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SECTION  1:  NUTRIENT MANAGEMENT COMPETENCY  
 
I. BASIC CONCEPTS OF NUTRIENT MANAGEMENT  
Essential elements 

Eighteen elements have been identified as essential for plant growth and development.  
Carbon (C), oxygen (O) and hydrogen (H) are obtained from air and water, and comprise the 
majority of plant biomass; cellulose, starch and sugars are all composed primarily of these 
elements.  Plants obtain the other 15 essential elements from soil (Table 1.1).  Elements required 
in large quantities by plant are termed macronutrients; this group can be further divided into 
primary macronutrients (N, P and K, the elements most often required to be applied as fertilizer 
to allow peak crop production and quality) and secondary macronutrients (Ca, Mg and S, which 
are often present in sufficient abundance to maximize crop growth without additional input).  
Relatively large amounts of macronutrients are taken up by crop plants; leaf macronutrient 
concentrations are typically expressed as a percent of dry matter. 

Micronutrients are those elements required in small quantities by the plant.  
Micronutrients include Fe, Mn, B, Zn, Cl, Cu, Mo, Co and Ni.  All are present in plant tissue at 
low concentration (in the parts per million (PPM) range) except Cl; while only a small quantity 
of Cl is required by plants, relatively high levels are often present in soil, and consequently plant 
uptake can be relatively high. 
 
Table 1.1.  Essential elements for plant growth and development. 

 
Element 

 
Symbol 

Typical leaf concentration 
(dry weight basis) 

 
Form(s) taken up from soil 

Nitrogen N 2-5% NO3
-, NH4

+ 
Phosphorus P 0.2-0.6% HPO4

2-, H2PO4
- 

Potassium K 2-5% K+ 
Calcium Ca 0.5-4.0% Ca2+ 
Magnesium Mg 0.4-1.0% Mg2+ 
Sulfur S 0.25-1.0% SO4

2- 
Chlorine Cl 0.3-1.5% Cl- 
Iron Fe 50-250 PPM Fe2+, Fe3+ 
Manganese Mn 30-250 PPM Mn2+ 
Boron B 20-80 PPM H3BO3, BO3

- 
Zinc Zn 20-70 PPM Zn2+ 
Copper Co 5-20 PPM Cu2+ 
Molybdenum Mo < 1 PPM MoO4

- 
Cobalt Co < 1 PPM Co2+ 
Nickel Ni < 5 PPM Ni2+ 

 
Soil properties related to nutrient supply: 
Texture 
 Soil contains mineral particles of different sizes; the particle size distribution can have a 
tremendous influence on fertility, as well as water relations and plant productivity.  Three 
particle size categories are recognized; sand (0.05-2.0 mm), silt (0.002-0.05 mm) and clay (< 
0.002 mm).  To put these size ranges in perspective, the largest sand particles are roughly the 
thickness of a nickel, while individual clay particles are invisible to the naked eye.  Large 
particles are less chemically active than smaller particles due to a smaller surface area to volume 
ratio.  When commercial testing labs report soil texture it is on the basis of the percent of soil dry 
weight that fall into these categories.  Texture affects nutrient supply by controlling the cation 
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exchange capacity of soil.  Through its effect on soil water holding capacity texture also affects 
the leaching potential of anionic nutrients.   
 
Soil structure   
 Structure is the term that describes the way in which individual soil particles are arranged 
into larger groups, or aggregates.  The formation of stable aggregates reduces soil crusting, and 
improves soil properties such as aeration, water infiltration rate, and ease of tillage.  Soil 
structure can be affected by irrigation water quality and tillage practices.  Aggregate stability is 
improved by the addition of organic matter, and the maintenance of an adequate level of soil 
calcium.  Structure can influence soil nutrient supply by affecting the extent and density of 
rooting, and by its effect on water penetration.  
 
Organic matter 
 Soil organic matter (SOM) can influence soil productivity in several ways.  It can be a 
source of nutrients, increase water holding capacity and water infiltration rate, improve soil 
structure, and increase cation exchange.  SOM is a complex mix of materials; as a generalization 
one can think of soil organic matter as being composed of ‘active’ and ‘resistant’ fractions.  The 
active fraction is made up of live microorganisms and relatively recently incorporated crop 
residues or organic amendments.  The resistant fraction is humus, old material that is highly 
resistant to further breakdown.  The distinction between active and resistant fractions is 
important, because the active fraction is responsible for most of the nutrient supplying effects, 
and it is mainly the active fraction that growers manipulate with soil building practices like cover 
cropping and manure application.  Increasing the resistant fraction of SOM helps improve the 
physical (structure) and chemical (water and nutrient holding) properties of a soil.   

Western soils generally have lower organic matter content than some other areas of the 
country, with values of 0.5-3.0 % of dry soil weight being typical.  California climate and 
cropping systems make it difficult to dramatically increase soil organic matter in most 
circumstances, but thoughtful attention to crop rotation, tillage practices and amendment 
strategies can result in measureable benefits in soil structure and nutrient supplying capacity.          
 
Water holding capacity 
 Soil texture is the primary factor controlling how much water a soil can hold.  
Approximately 50% of the volume of a typical soil is pore space (volume not occupied by soil 
particles); the size of those pore spaces controls what fraction of them can hold water against the 
force of gravity.  Sandy soils have larger pore spaces than more finely textured soils, meaning 
that sandy soils have higher water infiltration rates, and lower water retention.  This makes the 
management of water more challenging in sandy soils, increasing the potential for nutrient 
leaching.   
 
Cation exchange capacity (CEC)  
 Nutrients are taken up from the soil either as cations (positively charged ions) or anions 
(negatively charged ions).  Soil particles have a net negative charge on their surfaces, which 
attracts cations, and repels anions.  Therefore, anions move more freely through soil with rainfall 
or irrigation, while cations are more resistant to leaching.  A soil’s ability to retain cations is 
referred to as the cation exchange capacity (CEC).  In general, the finer the texture, the greater 
the CEC, meaning that as the percentage of soil particles in the silt and clay size range increases, 
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CEC increases.  Organic matter particles also have cation exchange sites, contributing to the 
overall soil CEC.  A consistent program of cover cropping or organic matter application 
(compost or manure) can increase soil CEC, but within the range of normal commercial practices 
the degree of increase is generally minimal. 

