum yields, which corresponds to a 
NDVI value of approximately 0.69. A Response Index (max observed NDVI/treatment NDVI) of 
1.1 has been identified as when top-dress N is necessary. As we expected based on our previous 
research, splitting N applications between preplant and top-dress did not result in a significant 
yield increase.  

In 2018, this research was repeated to develop a more robust data set on which to base our 
findings- particularly the Response Index. In addition, we examined the use of drones to develop 
a Response Index as well as a NDRE (Normalized Difference Red Edge) which is a normalized 
index like NDVI but uses the red-edge of the spectrum to develop the index. It has been shown 
by other groups to be more responsive to crop N status. 

2018 Research Methods 

Building on our encouraging results from 2015 to 2017, in 2018 we replicated our experiments 
by establishing N response trials at four locations with 6 N rates ranging from 0-210 lbs. N/ac. 
At PI, each plot was further split into two plots receiving top-dress N at rates of 0 or 30 lbs. N/ac. 
The goal of research in 2018 was to replicate grower practice with respect to N fertilizer 
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application and also incorporate the use of a drones to evaluate the potential of sensor-based 
technology to scale up to the farm level. In contrast to previous experiments which were 
established using hand broadcast urea as the preplant N source, 2018 N trial plots were 
established by injecting aqua ammonia into the soil representing the common grower practice for 
the Sacramento Valley. Research in 2017 utilized a contracted company to collect NDVI data 
which led to unreliable results. Therefore, prior to the 2018 growing season, a drone was 
purchased and was used in combination with the Hand Held GreenSeeker to collect NDVI data. 
The added advantage of the drone is that it not only allows continued research using the 
previously studied NDVI index, but also allows for the collection of alternative indexes, some of 
which have been identified by recent studies to be more sensitive to treatment differences than 
NDVI. Additionally, based on yield data from 2016 and 2017, we observed a large degree of 
variability in the crop response to top dress N. We hypothesized the variability in crop response 
could be explained by differences in soil indigenous N supply after PI and before heading, which 
previous research has found can be influenced by carbon compounds that can accumulate in 
fields that continuously remain in rice. Therefore, one of our research goals in 2018 was to 
determine how soil N supply after PI influences the crop response to top dress N. 
 
The following specific measurements were taken at each site:  

Soil at each location at start of season were analyzed for total N, organic C, pH, and texture 
1. At PI 

a. aboveground biomass from each N plot was analyzed for weight, N concentration 
and total N uptake. 

b. Green Seeker NDVI 
c. Drone flying with a multispectral camera to collect NDVI and NDRE (a new 

index identified to be more effective than NDVI by recent studies).  
d. Soil from 0 and 150 N plots was analyzed for ammonium, nitrate, and phenolic 

carbon compounds 
2. At Heading 

a. Aboveground biomass from 0 and 150 N plots was analyzed for weight, N 
concentration and total N uptake. 

b. Soil from 0 and 150 N plots was analyzed for ammonium, nitrate, and phenolic 
carbon compounds 

3. At Harvest 
a. Above ground biomass and yield. Samples were analyzed for weight, N 

concentration and total N uptake. 
 Results     

Combining results from 2015 to 2018 indicates that the GreenSeeker NDVI provides a very good 
estimate of above ground N uptake at PI. This is consistent with what we have been reporting in 
previous years. Importantly, it does not give as good an estimate of crop biomass or crop N 
concentration. The relationship between N uptake and GreenSeeker NDVI is relatively linear to 
about 100 lb N/ac (roughly 10 g m2 on graph). Above this, the NDVI saturates so that increasing 
levels of N uptake by the plant do not result in increases in NDVI. This is one problem with 
NDVI that we hope to correct by using NDRE (discussed below). 
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Figure 1. The relationship between crop biomass (a), N concentration (b) and total N uptake (c) 
and GreenSeeeker NDVI. Data is from 2015 to 2018. 

From this same data, examining the amount of N a rice crop needs to have taken up by PI to 
ensure maximum yields is roughly 100 lb N/ac (Figure 2). Higher N in the crop above this 
amount does not translate into higher yields. 
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Figure 2. The relationship between total N uptake at PI and final grain yield for the ten N 
response trials established from 2015 to 2018 

A Response Index was developed for each plot using the following formula: 
 

Response Index = NDVI in N excess plot / NDVI in treatment plot 
 
The N excess plot was the high N treatment in each field. We then examined the yield response 
to a topdress N application in each plot. We found that at a Response Index below 1.1, the 
average yield response was zero to negative and the likelihood of a positive yield response was 
roughly 50% or less. When the Response Index was higher than 1.1 there was a positive yield 
response and a greater chance of a positive yield response (Figure 3) 
 

