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Fertility and Crop Nutrition
Introduction

Section authors:

When considering profitable agriculture from a practical perspective, the
factors affecting plant growth and harvestable productivity are of the
utmost importance. A myriad of factors, such as genetics, environment,
and irrigation management, impact yields independently and through
interactions. Knowledge of these factors, the interactions, and how to
manipulate them make it possible for the farm operation to maximize
the return. Of course, all are not under the control of the grower.
However, crop nutrition and soil fertility can be managed for good
yields and production efficiency.
There are 17 elements that are essential to the growth of plants in general. Not all are required for all plants. Carbon, hydrogen, oxygen, nitrogen, phosphorus, and sulfur are the elements required for proteins and
cell walls. The other thirteen elements include calcium, magnesium,
potassium, iron, manganese, molybdenum, copper, boron, zinc, chlorine, and silicon. A few plants require sodium, cobalt, and vanadium.
Among the essential nutrients, nitrogen, phosphorus, potassium, zinc,
and to a lesser extent sulfur and iron are the nutrients of concern in the
California rice cropping system. The behavior of these elements and
their management is somewhat unique in rice as compared to other
cropping systems because of the anaerobic soil due to flooding.
The major characteristic of a submerged soil is the depletion of oxygen
(O2). Microorganisms deplete the free O2 throughout most of the root
zone within a few days of flooding. The water contains dissolved O2,
which can diffuse a short distance into the soil. The deeper the water, the
less O2 can move from the air to the soil. The thickness of the oxidized
layer at the soil/water interface ranges up to about 2 inches thick
depending on the microbial activity. For example, in a soil with a large
supply of decomposable organic matter (i.e. incorporated straw) the oxidized layer is very thin. Once the soil O2 supply becomes depleted, the
soil bacteria are forced to extract O2 from other compounds. These compounds in the order of utilization are nitrate, manganese oxide, iron
hydroxide, and sulfate-sulfur. Once this pool of compounds is exhausted, the soil bacteria will use the energy stored in organic compounds by
fermenting organic matter to carbon dioxide and methane. Another
unique property of flooded soil is that upon flooding the soil, regardless
of the starting pH, the pH approaches neutrality (pH 6.5 to 7.5). This
occurs in about two weeks. As a result, the chemistry of an anaerobic soil
alters the level and forms of some plant nutrients and results in the production of compounds which are sometimes toxic to rice.
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Nitrogen
Plant Function. Nitrogen is an essential part of all amino acids, proteins,
enzymes, chlorophyll molecules, and nucleotides (e.g. DNA). Because
nitrogen is present in so many essential compounds, it is not surprising
that even slight deficiencies can result in reduced growth and productivity. Deficiency symptoms consist of general chlorosis, especially in the
older leaves because nitrogenous compounds are broken and the soluble
forms of nitrogen are transported to the
actively growing portions of the plant. (Refer
to the nutrient deficiency table at the end of
this chapter).
The rice plant absorbs the majority of the seasonal requirement for nitrogen by the onset of
the reproductive stage (Figure 1). The peak
nutrient uptake rate coincides with the maximum root biomass accumulation. As the
grain ripens nutrients and carbohydrates are
transported from the vegetative parts of the
plant into the panicle. Therefore, the critical
time frame for careful nutrient management
is between planting and panicle initiation. In
the case of some specialty varieties, there may
some fertility management decisions based
on grain quality that would justify later applications of nitrogen.

Figure 1. Seasonal uptake rate of selected nutrients and root
growth by a rice plant.