The dominate cations in most California soils are Ca, Mg, K and Na, generally in that 
order of abundance.  These cations are held with different strengths on cation exchange sites.  
From most strongly held to most weakly held, the order is: 

Ca2+ > Mg2+ > K+ > Na+       
Consequently, K and Na can be more easily leached through the soil (they are more ‘mobile’) 
than Mg or Ca.     
 CEC is measured by the number of positive charges per unit of soil; the most common 
unit of measure is milliequivalents (meq) per 100 g of soil.  Commercial soil testing labs may 
report CEC in meq/100 g soil, the abundance of the individual soil cations in PPM, and the 
relative abundance of each cation as a percent of CEC (on a meq basis).  Table 1.2 gives the 
conversion factors necessary to convert from one of these units to the other.   
 
Table 1.2.  Factors for conversion from PPM soil cations to meq/100 g.    

To convert column 1   To convert column 2 
into column 2, divide by Column 1 Column 2 into column 1, multiply by 

390 PPM K meq K/100g 390 
200 PPM Ca meq Ca/100g 200 
121 PPM Mg meq Mg/100g 121 
230 PPM Na meq Na/100g 230 

 
As an example, consider a soil with a CEC of 20 meq/100g, and an extractable K of 195 PPM.  
To determine the percentage of CEC that potassium represents the calculations would be: 
   195 PPM K ÷ 390 = 0.5 meq K/100 g 
  0.5 meq K/100 g ÷ 20 meq CEC/100 g = 2.5% of CEC 
Calcium and magnesium dominate the cation exchange in California soils.  Expressed as a 
percentage of CEC, the typical cation abundance is: 
  Ca (40-80%) > Mg (10-40%) > K (1-5%) = Na (1-5%)     

Soils also have anion exchange sites (positive charges on the surface of soil particles), but 
typically the anion exchange is much smaller than cation exchange.  Nevertheless, anion 
exchange can play a significant role in the soil availability of certain nutrients.   
 
 
II. NUTRIENT MOVEMENT IN PLANTS, SOIL, AIR, AND WATER  
Nutrient mobility 

Essential elements differ in their ability to move in soil, and to move around in the plant 
once uptake has occurred (Table 1.3).  In general, cations tend to be less mobile in soil than 
anions, because of the much larger number of cation exchange sites in soil.  However, not all 
anions are mobile in soil because complex chemical interactions limit their solubility.  For 
example, phosphorus has low mobility in soil because it can be bound up in chemical compounds 
with soil cations like Ca, keeping the soil solution P concentration low.       

The mobility of essential elements within plants is a complex topic because plant species 
differ in their ability to move various elements.  Nitrogen and potassium are highly mobile in all 
common crop plants, easily moved in both the xylem and the phloem systems.  At the other end 
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of the spectrum calcium is immobile; it readily moves in the transpiration stream into leaves and 
accumulates there, but it cannot be translocated through the phloem to other plant parts.  Other 
elements fall between these extremes, with some important species differences.  Nutrient 
mobility provides clues to the diagnosis of nutrient deficiency symptoms in plants.  The high 
mobility of N means that deficiency symptoms are initially expressed on older leaves, while 
deficiency of less mobile elements (i.e. Zn or Fe) is expressed on younger tissues. 
 
Table 1.3.  Relative mobility of essential elements in soil and in plants. 

 
Element 

 
Symbol 

Relative mobility 
 in soil 

Relative mobility  
in plants 

Nitrogen (NO3
-, NH4

+) N high, moderate high, high 
Phosphorus P low moderate 
Potassium K moderate high 
Calcium Ca low low 
Magnesium Mg low moderate 
Sulfur S high low  
Chlorine Cl high high 
Iron Fe low low 
Manganese Mn low low 
Boron B high Low to high* 
Zinc Zn low low 
Copper Co low low 
Molybdenum Mo low low 
Cobalt Co moderate low 
Nickel Ni moderate high 
* crop species dependent 
 
Mechanisms of nutrient uptake 

The water contained in soil is referred to as the soil solution.  It is from soil solution that 
the vast majority of nutrient uptake occurs.  For most nutrients there is an equilibrium between 
the nutrient concentration in soil solution and the abundance of that nutrient elsewhere in the 
soil; as plants remove a nutrient ion from soil solution the equilibrium reaction will replace it 
from these other sources.  For example, calcium ions on cation exchange sites are in equilibrium 
with Ca ions in soil solution, and plant uptake of Ca from the soil solution results in movement 
of Ca from exchange sites to the soil solution.  Nitrogen is an exception, in that there is no ready 
reserve of plant available N to replenish the soil solution as crop uptake occurs; N in soil solution 
must be maintained through addition of fertilizer N, or mineralization of organic N through 
microbial action.  

There are three ways in which nutrients come in contact with the surface of roots, the 
necessary precursor to plant uptake:   

 Root interception, in which a root physically encounters a nutrient ion as it grows.  Root 
interception is a very limited phenomenon, accounting for less than a few percent of 
nutrient uptake.  

 Mass flow, which is the movement of nutrient ions in soil solution to a root surface due to 
plant transpiration.  Mass flow accounts for the overwhelming majority of N uptake (as 
nitrate, NO3-), and a large fraction of the uptake of other nutrients as well.   

 Diffusion, in which ions move from areas of higher concentration to areas of lower 
concentration.  As a plant root takes up a nutrient from the surrounding soil solution, the 
concentration of that nutrient near the root is reduced, creating a concentration gradient; 
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this results in the diffusive movement of that nutrient toward the root from farther away.  
Diffusion is the mechanism responsible for the majority of P and K uptake.             

 
Management and climate effects on soil nutrient availability 
 Climate and crop management practices combine to influence nutrient movement, 
transformation and availability.  In most of California the mild climate allows soil microbial 
activity to continue year around, which means that organic matter breakdown, and the resulting 
mineralization of N in organic matter into plant-available forms, occurs year around as well.  In 
regions with limited rainfall (the San Joaquin Valley, for example) winter rains are often 
insufficient to cause substantial leaching, while in the Napa and Sonoma Valleys substantial 
leaching, and associated nutrient loss, occur during normal winters.  Regional differences in 
evapotranspiration affect irrigation demand and leaching requirement for salinity control. 
 Tillage practices affect nutrient management.  Under conservation tillage the buildup of 
crop residue on the soil surface can sequester nutrients like phosphorus in the residue, altering 
fertilization requirements.  Irrigation can have substantial nutrient impact, both through its effect 
on leaching loss as well as by controlling the extent of the crop rooting zone (a smaller soil 
volume is explored by roots under drip irrigation compared to furrow irrigation, for example).  
Fertilizer application techniques can also have substantial impact.  For some nutrients a banded 
application may be much more efficiently utilized that a broadcast application.       
 