 
 
Figure 3. The average yield response (left) and likelihood of a positive yield response (right) to 
top-dress N applications across the range of NDVI Response Index values collected with a 
HandHeld GreenSeeker. Dataset consists of eight N response trial sites established from 2016 to 
2018.   
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In 2018, we collected NDVI and NDRE from a drone at the same locations we measured NDVI 
with the GreenSeeker. The NDVI from GreenSeeker was more response to N uptake than NDVI 
from the drone (Figure 4-left). The drone NDVI saturated over a greater range – making it less 
useful. However, the drone NDRE was more linear than NDVI across the range in N uptake 
(Figure 4-right), making it a potentially more useful tool to access crop N status.  
 

 
 
Figure 4. The relationship between total N uptake at PI and NDVI data collected with the drone 
(sUAS) and Hand Held GreenSeeker (left) and between total N uptake at PI and NDVI data and 
NDRE data collected with the drone (right) at the four N response trails from 2018.  

 
Data from the 2018 study confirms the usefulness of the GreenSeeker NDVI measurement in 
estimating N uptake and helping to predict the need for a top-dress N application. The drone 
NDRE was shown to be more sensitive to crop N status across a wider range and maybe a useful 
tool as it can cover a lot more acreage than handheld devices. In 2019 we plan to expand 
research on the drone. 
 
2. Ammonia volatilization losses in California rice systems 

When attempting to improve nitrogen use efficiency (NUE), it is important to understand where 
N is being lost in the system. While important for improving management and on-farm 
economics, it is also important in California’s increasing regulatory environment. For example, 
in previous research we were able to show that nitrate-leaching losses were low in rice systems. 
These findings resulted in the ILRP requiring fewer monitoring wells in the rice region. Through 
research supported by the RRB (particularly RM-4), much of these loss pathways have been 
determined. These are: 
 

1. N lost in harvested grain (a desirable loss) 
2. N losses through surface tailwater runoff 
3. N losses through leaching 
4. Losses to nitrous oxide (N2O – a greenhouse gas) 
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Loss in the grain is where we would like all of the N to end up; while losses due to run-off, 
leaching and N2O are not desirable. Our research show that these “undesirable” N losses in 
California rice systems are very low, and preliminary analysis suggest they make up roughly 
only 6% of all the fertilizer N applied. This is good compared to other rice systems globally, as 
well as compared to other cropping systems. One source of N loss that has not been accounted 
for is ammonia (NH3) volatilization. NH3 is an air quality concern that the California Air 
Resources Board (CARB) is looking closely at. We have reason to believe NH3 losses in rice 
systems are low due to most of the fertilizer being injected below the soil surface, soils that are 
generally lower than a pH of 7, and cool water temperatures. However, these losses have not 
been quantified. In 2018 it was our objective to quantify NH3 volatilization on several fields.  
 
Methodology 
 
The methodology used was developed by Beyrouty et al. (1988) and successfully used to 
quantify NH3 losses in rice systems in the southern US (Griggs et al., 2007). This study was 
initiated in 2017 to test the method used to quantify NH3-N volatilization from soil and N-
fertilizers for preplant application. In 2018 we used this methodology to evaluate NH3 losses at 
eight on-farm locations. At each location four treatments were evaluated with each treatment 
being replicated 4 times. The four treatments were:  
 

1. Zero-nitrogen (0N)  
2. Aqua-ammonia drill (Aqua) 
3. Urea broadcast (UB) 
4. Urea drill (UD) 

 
The N application rate among all treatments are the same as applied by farmers which ranged 
from 134-176kg-N/ha. The foam sorbers (see below) were removed at 4 different times to 
measure NH3 volatilization at four different time points:  
 

1. Immediately after fertilizer application and before field was flooded.  
2. During flood-up 
3. About 4 days after flood-up  
4. About 5-10 days after flood-up 