Soil Nitrogen. Standard soil tests are not reliable for determining the
amount of nitrogen available for a rice crop. The dynamic nature of the
various forms of nitrogen in a flooded soil makes it difficult to sample
and analyze the soil in a condition that is representative of actual growing conditions. For example if sampled in a dry aerobic state, nitratenitrogen may be the dominant form available to the plant, but once
flooded the soil becomes anaerobic, nitrate-nitrogen is reduced and the
ammonium-nitrogen becomes prevalent. In reality, the various forms of
nitrogen flux between several distinct pools in the environment and the
extent depends upon multiple factors (Figure 2).
The diagram depicts the major pathways, transformations, and chemical
species in nitrogen cycling. Thickness of the arrow depicts relative abundance. Nitrogen can be lost from the soil thereby reducing the efficiency
of fertilizer applications because of these conversions. Nitrogen losses in
the soil occur mainly from denitrification, ammonia volatilization, leaching, and surface runoff. Additionally, immobilization and ammonium
fixation make nitrogen temporarily unavailable to the rice crop.
Nitrogen conversion processes are defined in Table 1.
Denitrification of nitrogen fertilizer and subsequent loss as nitrogen gas,
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1. Atmospheric nitrogen diffuses into the biosphere.
2. Converted to biologically utilizable ammonia (NH3)
via nitrogen fixation.
3. Other sources of utilizable N (NH4, NO3)
4. N incorporated into organic matter is mineralized to
5. Ammonium (form taken up by rice) by degradative
processes.
6. Ammonium is the primary nitrogen source used by
organisms
7. Ammonium may be used in the autotrophic process
of nitrification
8. Which results in the production of nitrate.
9. Nitrate may be reassimilated into biomass or
10. Converted to N2 by denitrification and
11. Lost from the farming system.
Figure 2. Nitrogen cycle

Table 1. Definition of terms describing major processes in the nitrogen cycle.
Nitrogen fixation A process whereby atmospheric nitrogen is converted to biological usable form of nitrogen by microorganisms
Mineralization

The breakdown of organic matter that leads to the liberation of
ammonium ions which can be used by plants

Nitrification

Conversion of ammonium to nitrate

Denitrification

Conversion of nitrate to nitrogen gas

Immobilization

Assimilation of inorganic nitrogen by microorganisms thereby
rendering it unavailable for plant uptake

can result in a loss of 37% of the applied nitrogen, particularly when
applied in a nitrate form. The conversion occurs in the anaerobic zone of
the soil. Factors contributing to denitrification include pH, temperature,
organic matter, wet/dry cycles, and fertilizer management. The latter
two are to some extent under the control of the grower. Severe nitrogen
losses occur in soils subjected to alternate draining (aerobic) and flooding (anaerobic). Under experimental conditions, a four-day aerobic period in previously flooded soils resulted in 23% loss of applied fertilizer
nitrogen. A timely reflooding of the field following the drain required
for herbicide application is very important.
Another important mechanism of nitrogen loss is the volatilization of
ammonium formed as a result of mineralization. Among the factors
affecting the process are moisture content, pH, cation exchange capacity,
lime content, temperature, flood depth, and the type of fertilizer. Again
maintaining a constant flood is one method by which growers can min6.3
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imize the loss. Surface applied urea and ammonium sulfate volatilize
more readily than incorporated aqua-ammonia. Regardless of the form,
however, the longer the time between application and the establishment
of the permanent flood the greater the loss. Interestingly, researchers
demonstrated that high levels of calcium also amplify the rate of ammonium volatilization. It is unclear whether the liming rates practiced by
some California rice growers accentuate this relationship.
The other critical process of particular relevance to California is immobilization. The incorporation of straw (carbon) stimulates microbial
activity. Consequently, nitrogen becomes unavailable for plant uptake
because the nitrogen is incorporated into the microbial biomass.
Straw
Incorporation.
California rice growers annuAir
C O2
ally incorporate about 8000
lb/a of straw across most of
the Sacramento Valley. This
large introduction of organic
SolubleNitrogen
Water
matter influences the immobilization-mineralization
SoilMineral
Fertilizer
dynamics and consequently
Nitrogen
Nitrogen
nitrogen fertility management. Carbon and nitrogen
Soil
Carbon Inputs
are retained in soil organic
matter when straw incorporated (Figure 2). The carbon is
Microbial
Biomass
Labile Carbon &
fixed by the plant via photoNitrogen & Carbon
NitrogenPool
synthesis. The nitrogen is
taken up by the rice plant
from the soil mineral nitrogen.
The pool of available soil
nitrogen consists of nitrogen
StabilizedSoilCarbon
mineralized by soil microbes
or introduced to the system by
Figure 3. Carbon-nitrogen interactions in rice
fertilization. When the crop
residue is incorporated into the soil, some of the carbon and nitrogen
move into the organic pool consisting of broken-down residues and
microbial biomass.
Straw incorporation results in more nitrogen in the soil microbial biomass. Since microbial biomass is a prime source of available nitrogen for
the crop, straw incorporation led to an increase in crop available soil
nitrogen (Table 2).
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Table 2. Total soil nitrogen (N) pool size (lb/a) as affected by 5 years
of straw management.
Treatment