Nutrient management and environmental protection 
 In addition to representing an economic loss, the movement of nutrients out of the crop 
root zone can be an environmental hazard as well.  Nitrogen and phosphorus loss from fields 
represents a serious threat to environmental water quality.  In a number of locations in California 
surface waters have been adversely impacted by these nutrients leaving agricultural fields in 
runoff (whether from rain or irrigation) or tile drainage.  Both N and P can stimulate the growth 
of algae, which can cause aesthetic issues as well as serious disruptions to aquatic ecosystems.  
Even low concentrations of these elements in surface water can be environmentally damaging. 
 Nitrogen also presents a hazard to groundwater quality.  Nitrate (NO3

-) moves freely with 
water, and is easily leached from a crop root zone with rainfall or excessive irrigation.  
Groundwater is widely used for drinking water, and the Federal government has established a 10 
PPM NO3-N (45 PPM NO3

-) limit for human safety.  This limit is based on studies linking 
excessive nitrate to a medical disorder called methemoglobinemia, in which nitrate interferes 
with the ability of hemoglobin to carry oxygen throughout the body.   Since soil solution NO3-N 
concentration in a fertilized root zone often ranges between 40-100 PPM it is easy to see how 
nitrate loading to groundwater might occur from agricultural operations.    
 
 
III. SOIL REACTION, SOIL AMENDMENTS AND pH MODIFICATION  

The pH of a soil is a measure of its acidity, or hydrogen (H+) concentration.  The pH 
scale ranges from 0-14, with California soil values typically in the 5.5-8.0 range; lower 
numerical values indicate increasing acidity.  A logarithmic scale is used to measure pH, 
meaning that a value of 6.0 indicates a 10-fold increase in H+ concentration compared to a value 
of 7.0.  Soil with pH >7.0 are referred to as alkaline, while soil <7.0 are considered acidic.  
Climatic factors, farming practices and irrigation water chemistry can affect soil pH over time.  
Areas of high rainfall will tend to have acidic soils, while in arid regions alkaline soils 
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predominate.  Nitrogen fertilizers can decrease soil pH, as anhydrous ammonia, urea and 
ammonium fertilizers all acidify soil to varying degrees; nitrate fertilizers do not acidify soil. 
 Soil pH has a profound influence on soil chemistry, and nutrient availability (Fig. 1.1).  
Soil pH affects nutrient availability through various mechanisms.  For example, as pH gets 
progressively more acidic, H+ and aluminum (Al3+) displace Ca, Mg and K ions, making them 
subject to leaching.  As pH gets progressively alkaline a number of micronutrients form chemical 
compounds of limited solubility.  The pH ‘sweet spot’ for overall soil nutrient availability is 
approximately 6.0-7.5, but many crops are tolerant of an even broader pH range.  There are a few 
crops that require very low soil pH to thrive; for example, the recommended pH for blueberry 
cultivation is <5.0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1.  Effect of soil pH on the availability of macro- and micronutrients.  
 
Increasing soil pH 
 Application of lime (calcium carbonate, CaCO3) or similar compounds is the standard 
method of increasing soil pH.  The relative power of these materials to increase pH is measured 
as the calcium carbonate equivalent (CCE, the comparison of the neutralizing power of a 
product to that of pure CaCO3, Table 1.4).  A range of CCE is given for each material because 
agricultural sources of these products vary substantially in purity. 
 
Table 1.4.  Calcium carbonate equivalent (CCE) of common liming materials. 

Material Chemical form % of CCE 
pure calcium carbonate CaCO3 100 
calcitic lime CaCO3 75-100 
dolomitic lime (Ca,Mg)CO3 75-109 
hydrated lime Ca(OH)2 120-136 
burnt lime CaO 179 
    
Soil application of these materials results in the release hydroxide (OH-) ions, which combine 
with H+ to form water, thereby reducing soil acidity.  The solubility of any of the carbonate 
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materials is very low, and consequently these products are slower acting (months to years) than 
burnt lime of hydrated lime (which have substantial effect within days of application).  Also, 
particle size is important for lime effectiveness; the finer the particle size, the faster-acting the 
product. 
 Lime requirement increases with CEC, because at the same pH a high CEC soil has more 
H+ ions than a low CEC soil.  Therefore, one can predict the approximate liming requirement 
based on soil texture (Table 1.5).  Commercial soil testing laboratories can run a buffer pH test to 
provide a more accurate estimate of lime requirement for a particular soil. 
 
Table 1.5.  Approximate lime application required to adjust soil pH. 

Desired pH change Pounds of CaCO3 equivalent per acrez 
in 6” depth sand sandy loam loam silt loam clay loam 
4.0 to 6.5 2,600 5,000 7,000 8,400 10,000 
4.5 to 6.5 2,200 4,200 5,800 7,000 8,400 
5.0 to 6.5 1,800 3,400 4,600 5,600 6,600 
5.5 to 6.5 1,200 2,600 3,400 4,000 4,600 
6.0 to 6.5 600 1,400 1,800 2,200 2,400 

 z  source: Western Fertilizer Handbook 
 
Decreasing soil pH 
 There are circumstances in which a reduction in soil pH is desirable.  That can be 
accomplished through the application of various acids (sulfuric, phosphoric, etc.), or elemental 
sulfur.  When applied to soil, elemental sulfur is metabolized by bacteria.  In this process acidity 
is released:   

2 S + 3 O2 + 2 H2O  2 H2SO4 (sulfuric acid)   
As with lime, elemental sulfur requires time to act; particle size, and additives to enhance 
dispersion, significantly affect the speed of action.  Fertilizer products (NpHuric, or ammonium, 
calcium or potassium thiosulfate, for example) are also used as acidifying agents.   
 
 
IV. N, P, K PLANT REQUIREMENTS and STEWARDSHIP  
Nitrogen  
 Nitrogen management is a key issue in crop production.  Nitrogen is a core constituent of 
chlorophyll and amino acids (the building blocks of proteins).  In many crops N is the element 
required in greatest abundance, and in other crops it ranks second behind potassium.  It is the 
element most often applied as fertilizer to ensure peak crop production. 

Nitrogen flows onto, through and away from agricultural fields through a complex series 
of chemical and biological reactions collectively called the ‘Nitrogen cycle’.  N2 gas makes up 
the majority of the atmosphere, but it is chemically inert, and unavailable to plants.  However, N2 
can be converted to plant-available N by two methods.  An industrial technique called the Haber-
Bosch process converts N2 gas to ammonia (NH3), the first step in the manufacture of common 
ammonium (NH4

+) and nitrate (NO3
-) fertilizers.  N fixation is a biological process in which 

Rhizobium bacteria in the soil in symbiotic association with the roots of leguminous plants 
convert N2 into ammonium.  Rhizobium bacteria are specific to crop species, and legume seed 
inoculation is commonly done to ensure effective root colonization.  Once nitrogen is in a 
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‘reactive’ form (urea, NH4
+, NO3

-) it can undergo numerous transformations of significance to 
agriculture. 
 