 
The methodology entails the use of semi-static chambers (tubes) driven into the soil (Figure 4-5). 
Within each tube is a polyurethane foam absorber impregnated 20ml of 0.73M Phosphoric acid 
(H3PO4) and 33% glycerol solution to trap NH3. These foam absorbers are removed at different 
time intervals and the NH3 extracted and quantified. Ammonium volatilization was measured by 
installing the Plexiglas cylinders deep about 15cm randomly into the soil in the middle drill-row 
in between the drill-row for aqua-ammonia and drilled urea (UD). For the urea broadcast (UB) 
the Plexiglas cylinders be installed randomly in each treatment plot and urea was applied inside 
the tube with the correct N rate for the surface area. There were two foams installed in each tube. 
The lower foam was at 12 inches from the soil surface for trapping ammonia volatilizing from 
the fertilizer treatments and the upper sponge was to prevent contamination from atmospheric 
ammonia. The cross section of PVC pipes is fixed on top of the chambers and then covered with 
twenty-litter white buckets to allow air circulation. The lower first sponges were removed at the 
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above mentioned times. The foam was placed in the zipperlock bag and brought them back to the 
lab for further analysis. The ammoniacal N in the trapping foam was extracted by saturating with 
100ml of 2M KCL inside the bag and squeezing several times to assure all NH4+ being washed 
off. The foam was stored in the cool room and squeezed equally ten-time each again before 
taking aliquot out from measurement. The aliquot was removed from the bag and NH4+ 
concentration was determined using Spectrophotometer with 650nm wavelength. 
 
At panicle initiation, a similar experiment was conduct at seven locations to quantify NH3-N 
volatilization from top-dressing N applications. The top-dress N rate was 30 lb N/ac, with two 
different nitrogen fertilizers applied as either urea or ammonium sulfate. There was also a 
treatment with no N fertilizer top-dress. The foam sorbers were installed immediately after 
applying the top-dress inside the tube and then removed at 5 and 10 days after application.  
 
Plant biomass was collected at panicle harvest stage (grain moisture less than 28%) on one 
square meter area of each treatment for yield data and plant-nitrogen uptake analysis. Pre-season 
soil sample was collected for each site for soil properties analysis. 
 
 

  
 
Figure 4-5. Picurtes of the cambers used to measure NH3 volitlaization in the field. The foam 
contains phosphoric acid which captures the NH3.  
 
Results 
 
In the zero N, NH3 losses were low (less than 0.2 lb N/ac) for all time periods (application 
through about 10 days after flooding) (Figure 5). In the aqua-ammonia treatments, NH3 
volatilization was also low throughout this same time period, although losses were highest 
between time of application and when the fields were first flooded. Drilled or banded urea (UD) 
was also low throughout but the highest losses occurred after fields were flooded. Broadcast urea 
had the highest (up to 9 lb N/ac) with the most losses occurring after the first flood up. After 4 
days, NH3 volatilization losses were minimal for all treatments. 
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Figure 5. Ammonia volatilization for four treatments (0N, aqua-ammonia, urea-broadcast and 
urea-drilled) at four time intervals: before flood (A), during floodup (B), 4 days after flood up 
(C), and 4-10 days after flood up (D). Box and whisker plots show data from all eight locations. 
Note, kg/ha is about the same as lb/ac. 
 
Fertilizer N losses due to NH3 volatilization were calculated as: 
 

N fertilizer NH3 loss = Treatment NH3 losses - NH3 loss in 0N control 
 
Losses in the treatments where the N fertilizer was placed below the soil surface (aqua-NH3 and 
urea drill) were less than 1 lb N/ac (data not shown). In the urea broadcast treatment, losses 
variable and ranged from less than 1 lb N/ac to over 7 lb N/ac. The high variability is likely due 
to the variable soil cloddiness. Where there were large soil clods, the urea could easily fall down 
into the soil thus becoming similar to where urea was drilled. In some soils the urea remained on 
the surface and may have been more prone to volatilization losses. 
 
Overall, 0.2% or less of the fertilizer was lost through NH3 volatilization in the Aqua and urea 
drill treatments (Figure 6). In the urea broadcast treatment, 1.7% of the fertilizer was lost on 
average across all treatments. In all cases, losses were low and did not significantly affect yields. 
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Figure 6. Cumulative fertilizer N losses (as a percent of the amount applied) due to NH3 
volatilization. 
 
Losses from top-dress N applications was also evaluated at seven locations. Losses from 
ammonium sulfate were higher (averaged about 0.8 lb N/ac) than urea (averaged less than 0.1 lb 
N/ac). It is not clear why losses were higher from ammonium sulfate applications. Overall losses 
represented 2.6 % of the amount of ammonium sulfate applied and only 0.1% of the amount of 
urea applied (Figure 7). 
 

 
Figure 7. Cumulative fertilizer N losses (as a percent of the amount applied) due to NH3 
volatilization. 
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3. Develop management practices for growing rice under conditions of alternate 
flooded/dry soil conditions. 

Background 

While the conventional system of growing rice under continuously flooded conditions produces 
good grain yields and maintains high nitrogen use efficiency, California rice growers should be 
prepared for situations where they might face conditions (limited water availability) or 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. 