Inorganic N

Micorbial Biomass

Total Soil N

Burn/Flood

16

62

1930

Burn/No Flood

12

66

1974

Incorp./Flood

16

80

1927

Incorp./No Flood

14

87

1940

Importantly, the additional nitrogen benefit occurs after 4 or 5 years of
continual incorporation. The benefit is negated if the straw is not incorporated for 2 years. Moreover, the winter flooding is a critical component of capturing the nitrogen added by straw incorporation. The winter
flood keeps the soil in a continually reduced state, thereby minimizing
the loss of nitrogen as a result a repeated wet-dry cycles.
The amount of nitrogen available from straw incorporation is about 6070 lb/a (Table 3). There was also appreciable amounts of potassium
recovered during incorporation. Treatment did affect phosphorus and
sulfur. There were no differences in the other eight nutrients studied
associated with straw treatments (data not shown).
Table 3. Nutrient content of rice straw (lb/a) after 6 years of treatment
N

P

K

S

Burn

61

14

72

10

Incorporate

67

13

80

10

Roll

69

13

77

10

Bale

68

14

75

10

In general, there was no yield loss in large scale (5 to 20 acre) demonstration plots conducted over three years where fertilizer nitrogen was
reduced by 30 lb/a (Table 4). Importantly, the demonstration sites were
all on Stockton clay soils. Studies are underway to determine if a similar
response could be expected and sustainable
over time on other soils in the Valley. It is
important to evaluate the nutritional benefit Table 4. Yields at 14% MC from full and reduced nitrogen
of straw incorporation in the context of your fertilization rates at on-farm demonstration sites. Nitrogen
farming operation. A small demonstration treatments applied preplant.
plot is recommended before committing large
120 lb/ac N
150 lb/ac N
acreage to the practice.
Site 1
7050
6600
Concerns that straw incorporation would
reduce yields were not realized in the longterm straw incorporation study near
Maxwell. Under no winter flood there was no

Site 2
Site 3
Site 4
Site 5

6.5

7210
7100
9230
10100

7520
7300
8845
9575
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difference in yields between the straw treatments (Figure 4). Under a
winter flood condition, there was slight reduction in the baled and rolled
treatment as compared to burned and incorporated management practice.

No Flood

Winter Flood

Figure 4. Yield of rice grain Maxwell 2000, after 7 seasons
of alternative straw management practices

Long Term Strategy

Percent of
normal
fertilizer
addition

Straw soil incorporation combined with winter-flooding. Winter-flooding with straw incorporation can dramatically increase available soil
nitrogen through the increase in soluble
organic matter. Following three years of
Straw mangement
with no winter-flooding
incorporation and winter-flooding,
growers can begin to consider reducing
fertilizer nitrogen applications. The
100
Soil Texture
reduction of fertilizer will be dependent
Coarse
on soil texture. For example, a grower
Loam
on a clay soil could consider reducing
Clay
50
Straw management with
fertilizer application from 120 lb per
winter-flooding
acre to 80 lb per acre after 8 to 10 years
of straw incorporation and winter0
flooding (Figure 5). The effect of residue
incorporation and winter-flooding
1
5
10
beyond 10 years is not known, however
Years
reduction of up to 50 to 60% fertilizer
Figure 5. Reduction in fertilizer nitrogen under straw
nitrogen application may be considered,
incorporation and winter-flooding
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especially in clay soils. Growers practicing straw rolling and winterflooding should expect to see lesser but positive effect on soil fertility
and may consider reducing fertilizer applications up to 25%. Growers
who practice these alternative straw management approaches must
reevaluate their fertilizer application rates to avoid problems with weeds
and disease. The consequence of not winter flooding for one or more
years may also reduce or eliminate the fertility gains a grower does not
adhere to a consistent year to year straw incorporation and winter-flooding practice.
Straw management without winter-flooding. Growers not practicing
winter flooding are not advised to change fertilizer practices regardless
of straw management practice. Straw burning and removal through baling does not replenish soil nitrogen and may remove other essential
macronutrints such as phosphorus and potassium and micronutrients
such as zinc.
Nitrogen X Variety Trials. Recent trials evaluating the yield response of
selected varieties to a range of preplant nitrogen rates confirmed that 150
lb/a of nitrogen produces high yields (Tables 5 & 6). Yields ranged from
a low of 3723 lb/a (S-102) at 0 N at Sutter to 10644 lb/a (M-202) at 150 lb
N/a at Butte (Tables 5 and 6). The 150 lb N/a treatment produced the
highest mean and individual variety yields at both locations. The highest yielding variety at Sutter was M-205 (8743 lb/a) followed by
advanced line 98Y-242 (8528 lb/a). At Butte, Y-242 (M-206) produced the
highest yield (10788 lb/a) followed by M-202 (10644 lb/a). Regression
analysis (data not shown)
revealed that optimal
yields for all varieties at Tables 5 & 6. Yield response (@ 14% MC) of selected varieties variable rates of
both locations are expected preplant nitrogen in Sutter County (top) and Butte County (bottom).
at N rates between 140 and Y-242 = M-206.
155 lb N/a. Noteworthy,
N Rate
S-102
M-104
M-202
M-205
Y-242
M-402
Mean
incremental increases in N
0
3723
3878
3745
4350
3789
4074
3927
between 120 and 200 lb/a
50
5902
5707
5932
5886
6182
6775
6064
and split applications were
100
7306
6978
6794
8181
7755
7690
7451
not evaluated in this study.
150
8527
7972
7791
8743
8528
8523
8347
Based on grower observa200
7317
7709
7114
8613
8175
7820
7791
tion optimal performance
Mean
6555
6449
6275
7155
6886
6977
6716
under some conditions may
occur in this range. The
potential benefit of split
N Rate
S-102
M-104
M-202
M-205
Y-242
M-402
Mean
applications of N in the
0
4137
3880
4479
4254
4754
4241
4291
context of new straw man50
6776
6428
7358
6993
7461
6863
6980
agement practices and new
100
9568
9269
9770
9641
9936
9190
9562
varieties requires further
150
9766
9753
10644
10181
10788
10292
10238
study.
200