Nitrogen transformations 
Urea hydrolysis 
 Hydrolysis is an enzymatic process by which urea is converted to ammonium.  The rate at 
which urea fertilizer is hydrolyzed is dependent on soil temperature and moisture; where urea is 
incorporated or banded into moist soil this process is typically complete within a few days.  
However, in the absence of sufficient rain or irrigation to move the urea into the soil, surface-
applied urea can take weeks to complete the hydrolysis process, providing the opportunity for 
significant N loss through volatilization.  
 
Ammonia volatilization 
 Gaseous anhydrous ammonia (NH3) fertilizer quickly reacts with water to form 
ammonium (NH4

+) when applied to moist soil or run in irrigation water.  However, in this 
reaction alkalinity is formed, and pH rises substantially.  Urea hydrolysis also produces 
alkalinity, raising pH around the fertilizer prills.  There is an equilibrium reaction between NH3 
and NH4

+, with NH4
+ dominating at pH below 8.0, and NH3 increasing at higher pH (Fig. 1.2).  

This is agronomically significant because the application of anhydrous ammonia to irrigation 
water can raise the water pH to above 9.0, resulting in substantial NH3 volatilization (loss of NH3 
to the atmosphere).  In broadcast urea application without irrigation or rainfall, the soil pH 
around the fertilizer prills can increase enough to also allow substantial volatilization loss to 
occur.  Ammonia volatilization from animal manures can be significant, both during on-farm 
management of manure, and after field manure application.  Soil incorporation of manure 
minimizes NH3 volatilization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2.  Effect of pH on the equilibrium between ammonia (NH3) and ammonium (NH4

+) in 
soil. 
 
Mineralization / immobilization 
 Plant-available N is released into soil through the degradation of organic matter (crop 
residues, manures, composts, etc.) by soil microorganisms in a process called nitrogen 
mineralization.  The speed of mineralization is governed by soil temperature, soil moisture and 
the relative abundance of carbon and nitrogen (the C:N ratio) of the organic material being 
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broken down.  Mineralization rate increases with increasing temperature, and is maximized with 
soil moisture around field capacity.  As a general rule, the mineralization rate of organic material 
with a C:N ratio < 15 will be relatively rapid, while material with a C:N > 20 may temporarily 
decrease the amount of mineral N (NH4

+, NO3
-) in the soil through a process called 

immobilization.  Immobilization occurs when soil microbes multiply in response to the addition 
of fresh plant residue; unless that residue contains sufficient N to support that microbial growth 
the microbes will tie up mineral N already present in the soil.  Immobilization be a short-lived 
phenomenon, or may persist for months, depending on the amount of organic material available 
for microbial breakdown, and its C:N ratio.   
         
Nitrification 
 Nitrification is the conversion of ammonium to nitrate in soil.  It is accomplished by soil 
bacteria, in a two-stage process: 

NH4
+  NO2

-  NO3
- 

The initial conversion of NH4
+ to nitrite (NO2

-) is mediated by Nitrosomonas bacteria; the 
conversion of NO2

- to NO3
- is accomplished by Nitrobacter.  As with mineralization, soil 

temperature and moisture affect the rate of this process, but for most California field conditions 
nitrification precedes quickly enough that soil mineral N is comprised overwhelmingly of NO3

-, 
with very low levels of NH4

+.  Consequently, the overwhelming majority of crop N uptake is in 
the NO3

- form, regardless of what fertilizer N source was used.  Banding anhydrous ammonia in 
soil disrupts soil microbial activity, and can slow the nitrification process; however, even in this 
case, most of the applied N has been nitrified by the time of crop N uptake.       
 
Denitrification 
 Denitrification is the conversion of NO3

- to gaseous N forms, mostly N2 and nitrous oxide 
(N2O).  It is a multi-step process mediated by soil bacteria only active under anaerobic 
conditions.  In most agricultural situations denitrification is a transient phenomenon, occurring 
briefly after a saturating irrigation or rain, with relatively small amounts of NO3

- being 
denitrified.  However, in situations where all factors favor denitrification (frequent irrigation, 
slowly draining soil, high soil NO3

- concentration) N losses over a production season can be 
agronomically significant.   

The release of N2O is an environmental issue because it is a potent greenhouse gas 
(approximately 300x the activity of an equivalent amount of CO2).  While the emission of N2O is 
limited to a couple of pounds per acre per production season in most field situations, this 
represents a significant portion of greenhouse gas emissions from agriculture.  In the future N2O 
will be regulated by the California Air Resources Board, providing an additional incentive to 
manage fields to limit denitrification.        
 
Nitrate leaching 
 Nitrate leaching, the movement of NO3

- below the crop root zone, presents both an 
agronomic and regulatory challenge.  In many areas an increase in groundwater contamination 
has been measured over recent decades, and substantial evidence suggests that much of that NO3

- 
is of agricultural origin.  The nitrate leaching hazard is particularly serious in California because 
the high value horticultural crops we produce tend to be heavily fertilized, multiple crops per 
year is the norm in some regions, and irrigation is applied frequently.  In a typical fertilized root 
zone the soil NO3-N concentration may be in the range of 10-20 PPM on a dry soil basis.  
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However, because all the of nitrate is in the soil solution, and the soil solution weighs only about 
20-30% as much as the dry soil at field capacity moisture content, the solution NO3-N 
concentration is 3-5 times higher.  Therefore, water leached from a fertilized root zone is almost 
always in excess of the Federal drinking water standard of 10 PPM NO3-N.  Clearly, 
groundwater protection requires maintaining soil NO3-N concentrations as low as practical 
(while still producing good crop yields), and controlling irrigation to minimize downward 
movement of nitrate.   
 
Nitrogen fertilizers 
 Many different N fertilizers are used, but a relatively short list of standard fertilizers 
represent the majority of N applied to agricultural land in California (Table 1.6).  Choosing an N 
fertilizer to fit a particular field use can involve a complex mix of factors such as cost, nutrient 
form, product storage and handling issues and compatibility with the desired application 
technique.  The choice of N form also affects the amount of soil acidification that results from 
the application.  Nitrification (conversion of NH4

+ to NO3
-) is an acidifying process. However, 

fertilizers that form NH4
+ on their application to soil (anhydrous ammonia and urea) partially 

offset the acidifying effect of nitrification with the alkalinity formed upon the initial formation of 
NH4

+.  Nitrate-form fertilizer has no net effect on soil acidification.     
 
Table 1.6.  Nutrient analysis and acidification potential of common N fertilizers used in 
California.   