Recent research (2012 to 2016) that has evaluated growing rice in CA under conditions where 
the soil alternates between wetting and drying (we will refer to this as alternate wet and dry –
AWD) has shown that rice yields can be maintained provided the soil does not dry out too much 
during the drainage events. It is important to understand at what times during crop growth the 
crop is most susceptible to unsaturated soils and how dry the soil can be before yields are 
reduced. Our broad objectives for this research are to (1) further develop AWD management 
practices that are viable for California and compare them to conventionally flooded rice and (2) 
identify sensitive periods in crop growth where unsaturated soil conditions can lead to yield 
reductions, and (3) determine the critical level the soil can dry to before negatively impacting 
yield. This research will demonstrate whether or not AWD is viable and if not, will provide the 
data for an economic analysis of what are the additional costs of using AWD production systems 
to mitigate environmental concerns.  

Progress to date 

Research on AWD from 2012 to 2016 where we had two dry down periods of varying intensity 
(2 to 12 days) between 45 DAS and heading indicate: 

• Regardless of dry-down severity (up to 10-12 days drying) we have seen no evidence of 
yield reductions relative to the continuous flood control. This is likely due to roots that go 
down to over a foot deep into soil layers that are not as dry. 

• Nitrogen and weed management are the same for AWD as for the control. All dry downs 
are done after fertilizer N is taken up and canopy cover is achieved. 

• Methane emissions are reduced by 40 to 90%. Nitrous oxide emissions are negligible 
because dry downs occur when there is low soil mineral N. 

• Arsenic and methyl-mercury concentrations in the grain are reduced by over 50%. 
However, in Safe-AWD where dry downs were only 2-3 days As concentrations were not 
reduced.  
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When evaluating the timing (PI, booting, heading) of a single dry down and its affect on As grain 
concentrations, research from 2015 and 2016 in ring studies show that:  

• Results indicated no yield reduction relative to a continuously flooded treatment.  
• In both years grain As concentrations were lower when the dry down was imposed at PI 

or booting rather than at heading;  
• however, the impact of timing on decreasing grain As concentration was less important 

than the impact of soil drying. The drier the soil during the dry down the greater the 
reduction in grain As. 

In 2017, our research focused on a single dry-down earlier in the season. The long dry-down 
began around 36 days after planting (about 8-10 days earlier than previous). However, in 2017 
we reported the first yield decline due to the dry downs.  In addition, the dry-down delayed 
harvest by a couple of days- something we had not seen with starting the dry down a bit later. 
Finally, the early dry downs also resulted in increased N2O emissions. In 2017 the season was 
unusually hot and this may have resulted in some unusual results.  

2018 Field Research 

All field studies from 2012-2016 have examined the effects of two drains. However in 2017 and 
now in 2018 we examined the effects of a single drain per treatment. These drains occurred 
between 37 and 59 days after planting (roughly a week after PI). The reason for this, is that we 
don’t recommend a drain during booting due to cool temperatures (growers are encouraged to 
raise flood water heights to protect emerging panicles). 

 Rice Experiment Station 

In 2018, we had the following treatments replicated 3 times at the RES: 

1. CF (continuously flooded - conventional) 
2. E5 (soil is allowed to dry for 5 days, starting at 44 days after sowing) 
3. E11 (soil is allowed to dry for 11 days, starting at 37 days after sowing) 
4. L11 (soil is allowed to dry for 11 days, starting at 45 days after sowing) 
 

The rational for these treatments is that E11 corresponds to the previously tested AWD 11 in 
2017 where we saw a marked yield decline.  We intended to see if the uncharacteristically low 
yield of AWD 11 last year was the result of the timing of the drain during the growing season, 
and so this year we tested two different 11 day drains, one early in the season (E11) and one late 
in the season (L11). E5 represents a slightly drier treatment than Safe AWD. Soil moisture was 
monitored to quantify dry down events, GHG emissions were quantified, and soil samples were 
analyzed for nitrogen.  
 
The dry downs in E5, E11, and L11 started at 44, 37, and 45 days after planting, respectively. 
They were reflooded at 49, 48, and 59 days after planting, respectively. The actual drainage 
period of the L11 ended up being 14 days. The reason for this was because the L11 soil moisture 
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sensors were indicating higher values than were to be expected given the conditions of the fields 
throughout the drainage period.  
 
In all treatments we measured soil moisture during the dry downs, yields, yield components, and 
greenhouse gas (GHG) emissions. 
 
Results 
 
Yields were similar across all treatments and no significant differences were noted between the 
treatments (Table 1). This is unlike in 2017, where yield in the E11 treatment were significantly 
lower than the control. This suggests that perhaps the low yields in 2017 were likely due to the 
rather unusual season. Yield components were consistent to what we have seen in other studies 
and were similar across treatments. 
 