8515

8175

8538

8748

8894

8552

8570

Mean

7752

7501

8158

7963

8367

7828

7928
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Split Application of Nitrogen. Based on UC research in the mid-sixties
and late eighties, recommendations have been to apply all nitrogen preplant. In the latter study, multilocation studies on the semi-dwarf
Calrose varieties indicated that yields with all preplant nitrogen were
comparable or superior to yields grown using split applications of nitrogen. The additional cost associated with split applications did not justify the small yield gains at the few trials were split applications produced
higher yields. However, a couple of recent changes have prompted a
reevaluation of split applications, production of high quality specialty
varieties and straw incorporation.
Research and grower experience demonstrated that yield and grain
quality characteristics in specialty varieties benefit from split applications of nitrogen. For example, under experimental conditions the yields
of Akitakomachi and responded favorably to split applications of nitrogen. A preplant/panicle initiation (PI) split of 40-40 lb/a nitrogen produced the highest yields across location. The gains in grain quality were
associated with desirable changes in physicochemical properties and
improved agronomics, such as reduced lodging. Lodging causes uneven
ripening which results in a greater spread in individual kernel moisture
contents. In a sample of rice with an average moisture content of 23%, it
is possible for individual kernel moisture to range from 16 to 34%.
Reduced lodging does not guarantee complete uniformity of ripening
because plant genetics are a factor. However, good nitrogen management minimizes the moisture content range. Lodging also contributes to
the development of off-odors which degrades quality, particularly for
the north eastern Asia market.
Table 7. Yield response of Akitakomachi to different preplant and topdressing rates of
nitrogen at three locations in the Sacramento Valley.
Treatment

Pleasant Grove
lb/ac

Colusa
lb/ac

Richvale
lb/ac

Average
lb/ac

0

4916

4270

4892

4693

60 - 0 - 0

5511

6045

5623

5727

80 - 0 - 0

5307

5442

5358

5369

40 - 40 - 0

5806

6268

5943

6006

100 - 0 - 0

4901

4956

4742

4860

50 - 50 - 0

5941

5890

5297

5709

Another quality factor significantly influenced by the time and rate of
nitrogen applications is protein content. Marketers in Japan, for example, require protein contents of 6.2 to 6.5%. Changes in protein content
due to top dressed nitrogen depend on the preplant and split rate
(Figures 6). As the preplant nitrogen rate decreases, there is concurrent
decline in the incremental increase in protein at a given top dressing rate.
In other words, protein content is more sensitive to top dressed nitrogen
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at the lower preplant nitrogen rates.