 
Fertilizer 

 
Analysis 

Soil acidification potential 
(lb CaCO3/lb N) 

anhydrous ammonia 82-0-0 3.6 
ammonium nitrate solution (AN-20) 20-0-0 3.6 
ammonium polyphosphate 10-34-0 7.2 
ammonium sulfate 21-0-0 7.2 
calcium ammonium nitrate (CAN-17) 17-0-0 < 2 
monoammonium phosphate (MAP) 11-52-0 7.2 
urea 46-0-0 3.6 
urea ammonium nitrate solution (UN-32) 32-0-0 3.6 
   
Nitrogen mass balance 
 Calculating a nitrogen mass balance it a good starting point to evaluate the N efficiency 
of a production system, and its potential for adverse environmental impact.  A mass balance is 
essentially a bookkeeping exercise, adding up all significant sources of N input to a field 
(fertilizer, manure, compost, nitrate in irrigation water), and comparing that with removal of N in 
harvested products.  The California Water Quality Control Board has indicated that they will use 
nitrogen mass balance calculations as an integral part of their groundwater quality regulatory 
programs. 

As the preceding section on N transformations makes clear, nitrogen leaching is only one 
of several possible fates of nitrogen applied to a field but not accounted for in harvested 
products.  For most production systems volatilization and denitrification losses are minor.  
Significant buildup of N in soil organic matter is likely only in systems with frequent manure or 
compost use, or where some form of conservation tillage is used.  Therefore, if a production 
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system has a large difference between N inputs and N removal in harvested products, nitrate 
leaching is likely to be substantial over time. 
 
 
Non-fertilizer sources of nitrogen 
 While fertilizer is the primary N input in most conventional cropping situations, the 
following non-fertilizer N sources can contribute significantly to crop N requirements: 

 residual soil nitrate 
 residue from the prior crop 
 irrigation water NO3-N content  

The significance of each of these non-fertilizer sources depends on the production region, crop 
rotation and farm management style.  Residual soil NO3-N can be a substantial resource.  In 
annual crop rotations, particularly where multiple crops per year are produced, or manure 
application is common, residual soil NO3-N at the time of traditional N sidedressing can be high.  
In such situations, fertilizer N application can be reduced without danger to the crop.  However, 
fields vary widely in residual soil NO3-N, so soil sampling at or after crop establishment is 
necessary to accurately determine the potential N contribution from this source.  This 
management technique goes by the acronym ‘PSNT’, or ‘Pre-sidedressing Soil Nitrate Testing’. 

Accounting for the effects of prior crop residue on crop N supply can be important.  An 
obvious example is following alfalfa, which leaves behind N-rich residue that breaks down over 
several months, freeing substantial amount of plant-available N.  This is sometimes referred to as 
a ‘legume credit’.  However, the residue of some other crops (primarily vegetables) produced in 
California can also be high in nitrogen, and their incorporation results in substantial N release for 
the succeeding crop.  Calculating an appropriate ‘credit’ for these residue inputs can be tricky.  
Where several months elapse between residue incorporation and planting the next crop, 
determining residual soil NO3-N may be a more accurate approach than applying a generic 
‘credit’ for prior crop residue. 

Irrigation water NO3-N content can represent a large N contribution.  The calculation of 
irrigation water NO3-N content is: 

PPM water NO3-N x 0.23 = lb N per acre inch 
In parts of California (i.e. coastal valleys, eastern San Joaquin Valley) groundwater is commonly 
above 10 PPM NO3-N, with some irrigation wells topping 30 PPM.  To demonstrate the potential 
significance of this N source, an almond orchard irrigated with 60 inches of water of 10 PPM 
NO3-N would deliver nearly 140 lb N annually.  Recent research in California has shown that 
NO3-N in irrigation water is utilized by the crop about as as efficiently as N fertilizer.           
 
Phosphorus 

Phosphorus is an essential nutrient that requires active management to avoid crop 
deficiency while preventing an excessive buildup in the soil.  In plants P is an essential 
component of DNA and RNA, and is involved in cell membrane function and integrity.  It is also 
a component of the ATP system, the energy systems that drives cellular metabolism.  Phosphorus 
deficiency can be subtle, slowing the rate of plant growth without producing visual deficiency 
symptoms.  In severe cases leaves may turn purple and plants may exhibit delayed maturity and 
seriously reduced yield.  A purple tinge on foliage can also be induced on some crops by low 
temperature, so confirmation of P deficiency through soil and/or plant tissue testing is required 
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for definitive diagnosis.  Phosphorus is quite immobile in the soil, but moderately mobile in 
plants.     
 
Phosphorus availability in soils 
 Phosphorus exists in many chemical forms in soil: soluble P in soil solution, precipitated 
compounds containing calcium, aluminum or iron, and organic compounds bound in soil organic 
matter (Fig. 1.3).  Plants take up P from soil solution primarily as the HPO4

2- ion in alkaline soil, 
and H2PO4

- ion in acid soils.  These ions are typically present at low concentrations because they 
exist in an equilibrium with chemical precipitates formed with calcium in alkaline soil or 
aluminum or iron in acid soil.  As plants remove P from soil solution it is replenished from these 
precipitated forms, and from the decay of organic materials.  Conversely, when P fertilizers are 
applied to soil this chemical equilibrium is disturbed; over time (weeks to months) some of the 
soluble fertilizer P is converted to insoluble forms.  Banding P fertilizer, and applying it close to 
the time of planting instead of months before (i.e. the previous fall) tend to keep fertilizer P more 
plant-available. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Fig. 1.3.  Phosphorus pools and interactions in soil. 
 
 Laboratory methods for assessing soil P availability attempt to rank a soil’s ability to 
supply P over time.  The chemical extractants used dissolve different types of precipitated P 
compounds, and therefore the amount of P extracted can differ greatly among the different test 
procedures.  There are three analytical procedures commonly used by soil testing laboratories, 
designated as the Bray, Mehlich and Olsen tests.  In the Bray and Mehlich tests soils are 
extracted with chemical solutions that are acidic, while the Olsen procedure uses an alkaline 
solution.  The Bray and Mehlich tests extract roughly similar amounts of P from most soils, and 
substantially more P from alkaline soils than is extracted by the Olsen test.  Therefore, to be 
useful in formulating fertilizer recommendations, field calibration data is needed to relate soil 
test values with crop response to P application.  In California most field calibration has been 
done for the Olsen procedure, so it is the test of choice for most California soils.  However, for 
strongly acidic soils (pH < 5.5) Bray or Mehlich tests may be more appropriate.  All these soil 
test procedures are indexes of soil P availability, not measures of total soil P content.  
Agricultural soils may have more than 1,000 PPM total P, but typically < 5% of the total will be 
extracted in a laboratory test.        
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Phosphorus fertilizers 
 Common mineral P fertilizers are manufactured by treating mined phosphate rock (in 
which the phosphorus is not directly plant-available) with acid to produce materials in which 
most or all of the P is in a soluble form, available for plant uptake.  The fertilizer industry defines 
P availability as the fraction of total P content that is either water-soluble, or soluble in a solution 
of ammonium citrate.  All common conventional P fertilizers, and animal manures, have high P 
availability (Table 1.7).  In contrast, P fertilizer sources available for organic production (rock 
phosphate or bone meal) have low P availability.  In acid soils the P in these materials will 
slowly become available, but in alkaline soils they provide a minimal amount of available P.   
 