Table 1. Yields and some of the yield components for AWD treatments and CF control in RES. Numbers 
are averages of three plots, followed by the standard error in parenthesis. 

 CF E5 E11 L11 

Yield 
(lbs/ac) 

9,379 
(48) 

9,261 
(139) 

9,297 
(64) 

9,655 
(219) 

Harvest 
Index 
(%) 

51 
(0.3) 

51 
(1.5) 

51 
(0.7) 

52 
(1.3) 

Tillers 
per m2 

735 
(11) 

732 
(1) 

758 
(70) 

762 
(13) 

Panicles 
per m2 

730 
(6) 

717 
(1) 

754 
(74) 

757 
(18) 

 

 

Seasonal methane (CH4) emissions were reduced by approximately 39% in the E5 treatment and 
up to 67% in the E11 treatment (Table 2). These values are more or less consistent with the 
severity of the drains, with the E5 treatment being the shortest drain and the E11 and L11 drains 
being longer. Seasonal N2O emissions were quite low across all treatments with the CF treatment 
expectedly emitting no seasonal nitrous oxide and the E11 treatment having the highest seasonal 
nitrous oxide emissions. These N2O emissions occurred during the dry down periods and are 
likely due to the fact that there were higher levels of mineral nitrogen in the soil than there were 
later in the season. In previous studies where we have not drained as early, we have tended to see 
little to no N2O emissions.  

Looking at emission throughout the season, in the longer drains (E11 and L11), CH4 emissions 
remained low for the remained of the season – even though the field was flooded (Figure 8). In 
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the E5 treatment, CH4 emissions increased after reflooding, although to lower levels than the 
flooded control. 

 

Table 2. 2018 seasonal GHG emissions and global warming potential (GWP) for AWD treatments and 
CF control in RES. Numbers are averages of three plots, followed by the standard error in parenthesis. 

 CF E5 E11 L11 

CH4 
(kg CH4/ha) 

201 
(9,639) 

123 
(22,009) 

67 
(8,504) 

72 
(8,453) 

N2O 
(g N2O/ha) 

0 
(0) 

7 
(4) 

20 
(9) 

7 
(7) 

CH4 GWP 
(kg CO2-

eq/ha) 

6,827 
(328) 

4,177 
(748) 

2,276 
(289) 

2,457 
(287) 

N2O GWP 
(kg CO2-

eq/ha) 

0 
(0) 

2 
(1) 

6 
(3) 

2 
(2) 

     
Total GWP 
(kg CO2-

eq/ha) 

6,827 
(328) 

4,179 
(748) 

2,283 
(291) 

2,459 
(288) 

 

 
 

Figure 8. Methane (CH4) emissions during the 2018 growing season for a control flooded field (CF) and 
three treatments with differing periods of dry down. 

0

1000

2000

3000

4000

5000

6000

10-Apr 30-May 19-Jul 7-Sep 27-Oct

g 
CH

4 
/ h

a 
/ d

ay
 

Date of sampling 

CF
E11
E5
L11



  PROJECT NO. RM-4 

PUBLICATIONS OR REPORTS:  
 
PUBLICATIONS (Rice publications 2016-18):  
1. Lagomarsino, A., A.E. Agnelli, B. Linquist, M.A.A. Adviento-Borbe, Agnelli, A., Gavina, 

G., and M. Ravaglia. (2016). Alternate wetting and drying of rice reduced CH4 but triggered 
N2O peaks in a clayey soil of central Italy. Pedosphere 26:533-548. 

2. Adviento-Borbe, M.A. and B.A. Linquist. (2016) Assessing fertilizer N placement strategies 
for lower CH4 and N2O emissions in irrigated rice systems. Geoderma 266:40-45. 

3. Ye, R., Espe, M., Linquist, B., Parikh, S.J., Doane, T.A., Horwath, W.R. (2016) A soil 
carbon proxy to predict CH4 and N2O emissions from rewetted agricultural peatlands. 
Agriculture, Ecosystems and Environment 220:64-75. 

4. Espe, M. H. Yang, K.G. Cassman, N. Guilpart, H. Sharifi, and B.A. Linquist (2016) 
Estimating yield potential in temperate high-yielding, direct-seeded rice US rice production 
systems. Field Crops Research 193:123-132. 

5. LaHue, G.T., M.A. Adviento-Borbe, B.A. Linquist, C. van Kessel, and S.J. Fonte. (2016). 
Residual effects of N fertilization history increase N2O emissions from zero N controls: 
Implications for estimating fertilizer-induced emission factors. Journal of Environmental 
Quality 45:1501-1508. 