61-20

61-30
72-0 72-20 72-30

Protein

Interestingly, some growers who modified the nitrogen management of
Calrose varieties based on the experience with the Japanese varieties
report economical yield gains with split applications of nitrogen. Which
raises an interesting question: has
straw incorporation changed soil
6.0
nitrogen dynamics in such a way
32-0 32-20 32-30
5.9
to make split applications eco46-0 46-20 46-30
5.8
61-0
nomical? While preliminary UC
5.7
research is inconclusive, it is evi5.6
dent that many fields show mid
5.5
season nitrogen deficiencies.
5.4

5.3
Top Dressing. Correction of mid
5.2
season deficiencies or managing
5.1
tissue levels for quality requires
5.0
knowing the growth stage, target
0
1
2
3
4
5
6
7
8
9
10
11
12
13
Treatment
tissue concentrations at each
growth stage, tissue sampling
Figure 6. Protein content in the grain in response to different preplant and
techniques, and an understanding
topdressing rates of nitrogen fertilizer
of the fertility 'strength' of the
individual field. Descriptions of deficiency symptoms for various nutrients are provided at the end of the chapter.

Critical tissue concentrations of nitrogen range from 4.6% at mid-tillering to 2.6% at flag leaf emergence (Table 8). Concentrations are based on
the Y-leaf, the most recently fully expanded, for the first three growth
stages. Standardized criteria for tissue levels depends on sampling the
appropriate leaf. Sampling too old or too young of leaf may yield an
inaccurate evaluation since leaf nitrogen levels can change with leaf age.
Table 8. Critical tissue concentrations in Calrose rice varieties for nitrogen, phosphorus, and potassium at four stages of growth.
Plant Growth Stage

Nitrogen
(% Total N)

Phosphorus
(ppm Extractable
PO4-P)

Potassium
(% Extractable K)

Mid-tillering

4.6

1000

1.4

Maximum Tillering

4.0

1000

1.2

Panicle Initiation

3.3

800

1.0

Flag Leaf

2.6

800

1.0

There are three methods to determine leaf nitrogen levels, 1. chemical
analysis, 2. leaf color chart (LCC) and 3. chlorophyll meter or SPAD
meter. Regardless of the technique it is essential that a field is thoroughly sampled. Take samples from numerous locations to provide a clear
indication of the overall nutrient status of the field and any spatial variability (i.e. weak or strong spots). Again, in all cases sample the Y-leaf.
6.9
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Correcting nutrient levels at
heading has generally proven
to
be
marginal
useful.
However, late season sampling
would provide useful information on nutrient management
strategies for subsequent years.
Leaf Color Chart. The UC leaf
color chart is a series of color
panels against which leaves are
compared (Figure 7). With
some practice, leaf nitrogen can
Figure 7. The UC leaf color chart determines
leaf nitrogen based on leaf color
be predicted with a high
degree of accuracy using the
LCC. Several experiments demonstrated that one regression line accurately describes the relationship between leaf color and leaf nitrogen. On
the back of the chart there is table relating panel color to leaf nitrogen
(Table 9). For more information, contact your local Cooperative
Extension office.
Table 9. Leaf nitrogen content (%) at PI as indicated by leaf color chart.
Panel Number
1

2

3

4

5

6

7

8

Single Leaf

1.6

1.9

2.3

2.6

3.0

3.3

3.7

4.0

Whole Leaf

0.9

1.3

1.7

2.1

2.5

3.0

3.4

3.8

Chlorophyll Meter (SPAD meter). The meter is a hand held device that
estimates leaf nitrogen based on leaf color and transmitted light. The
meter is quick. However, the meter displays numbers which not directly related to leaf nitrogen. Consequently, considerable effort is required
to establish a calibration curve. Moreover, leaf thickness can influence
the readings because the chlorophyll meter relies on transmitted light.
Thus, a single curve may not accurately describe leaf nitrogen for all
varieties. Complete curves are available for Akitakomachi and
Koshihikari, while only critical level readings are available for Calrose
types (Table 10 & 11).
Table 10. Leaf nitrogen (%) content as related to chlorophyll meter readings.
26

27

28

29

30

31

32

33

34

35

36

37

Akita

1.9

2.0

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.0

Koshi

1.9

2.0

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.0

Values rounded to one decimal place. Leaf N at meter value of 26:
Akita=1.86%; Koshi=1.91%.
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Table 11. Critical leaf nitrogen content (%) and corresponding chlorophyll meter readings at different growth stages.
Growth Stage