Table 1.7.  Common phosphorus fertilizers. 
            Fertilizer % total P2O5 Plant availability 
concentrated superphosphate 46 high 
monoammonium phosphate (MAP) 48-61 high 
diammonium phosphate (DAP) 46 high 
ammonium polyphosphate 34-37 high 
manure variable high 
rock phosphate 8-20 low 
bone meal 11-22 low 
 
Environmental considerations of phosphorus management 

Excessive soil P availability can create environmental water quality problems when 
surface runoff gets into streams and lakes, where it can stimulate excessive growth of algae and 
some aquatic plants.  This biostimulation, called eutrophication, can create a cascade of 
undesirable effects (algae ‘blooms’, fish kills, etc.) that can affect aesthetic enjoyment of the 
water resource as well as damage the aquatic ecosystem.  Runoff contains both ‘reactive’ P (P in 
soluble form, readily available for algal utilization), and ‘particulate’ P (P bound on sediment 
particles); while particulate P is not readily bioavailable, sediment with high particulate P content 
can contribute substantially to the reactive P pool over time.  Environmental targets for surface 
water P concentration vary among watersheds, but are typically < 0.1 PPM PO4-P.    

In California the two cropping situations in which soil P can increase to environmentally 
problematic levels are where manure is frequent applied (as is common in the production of 
dairy forages, and in some organic cropping systems), and coastal production of vegetable crops 
(where multiple crops per year are produced, and heavily fertilized).  Like nitrogen, phosphorus 
management can be evaluated on a mass balance basis.  Production systems in which P 
application greatly exceeds P removal in the harvested crops increase soil P across years of 
management.  Soils with low soil test P typically have a large capacity to sequester applied P in 
insoluble forms, effectively locking up applied P and minimizing the potential for P loss in 
runoff.  However, high P application rates over time exhaust a soil’s capacity to sequester P, and 
the potential for P loss in runoff increases.  Soil test P level is a good indicator of the potential of 
that soil to lose P to the environment (Fig. 1.4).  As soil Olsen P level rises above about 50 PPM, 
the potential for environmentally-damaging P loss increases.  
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Fig. 1.4.  Relationship between soil test P level (Olsen method) and soluble P in soil runoff.  
Data from rainfall simulation test (Hartz and Johnstone, 2006). 
 
 Environmentally responsible P management requires attention to P loading rates and 
application method.  As soil test P increases, fertilizer P requirement decreases; soil at or above 
the agronomic threshold will require minimal P application for peak crop productivity, and P 
application far in excess of the amount removed in the harvested product will simply enrich the 
soil P status with no agronomic benefit.  Surface application of P fertilizer or manure without 
incorporation also increases the potential for P loss in runoff.  Particularly where soil test P is 
high, it is important to control sediment loss to minimize the load of particulate P entering 
surface water.      
 
Potassium 
 Potassium is an essential nutrient involved in many plant processes.  It is involved in 
photosynthesis, protein synthesis and water regulation, among many other things.  Potassium is 
required in large quantities; in some crops more K is taken up than any other element, including 
N.  Potassium is highly mobile in plants, so deficiency symptoms appear on older leaves as edge 
burn or scorching, sometimes with necrotic spotting.  Prolonged, severe deficiency can cause 
general canopy decline.   Unlike N and P, there is no environmental aspect to K management. 
 
Potassium availability in soil 
 Soils generally contain huge quantities of K (Fig. 1.5).  The vast majority of it is locked 
in the complex minerals of the parent material; this ‘structural’ K is unavailable for plant uptake, 
although weathering makes a portion of it plant-available over a long term (decades to centuries).  
Depending on the original soil parent material and the degree of weathering, a substantial 
quantity of K may be ‘fixed’ (trapped between layers of silicate minerals) in silt and clay 
particles.  Fixed K is partially plant-available, and may contribute substantially to crop nutrition 
in some soils.  Exchangeable K is potassium that which is extractable by standard soil tests, and 
is made up primarily of K held on cation exchange sites.  The amount of K in soil solution is 
very limited (typically < 20 PPM); it exists in equilibrium with K on the cation exchange; as 
plants remove K from soil solution, it is replaced by K on exchange sites.  Similarly, fixed K is 
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in equilibrium with exchangeable and soluble K; fertilizer K application will increase fixed K, 
while plant uptake reduces fixed K.  Potassium is not very mobile in soil; K leaching is usually 
not a significant agronomic concern except in very sandy soil with low CEC.      
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.5.  Relative amounts of structural, fixed, exchangeable and soluble K in a typical soil.  
 
 Soil potassium availability is usually determined by extraction with a concentrated 
solution of ammonium acetate.  Because the Mehlich soil test also uses an ammonium-based 
extracting solution, ammonium acetate and Mehlich extraction yield similar results for 
exchangeable K.   

California soils typically range between about 50-500 PPM exchangeable K.  As a 
general rule, soil < 100 PPM will require K fertilization for peak crop production, while soils > 
200 PPM contain sufficient K to produce most crops.  However, crops vary greatly in their K 
uptake, so appropriate K management requires crop-specific knowledge.  Unlike N and P, K 
fertilizer rates used in California are often far below the amount of K removed in harvested 
products, meaning that soil K availability is declining over time in many fields. 
 
Potassium fertilizers 
 There are only a few common K fertilizer materials (Table 1.8).  Once applied to soil the 
K+ ion is indistinguishable from one fertilizer source to another.  Therefore, the choice of K 
fertilizer source is driven primarily by cost, desirability of the companion anion, and solubility 
(for fertigation application).     
 
Table 1.8.  Common potassium fertilizers. 

Fertilizer Chemical formula % K2O 
potassium chloride KCl 60-62 
potassium sulfate K2SO4 50-53 
potassium nitrate KNO3 44-46 
potassium thiosulfate K2S2O3 25 
 
Crop macronutrient requirement 

Crops have very different nutrient uptake requirements.  Table 1.9 lists the typical 
macronutrient uptake by important California crops.  Individual fields may differ substantially 
from these average values, both due to differences in yield level (a major driver of nutrient 



17 
 

uptake) as well as differences in relative soil nutrient availability.  Crops can take up nutrients in 
excess of their biological requirements when soil nutrient availability is high; this is referred to 
as luxury consumption.  In fact, the values in Table 1.9 undoubtedly contain some luxury 
consumption, since they are based on typical nutrient uptake observed in commercial fields, 
many of which are maintained at a high fertility status.   
 