6. LaHue, G.T., R.L. Chaney, M.A. Adviento-Borbe, and B. A. Linquist. (2016) Alternate 
wetting and drying in high yielding direct-seeded rice systems accomplishes multiple 
environmental and agronomic objectives. Agriculture, Ecosystems and Environment 229:30-
39. 

7. Espe, M, K.G. Cassman, H.Yang, N. Guilpart, P. Grassini, J. Van Wart,  M.Anders, D. 
Beighley, D. Harrell; S. Linscombe, K. McKenzie, R. Mutters, L.T. Wilson, B.A. Linquist. 
(2016) Yield gap analysis of US rice production systems shows opportunities for 
improvement. Field Crops Research 196:276-283. 

8. Montazar, A., Rejmanek, H., Tindula, G.N., Little, C., Shapland, T.M., Anderson, F.E., 
Inglese, G., Mutters, R.G., Linquist, B., Greer, C.A., Hill, J.E., Snyder, R.L. (2017) A crop 
coefficient curve for paddy rice from residual of the energy balance calculations. Journal of 
Irrigation and Drainage Engineering. 143(2) doi: 10.1061/(ASCE)IR.1943-4774.0001117. 

9. Sharifi, H., R.J. Hijmans, J.E. Hill, B. Linquist. (2017) Using stage-dependent temperature 
parameters to improve phenological model prediction accuracy in rice (Oryza sativa) models. 
Crop Science 57:444-453. 

10. Tanner K.C., L. Windham-Myers, J.A. Fleck, K.W. Tate, S. McCord, B.A. Linquist (2017) 
The contribution of rice agriculture to methylmercury in surface waters: a review of data 
from the Sacramento Valley, California. Journal of Environmental Quality 46:133-142. 

11. Carrijo, D., M. Lundy, and B.A. Linquist (2017) Rice yields and water use under alternate 
wetting and drying irrigation: A meta-analysis. Field Crops Research 203:173-180 

12. Brim-Deforest, W.B., K. Al-Khatib, B.A. Linquist, and A.J. Fisher. (2017). Weed 
community dynamics and system productivity in alternative irrigation systems in California 
rice. Weed Science 65:177-188. doi: 10.1614/WS-D-16-00064.1 

13. Espe, M.B., J.E. Hill, K. McKenzie, R.J. Hijmans, L.A. Espino, R. Mutters, M. Lienfelder-
Miles; C. van Kessel, B.A. Linquist. (2017) Point stresses during reproductive stage rather 
than warming seasonal temperature determines yield in temperate rice. Global Change 
Biology 23:4386-4395 DOI: 10.1111/gcb.13719. 

http://ascelibrary.org/doi/abs/10.1061/%28ASCE%29IR.1943-4774.0001117


  PROJECT NO. RM-4 

14. Jiang, Y, Van Groenigen, K.J., Huang, S., Hungate, B., van Kessel, C., Hu, S., Zhang, J., 
Wu, L., Yan, X., Wang, L., Chen, J., Hang, X., Zhang, Y., Horwath, W. R., Ye, R.,; Linquist, 
B., Song, Z., Zheng, C., Deng, A., Zhang, W. (2017) Higher yields and lower methane 
emissions with new rice cultivars. Global Change Biology 23:4728-4738. DOI: 
10.1111/gcb.13737  

15. Geisseler, D., B.A. Linquist and P.A. Lazicki (2017) Effect of fertilization on soil 
microorganisms in paddy rice systems -a meta-analysis. Soil Biology and Biochemistry 
115:452-460. 

16. Marcos, M, H. Sharifi, S.R. Grattan, B.A. Linquist (2018). Spatio-temporal salinity dynamics 
and yield response of rice in water-seeded rice fields. Agricultural Water Management. 
195:37-46. 

17. Tanner K., Windham-Myers, L., Marvin-DiPasquale, M., Fleck, J.A. and Linquist, B.A. 
(2018) Alternate wetting and drying decreases methylmercury in flooded rice (Oryza sativa) 
systems. Soil Science Society of America Journal 82:115-125. 

18. Linquist, B.A., M. Marcos, M.A. Adviento-Borbe, M. Anders, D. Harrell, S. Linscombe, M. 
Reba, B. Runkle, L. Tarpley and A. Thomson (2018) Greenhouse gas emissions and 
management practices that impact them in US rice systems. Journal of Environmental 
Quality 47:395-409 doi: 10.2134/jeq2017.11.0445. 

19. Espe, M.B., D. MacKill, J.E. Hill, M. Lienfelder-Miles, L. Espino, R. Mutters, C. van Kessel, 
B.A. Linquist (2018) Rice yield improvements through plant breeding are offset by inherent 
yield declines over time. Field Crops Research 222:59-65. 