Critical Meter Value

Critical % N
Y-leaf

Mid-tillering

not consistent

4.6

Max-tillering

38-41

4.0

PI

M-202: 35
M-204: 39

3.3

Correcting nitrogen deficiencies is most practical up to PI as indicated by
the expansion of the internodes. A
rapidly expanding internode space
6500
2
that is easily identifiable is someR = 0.7713
6000
times referred to 'agronomic' PI. At
this point, the number of spikelets
5500
per panicle is already established.
It is generally thought that the
5000
effectiveness of top dressing
4500
diminishes with time beyond this
point. However, latter applications
4000
may be useful for Japanese vari2.200 2.400 2.600 2.800 3.000 3.200
eties for purposes of grain quality
and lodging control. Under experiN-PI
mental conditions, Y-leaf nitrogen
Figure 8. Yield as a function of Y-leaf nitrogen content (%) at
at PI was a good predictor of final
panicle initiation in Akitakomachi.
yield in Akitakomachi.

Potassium
Plant Function. Potassium functions in osmoregulation, enzyme activation, regulation of stomatal function, transport of assimilates, cell wall
synthesis, and cellular pH. Adequate potassium nutrient increases leaf,
chlorophyll contents, delays leaf senescence, and therefore contributes
greater photosynthesis. It improves the plants tolerance to adverse environmental conditions and improved tolerance to disease. It remains in
ionic form and is very mobile within the plant. Potassium is readily
transported from old senescencing to young developing leaves. Yield
response to potassium requires sufficient supplies of other nutrients,
especially nitrogen. Similar to nitrogen, potassium uptake rate peaks at
the onset of the reproductive phase (Figure 1). Rice requires between 1
and 1.4% in the leaf tissue to ensure vigorous growth (Table 5). For optimal growth the N:K ratio in the straw in about 1:1. Cropping removes
about 42 to 48 lb of K2O equivalent in the grain.
Soil Potassium. Potassium (K) is present in soils in four forms, which are
in dynamic equilibrium. The forms are soluble K (readily available);
exchangeable K (easily mobilized reserve); non-exchangeable K (slowly
6.11
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mobilized); and mineral K (semi-permanent reserve). Only about 1 - 2 %
of the total potassium in a mineral soil is readily available. Under certain
conditions, fertilizer potassium is fixed by the soil colloids and therefore
not readily available to the plant. Clays of 2:1 type, such as montmorillinite, commonly found in the Sacramento Valley can readily fix large
amounts of potassium. Wet-dry cycles and presence of lime influences
the magnitude of the fixation. Under continuous flooding, plant uptake
favors the release of fixed potassium. The current recommendation is to
apply fertilizer if soil levels are below about 85 ppm. When soil potassium saturates >2.5% of the total cation exchange capacity a yield response
to additional fertilization is unlikely. Causes of potassium include: low
soil levels, straw removal, high fixation, excessive amounts of reduced
substances (e.g. hydrogen sulfide), and excessive amounts of nitrogen.
Potassium management should be considered part of long-term soil fertility program. Management must ensure that nitrogen use efficiency is
not constrained by potassium deficiency.
Straw Management. Incorporation of rice straw adds significant potassium to the soil. The average concentration of potassium in the straw is
around 1.4% with a range of 0.6 to 1.8%. The amount of potassium
removed when straw is baled can be as much as 90 lb/a. The continual
removal of straw can have a profound effect on available soil potassium
levels. Preliminary results from the Rice Experiment Station showed that
the extractable potassium in the top inches declined to less than 60 ppm
after 3 years of baling. Field studies in District 10 demonstrated that
straw removal reduced soil potassium 30 ppm after one year.
Fertility Studies. A greater incremental yield response to increasing soil
potassium was observed under the straw removal treatment as compared to the straw incorporated treatment (Figure 9). A similar response
occurred in the first year of straw removal (data not shown). The first
point in each figure represents the grain yield at the soil potassium concentration when no fertilizer was added. Under straw incorporation
with no additional fertilizer potassium, yield was about 7000 lb/a. In
contrast when the straw was removed and no additional potassium
added, yield dropped over 300 lb/a.
The severity of aggregate sheath spot was not effected by the rate of
potassium fertilization or straw treatment during the first year (Figure
10). By the second year, the straw incorporation treatments exhibited significantly less aggregate sheath. Interestingly, potassium fertilization
rates did not influence disease severity. This indicates that there was
either sufficient potassium under straw incorporation and removal or
that aggregated sheath was not affect by the concentration of potassium
in the rice plants. It is likely that an adequate plant concentration of
potassium existed for optimal disease resistance.
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Figure 9. The interrelationship between straw management, available soil potassium, and
grain yield

Figure 10. The annual effect of straw management and potassium application on the
severity of aggregate sheath spot.