Table 1.9.  Approximate annual nutrient uptake by important California crops; values represent 
the total above-ground biomass nutrient content. 

 Yield level Nutrient uptake (lb/acre) 
Crop  (per acre) N P2O5 K2O 

alfalfa 8 tons 480 95 380 
cotton 4 bales 200 75 210 
lettuce 25 tons fresh weight 140 30 190 
processing tomato 50 tons 250 90 400 
wheat 4 tons 190 50 120 
 
It is also important to point out that these values represent the nutrient content of the entire crop 
biomass.  Agronomists need to be aware not only of the crop nutrient uptake requirement, but 
also the amount of nutrients removed in harvested product, because it is this removal amount that 
must be replaced to maintain soil fertility.  For some crops (i.e. alfalfa) nearly all biomass is 
removed, so nutrient uptake and field removal are nearly the same.  However, for most crops 
only 50-70% of total biomass nutrient uptake is removed in harvested products. 
 
 
V. SECONDARY MACRONUTRIENT AND MICRONUTRIENT REQUIREMENTS 
Secondary macronutrients 
 Calcium, magnesium and sulfur are required in reasonably large quantities by crop plants. 
However, soils frequently contain a sufficient supply of these elements, so growers do not have 
to actively manage their soil availability.  Calcium is a structural component of cell walls, while 
Mg is a component of the chlorophyll molecule; both are involved in various plant enzyme 
systems.  Sulfur is a constituent of several amino acids, promotes nodulation in legumes and is 
present in organic compounds that give characteristic odors to many plants (Brassicas and 
Alliums in particular).   

Calcium is not mobile in plants (does not move freely in phloem), so Ca deficiency is 
manifested in the death of cells in developing fruit or expanding shoots or leaves.  Affected 
tissue typically turns dark brown or black, and commonly rots.  Examples of Ca deficiency are 
tipburn in lettuce, blossom end rot of tomato and bitter pit in apple.  Calcium deficiency is 
seldom caused by the lack of Ca in soil, but rather by the limited ability of plants to translocate 
Ca to growing tissues; environmental conditions that interrupt transpirational flow (i.e. low soil 
moisture or high atmospheric humidity) can induce Ca deficiency.  Magnesium is more mobile 
in plants, therefore deficiency is expressed on older leaves as a yellowing similar to that caused 
by K deficiency.  Sulfur is immobile in plants, and deficiency can induce a general yellowing 
and stunting of new leaves. 
 Soil Ca and Mg availability can be estimated either by ammonium acetate extraction or 
by a test procedure called saturated paste extraction.  Soil testing nearly always shows that 
California soils contain much more Ca and Mg than needed for crop nutrition.  Additionally, 
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well water used for irrigation commonly adds a substantial quantity of Ca and Mg over a 
cropping season.  Although fertilizers containing soluble Ca are frequently applied on some 
crops there is scant evidence that such use increases yield or crop quality under typical California 
field conditions.  Beyond crop nutrition there are other reasons to apply Ca to soil: to increase pH 
(through application of liming materials), and improve soil structure and increase water 
infiltration (through application of gypsum); these issues are covered elsewhere in this guide.  
Magnesium fertilization is not common, although both soluble and insoluble materials are 
available to supply Mg if needed.  
 California soils are typically well supplied with sulfur; it is a constituent of gypsum and 
some macronutrient fertilizers, and it is abundant in some well waters.  The rare cases of S 
deficiency are usually associated with coarse textured (easily leached) soils that are irrigated 
with low sulfate water; with the exception of the Colorado River, surface irrigation sources tend 
to have low SO4 content). 
 
Micronutrients 
 There are 8 essential elements that are considered micronutrients (required at PPM 
concentrations in plant tissue): Boron (B), chlorine (Cl), copper (Cu), iron (Fe), manganese 
(Mn), molybdenum (Mo), nickel (Ni) and zinc (Zn).  Nickel is required in such small quantities 
that soil deficiency is never encountered.  Chlorine is a constituent of irrigation water and some 
fertilizers, and therefore generally abundant.  Deficiency of the other six micronutrients may be 
periodically encountered.  Table 1.10 lists the functions of these elements in plants, and their 
deficiency symptoms. 
 
Table 1.10.  Micronutrient functions and deficiency symptoms in crop plants. 
Element Function in plants Deficiency symptoms 
boron pollen viability, cell wall formation, 

carbohydrate translocation 
stunting, deformed growth, hollow 
stems, dieback of terminal buds  