20. Carrijo, D., P. Green, A. Gaudin, N. Akbar, A. Borja Reis, C. Li, S. Parikh, B. Linquist 
(2018) Impacts of variable soil drying in alternate wetting and drying rice systems on yields, 
grain arsenic concentration and soil moisture dynamics. Field Crops Research 222:101-110. 

21. Tanner K.C., L. Windham-Myers, M. Marvin-DiPasquale, J.A. Fleck, K.W. Tate, and B.A. 
Linquist (2018) Methylmercury dynamics in upper Sacramento Valley rice fields with low 
background soil mercury levels. Journal of Environmental Quality 47:830-838 doi: 
10.2134/jeq2017.10.0390. 

22. Sharifi, H., R.J. Hijmans, J.E. Hill, B. Linquist (2018) Water and air temperature impacts on 
rice (Oryza sativa) phenology. Paddy, Water and Environment 16:467-476. 
doi.org/10.1007/s10333-018-0640-4  

23. Carrijo, D.R., C. Li, S.J. Parikh, and B.A. Linquist (2019) Irrigation management for arsenic 
mitigation in rice grain: Timing and severity of soil drying. Science of the Total 
Environment.649:300-307. 

24. Li, Chongyang, D. Carrijo, Y. Nakayama, B.A. Linquist, P.G. Green, and S.J. Parikh (In 
Press) Impact of alternate wetting and drying irrigation on arsenic uptake and speciation in 
flooded rice systems. Agriculture, Ecosystems and Environment  
 
PRESENTATIONS (2018)  
 
Linquist, Bruce. Nutrient management in California rice systems. Rice winter grower 

meetings. January 16, 17 and 19, 2018. Woodland, Richvale, Willows, Colusa and 
Yuba City.  

Linquist, B.A. 2018. Greenhouse gas emissions and management practices that impact them 
in US rice systems. Invited talk at the Rice Irrigation: Water use and Greenhouse Gas 



  PROJECT NO. RM-4 

Management symposia at the 37th Rice Technical Working Group Meeting. February 
19-22, 2018, Long Beach, CA 

Rehman, T. and B. Linquist. 2018. Sensor based in-season fertilization for California rice. 
Oral presentation at the 37th Rice Technical Working Group Meeting. February 19-
22, 2018, Long Beach, CA 

Carrijo, D., N. Akbar, C. Li, P. Sanjai, and B.A. Linquist. 2018. Decreasing arsenic in rice 
grains with alternate wetting and drying. Oral presentation at the 37th Rice Technical 
Working Group Meeting. February 19-22, 2018, Long Beach, CA 

LaHue, G. and B.A. Linquist. 2018. Subsurface water losses: Seepage and percolation in 
California rice fields. Oral presentation at the 37th Rice Technical Working Group 
Meeting. February 19-22, 2018, Long Beach, CA 

Murray, A. and B.A. Linquist. 2018. Top-dress fertilizer efficacy trials in organic rice. Poster 
presentation at the 37th Rice Technical Working Group Meeting. February 19-22, 
2018, Long Beach, CA 

Parikh, S.J. C. Li. D. Carrijo, B, Linquist, and P.G. Green. 2018. Evaluation of Alternate 
Wetting and Drying to Reduce Arsenic Uptake in Rice. 2018 ZJU-UCD Joint 
International Symposium on Soil-Plant-Microbe Interactions. May 21-22, 2018. 
Zhejiang University, Hangzhou, China.  

Li., C. S.J. Parikh, D. Carrijo, B, Linquist, and P.G. Green. 2018. Paddy water management 
to minimize arsenic and cadmium uptake in Rice. 2018 Sino-US Soil Remediation 
High Level Symposium. Weifang Sino-US Food and Agricultural Innovation Center. 
May 25-26, 2018. Weifang, China. 

Linquist, B.A., S. Parikh, N. Balaine, A. Aguilera, and D. Carrijo. 2018. Alternate wetting 
and drying: optimizing the drying period. Presented at the Dale Bumpers National 
Rice Research Center, Stuttgart, AR. August 2, 2018. 

Linquist, B.A. and T. Rehman. 2018. Accessing mid-season plant N demand. Presentation at 
the Rice Field Day. August 29, 2018. Biggs, CA. 