The increased disease severity present when the straw was removed
may be explained by a combination of two factors. First, The nutrient
imbalance caused by potassium deficiency when straw was removed
may provide favorable conditions for the fungus to flourish in rice.
However, no decrease in disease was noted when additional potassium
was added. It appears, therefore, that the remaining stubble after the
straw is removed harbors an adequate population of over wintering sclerotia to infect the subsequent crop.
The application of nitrogen significantly decreased the severity of aggregate sheath spot in both years of the experiment (Figure 11, Year 1 not
shown). The severity of the disease continued to decrease up to the high6.13
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est rates of nitrogen application. This indicates that nitrogen application
continues to decrease disease incidence even after maximum yields are
attained.

Figure 11. The effect of straw management and nitrogen application on the severity of
aggregated sheath spot.

Phosphorus
Plant Function. The major roles of phosphorus in plants are energy storage, transport of metabolites, and cell membrane integrity. Adequate
levels in the plant promote tillering, root development, flowering, and
ripening. It is particularly important during the early stages of growth.
If soil available phosphorus becomes lacking, phosphorus is mobilized
within the plant and transported from the older tissue to the new
growth. Similar to potassium, the uptake rate of phosphorus peaks at the
early reproductive stage (Figure 1). If an adequate soil supply was available during vegetative growth, enough will have been taken up to supply the plant requirements for grain production. Critical leaf concentrations are 1000 ppm and 800 ppm for tillering and panicle intitiation,
respectively (Table 5).
Phosphorus deficient plants are stunted with greatly reduced tillering.
Leaves are dark green, short, and erect. Overall plant height is compromised. Red or purple colors may develop on the older leaves, which
eventually turn brown. Moderate phosphorus deficiency may be confused with early salinity symptoms. Phosphorus also contributes to
delayed maturity, unfilled grains, and reduced response to nitrogen
application.
Soil Phosphorus. In general, the availability and fixation of phosphorus
represent opposing chemical reactions that largely determine the plant
available phosphorus status in soils. The transformation processes of
phosphorus in flooded soils are quite different from those in non-flooded soils. Flooded soils exhibit a greater capacity to supply plant available
phosphorus than non-flooded soils. Crops grown on flooded soils may
6.14
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not show a response to phosphorus applications, while the same crop
grown on the same soil when dry may exhibit deficiencies. The availability of phosphorus is closely related to the degree of soil reduction
and amount of iron present in the soil. Flooded, anaerobic soils are in a
reduced state. The reduction of ferric phosphate (FePO4) to ferrous
phosphate (Fe3(PO4) and their hydrolysis are at least partially responsible for the greater phosphorus availability under flooded conditions.
Phosphorus Fertilizers. The source, the timing, and method of application are important considerations in obtaining high efficiency and good
yields. The value of phosphorus application decreases with time beyond
the seedling stage. Environmental factors, such as pH, organic matter
status, and soil temperature may influence plant response to phosphorus
fertilization. Numerous yield trials provide evidence that the common
sources of phosphorus are about equally effective, except on extremely
acid or alkaline soils. Since the soil pH approaches neutrality once the
fields are flooded, there is no particular advantage of one fertilizer form
over another, outside of cost.
Localized or band placement of phosphorus does not necessarily
increase use efficiency in rice. Although the placement of phosphorus in
the reduced soil zone will result in less fixation than will be the case if
the fertilizer is placed on the soil surface. Fixation is when phosphorus
complexes other elements in the soil and becomes unavailable to plants
in the short term. Also, soils with high calcium fix phosphorus more
readily, as do soils high in kaolinitic clay. High application rates of lime
may justify a reevaluation of the phosphorus management strategies.
Moreover, unincorporated phosphorus encourages algae growth. In this
context those areas in the Sacramento Valley with problematic algae
blooms, particularly in areas with high soil calcium, incorporation of
phosphorus fertilizer would be prudent. As a general rule, rice areas
requiring phosphorus also have a high need for nitrogen. The requirement for incorporation of nitrogen into the reduced layer to minimize
volatilization also improves the utilization of phosphorus.