Murray, A.C., Linquist, B.A., Lundberg, A. Top-dress fertilizer efficacy trials in organic rice. 
Poster at the Annual Rice Field Day. August 29, 2018. Biggs, CA 

Chuong, T. and B. Linquist. Quantifying ammonia volatilization from nitrogen fertilizer in 
Sacramento Valley rice production.  Poster at the Annual Rice Field Day. August 29, 
2018. Biggs, CA 

Salvato, L, M. Marvin-DiPasquale, J. Fleck, S. McCord and B. Linquist. Methylmercury 
Dynamics in Agricultural Wetlands in the Sacramento Valley, California. Poster at 
the Annual Rice Field Day. August 29, 2018. Biggs, CA 

LaHue, G., S Sandoval Solis, and B. Linquist. Subsurface Water Losses: Seepage and 
Percolation in California Rice Fields. Poster at the Annual Rice Field Day. August 29, 
2018. Biggs, CA 

Aguilera, L.A., C.F. Li, A.B. Niewkzas, P.G.Green, B.A. Linquist, and S.J. Parikh. 
Management strategies for reducing arsenic levels in rice. Poster at the Annual Rice 
Field Day. August 29, 2018. Biggs, CA 

 

 
 
 

  



  PROJECT NO. RM-4 

CONCISE GENERAL SUMMARY OF CURRENT YEAR’S RESULTS: 

Objective 1. Mid-season N status and accessing the need to topdress 
Analysis of Green Seeker data from 2015 to 2018 indicates: 

1. The Green Seeker NDVI is a good indicator of above ground N content (or total plant N 
uptake) at panicle initiation (PI) but a relatively poor indicator of biomass and of N 
concentration in the plant at PI.  

2. At PI, the crop needs at least 100 lb N/ac in the above ground biomass to achieve 
maximum yields. This equates to a GreenSeeker NDVI value of 0.69.  

3. Using a Response Index (max observed NDVI in enriched plot/treatment NDVI) is a 
more robust way of determining the need for top-dress N. A Response Index of 1.1 or 
greater indicates a greater chance of a positive yield response. 

4. Using a drone mounted camera (passive sensor), the Green Seeker NDVI was superior to 
the drone NDVI for detecting crop N status. However, the drone NDRE (Normalized 
Difference Red Edge) was superior to GreenSeeker NDVI in quantifying crop N status. 
This is the first year we have evaluated this and we plan to evaluate further in 2019. 

Objective 2. Ammonia volatilization losses in California rice systems 

In 2017 and 2018 we quantified ammonia (NH3) volatilization losses from eight rice fields. We 
examined losses from preplant N applications and top-dress N applications. We found: 

1. When no fertilizer was applied NH3 volatilization losses were less than 0.2 lb N/ac. 
2. Banding or drilling (putting below the soil surface either as aqua-ammonia or urea) also 

resulted in low N losses. Fertilizer N losses to NH3 volatilization were less than 1 lb N/ac. 
3. Applying urea pellets to the soil surface resulted in higher losses of 1 to 7 lb N/ac. On 

average this was 1.7% of the fertilizer N applied. 
4. Top-dressing resulted in 2.6% (0.8 lb N/ac as 30 lb N was applied) of ammonium sulfate 

fertilizer N being lost via NH3 volatilization and 0.1% loss when applied as urea. 
5. Therefore, under current management practices where the bulk of N is applied as aqua-

ammonia and about 30 lb N/ac is applied as top-dress, less than 2 lb N/ac is lost. That is 
about 1% of the fertilizer N applied assuming 180 lb N/ac is applied. 

 
Objective 3. Develop management practices for growing rice under conditions of alternate 
flooded/dry soil conditions. 

Alternate wetting and drying (AWD) has been evaluated in California since 2012. We have 
examined both two and single dry down events during the season, as well as differences in 
severity of the dry down (drying from 2 days to up to 12 days). Dry downs have typically started 
around 40 days after sowing. What we have found are: 

1. In all the years of study, only in 2017 did AWD reduce yields and this was at the most 
severe drying treatment (11 days).  The cause of low yields in that one treatment was 
likely due to 2017 being an abnormally warm year. 
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2. Nitrogen and weed management are the same for AWD as for the control. All dry downs 
are done after fertilizer N is taken up and canopy cover is achieved. 

3. Methane (CH4) emissions reduced with AWD by 40 to 90%. Lower reductions are when 
the field is only dried for a 2-3 day period while greater reductions we reported with 8 or 
more days of drying. 

4. N2O emissions were usually negligible. However, when draining early (i.e. 35-37 days 
after sowing) N2O emissions did occur because, at this early juncture there was still 
mineral fertilizer N in the soil. Draining a few days later, usually meant all mineral N had 
been taken up by the plant and there was no N2O emissions.  

5. Grain As concentrations were reduced by 50% when dried for at least 8 days. Drying for 
only 2 to 5 days did not reduce grain As concentrations. We saw similar reductions in 
grain MeHg concentrations.  
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