Zinc
Plant Function. Zinc is essential for numerous biochemical processes,
such as chlorophyll production, enzyme activation, and nucleotide synthesis. About 1 to 2 ppm in the tissue is required for adequate growth. It
accumulates in the roots and can be transported to developing plant
parts. However, there is very little secondary translocation.
Consequently, deficiency symptoms are more pronounced on the young
leaves. Deficiency symptoms are dusty brown spots on the upper leaves
of stunted plants that appear within a month of seeding.
Soil Zinc. Zinc (Zn) deficiency, originally called "alkali disease," is common in high pH, sodic soils, and in areas where the topsoil has been
removed by land leveling or where irrigation water is high in bicarbon6.15
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ate (>4 milli-equivalents [meq]). In zinc-deficient soils (< 0.5 ppm), rice
seedling growth may be reduced and, in severe cases, stand loss may
occur. Preflood surface applications of 2 to 16 pounds per acre of actual
Zn, depending on the source, have effectively corrected this deficiency.
Zinc deficiency occurs more frequently in cool weather during stand
establishment. Zinc fertilizer in the form of zinc sulfate, zinc oxide, or
zinc chelate is broadcast or sprayed on the soil surface after the last
seedbed tillage for maximum effectiveness. Zinc should not be incorporated into the soil.

Sulfur
Plant Function. Recent reports of yield response to sulfur application
suggest deficiencies. Sulfur is a component of proteins and amino acids.
Most sulfur in the plant is the organic form, as opposed to inorganic
forms. Sulfur concentration in the plant decrease with time. Healthy rice
plants at early tillering require about 0.25% total sulfur and about 0.1%
at maturity. Sulfur is not as readily translocated. Thus, deficiency symptoms are more pronounced on the younger leaves. Chlorosis, stunted
growth, and reduced tillering are signs of low sulfur. Field symptoms
are generally less uniform than nitrogen deficiencies. Nitrogen deficiency, remember, occurs on the older leaves. However at the early stages of
growth, the two are sometimes difficult to distinguish. Plant analysis is
not well developed, but some guidelines are available. A critical value in
the range of 0.05 to 0.16% is recommended for total sulfur.
Soil Sulfur. Rice plants absorb sulfur as sulfate, which has similar
dynamics in the soil as nitrate. Thus, analysis for soil sulfur is unreliable
and of little value for predicting deficiencies. Under flooded conditions,
sulfate can change to sulfide and combine with zinc and iron to form
unavailable compounds. Large amounts of decaying organic matter may
intensify the immobilization of sulfur.
Sulfur Fertilizers. Any sulfate containing fertilizer, such as ammonium
sulfate and 16-20-0, will suffice. If either nitrogen or phosphorus are not
needed, gypsum (calcium sulfate) or magnesium sulfate work well.
Mixed with aqua, ammonium thiosulfate solution is effective. Elemental
sulfur can be used, but plant response will be slower. Application rates
of 25 to 50 lb/a sulfur are suggested. Extreme cases may require more.
Preplant applications are best, but topdressing to correct a mid season
plant deficiency is also effective. Unlike nitrogen, sulfur deficiencies may
be treated late in the season. However, such late applications are unlikely to restore the full yield potential.

Soil Sampling
Collect soil samples using a soil tube or auger inserted to a depth of 6 to
9 inches. Take about 20 core samples in a 20 to 40 acre field by walking
randomly through the field (Figure 12). Be sure to collect samples from
6.16
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all quadrants of the field to achieve a representative sample. Mix the soil
sample in a non-metallic container. Transfer the mixed sample into a
labeled paper or plastic bag, and send to a qualified laboratory for analysis. Sample problem areas separately every year and non-problem areas
every two to three years. Many plant nutrients should be applied and
incorporated into the soil prior to flooding the field. Zinc should not be
incorporated into the soil. Cut areas of fields generally require more fertilization than the fill areas.

Figure 12. Sampling pattern for taking soil or leaf samples
to test for nutrient deficiencies.
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Diagnostic Key for Identifying Nutrient Deficiencies in Rice
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