copper chlorophyll formation, protein 
formation 

chlorotic, curled leaves, leaf wilting, 
poor head formation in grains 

iron chlorophyll formation, respiratory 
enzyme systems 

interveinal chlorosis on young leaves 

manganese chlorophyll synthesis, enzyme 
systems 

interveinal chlorosis on young leaves, 
necrotic spotting 

molybdenum nodulation in legumes, nitrate 
reduction system 

general yellowing and stunting 

zinc chlorophyll synthesis, enzyme 
systems 

chlorosis and stunting of new leaves 

        
 Soil availability of Cu, Fe, Mn and Zn is typically estimated by extraction with DTPA, a 
chelating agent; this procedure estimates plant-availability, not total soil content.  Boron can be 
measured by saturated paste extraction, or hot water extraction; soil B analysis is most 
commonly undertaken more as a measure of potential plant toxicity rather than deficiency.  
Molybdenum is present at such low levels in soil that soil testing is not commonly done.  Boron 
and Cl are quite mobile in soil, while the other micronutrients are reasonably immobile in soil 
and therefore not easily leached.  Many micronutrient fertilizers are available; for the cationic 
micronutrients chloride, sulfate and oxide fertilizers are most common.    
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VI.  SOIL AND PLANT DIAGNOSTIC TOOLS 
Soil sampling 
 Soil sampling is the foundation of efficient fertility management.  The way samples are 
collected can significantly influence analytical results.  The traditional practice is composite 
sampling, in which many soil cores are taken from throughout a field and mixed together before 
submission to an analytical laboratory.  An alternative approach is grid sampling, in which 
discrete samples are taken in a grid pattern within a field and analyzed separately.  The potential 
advantage of grid sampling is that it documents in-field variability; this can be useful when one 
has the capacity to make variable rate application of fertilizer or amendments.  An intermediate 
approach is appropriate in some circumstances, in which composite samples are collected for 
different parts of a field, based on characteristics that may significantly influence nutrient 
availability (changes in soil texture, land levelling cuts, etc.).  Remote sensing using 
electromagnetic induction can provide guidance on how best to divide up a management unit 
based on soil characteristics.  Consider previous fertilizer application practices (banding, etc.) 
when selecting soil sampling sites.  Sampling from a region of the soil where fertilizer or 
amendments have been banded can yield analytical results that do not represent the bulk soil.    
 Regardless of the sampling approach, the depth of sampling can strongly influence 
results.  Soil P, K and micronutrients generally decline with increasing depth, while the influence 
of depth on NO3-N depends on individual field circumstances.  Sampling the zone where the 
majority of roots are located is the best approach, which means that the appropriate sampling 
depth may change depending on the crop.  In general, a sampling depth of 0-6 or 0-12 inches is 
reasonable for most annual crops, while samples to 24” maybe more appropriate for orchards 
and/or vineyards  When sampling to 24” in perennial crops, dividing the samples into 6 to12” 
increments is advised.  A soil probe or auger that collects a uniform core over the desired depth 
is preferable to a shovel, because a sample collected by shovel is likely to over-represent the 
surface layer. 
 For most elements the timing of sample collection is of limited importance.  Extractable 
P, exchangeable cations and DTPA-extractable micronutrients are reasonably stable over time, 
so sampling several months before planting will yield results similar to sampling immediately 
before planting.  Analytical results for the more mobile elements (NO3-N, SO4-S and B) can 
change substantially with rainfall or irrigation.  For comparison of results over years, sample at 
the same time of year and use the same lab wherever possible. 

Sample handling can also affect results.  Ideally, samples should be kept cool and 
transferred to the laboratory quickly; where that is not possible, quickly air-drying samples is 
appropriate.  This is particularly important if NO3-N is to be analyzed, because it will tend to 
increase over time as long as the soil remains moist.  Oven drying soil samples is discouraged, as 
analytical results for some nutrients (exchangeable K, for example) can be affected.  
 
Plant sampling 
 Plant tissue testing is a useful tool to diagnose nutrient sufficiency or deficiency in many 
crops.  As with soil sampling, tissue sample collection and handling can substantially affect 
analytical results.  There are two common types of tissue samples: leaf blades (with or without 
the petiole, depending on the interpretive standard to be used), and petioles.  Petiole samples are 
used primarily to determine the concentration of unassimilated macronutrient forms (NO3-N, 
PO4-P, K), while leaf samples are used to measure the total concentration of both macro- and 
micronutrients.  Valid composite samples consist of 20-100 individual leaves or petioles 
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(depending on the crop, and field size) drawn from representative plants from throughout the 
field.  The time of day of collection is unimportant for leaf samples, but for petiole samples some 
authorities suggest that collection during morning hours is preferable.  The position on the plant 
from which the sampled tissue is collected is important because elemental concentrations may 
differ widely between old and young tissues; for most crops a standard location on the plant has 
been established from which analytical samples should be drawn.  The growth stage or time of 
year at which sampling is done is also important.  Tissue concentrations of N, P and K typically 
decline throughout the growing season; therefore, interpretive standards also change depending 
on the time of sampling.  Accurate interpretation of tissue analyses requires that the sample 
timing is appropriate for the interpretive values established for the crop. 
 Handling practices after sample collection are important.  In petioles NO3-N and PO4-P 
concentration can change after collection; separating the petiole from the leaf blade immediately 
after sampling is recommended, and either prompt oven-drying or refrigeration until lab delivery 
is ideal.  Total elemental concentration does not change appreciably over time, so handling 
practices for leaf samples are not as exacting, but prompt delivery to the lab is still advised.  Dust 
on leaf surfaces can affect micronutrient concentrations, so rinsing leaves to remove dust is 
important.   
 
Interpretation of analytical results 
 To effectively use soil or tissue nutrient analysis one needs to have applicable interpretive 
standards.  For soil parameters interpretive standards may be expressed as a critical value or 
response threshold (the point below which a crop response to applied fertilizer would be 
expected, and above which a response would not be expected), or simply as an indexed value 
(low, medium, high, etc.) based on regional norms.  Interpretive values for plant analysis are 
usually expressed as a critical value, or a sufficiency range.  Be aware that different commercial 
laboratories may use different interpretive standards.   

Soil test values can be useful in determining whether fertilizer is needed, and in 
calculating the appropriate rate to apply.  This is particularly true in annual crops where, for most 
nutrients, soil testing is the primary diagnostic tool guiding fertilization.  Although soil testing 
has some utility in perennial crop production, it is in general less useful. Perennial crops store 
significant quantities of nutrients in woody tissue, which can be remobilized during the growing 
season; this provides a buffer to augment soil nutrient supply.  Also, with low volume irrigation 
systems there can be a significant amount of stratification of nutrients in the soil profile, both 
horizontally and vertically; this makes the collection of a representative soil sample problematic. 

The interpretation of plant analysis is more complex.  For annual crops the primary value 
of leaf analysis is to determine current nutrient sufficiency / deficiency; in most cases a 
‘sufficient’ ranking for a given nutrient provides only short-term assurance that the nutrient is in 
adequate supply.  A program of repeated sampling over time, particularly when results can be 
evaluated against historical data from the same farm or field, can be a valuable part of an overall 
nutrient management plan.   

Interpretation of petiole NO3-N and PO4-P is hampered by the fact that environmental 
conditions unrelated to soil nutrient supply (temperature, cloud cover, soil moisture stress, etc.) 
can affect results.  This is because such factors affect the rate at which the plant converts NO3-N 
and PO4-N (mineral nutrient forms) into organic compounds.  As a practical matter, petiole 
values above sufficiency thresholds can be assumed to indicate current nutrient adequacy, and 
extremely low values to indicate deficient nutrient supply.  However, it is never clear whether an 
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intermediate value represents limited nutrient supply, or simply indicates rapid plant conversion 
of mineral N and P into organic compounds. 

Leaf analysis is generally of greater utility in perennial crops because it integrates the 
effects of soil nutrient supply and nutrient storage in the plant’s woody tissues.  Leaf analysis 
performed in early- to mid-summer can provide guidance both on fertilization for the current 
year as well as for the coming year.                              
 
 
VII.  FERTILIZER USE AND REGULATION 
 The California Department of Food and Agriculture regulates manufacturing, distribution 
and use of fertilizing materials in California through their Fertilizing Materials Inspection 
Program.  Among other things this program requires accurate labelling of nutrient content.  
Macronutrient content is expressed as a percentage by weight of elemental nitrogen, phosphate 
(expressed on the basis of P2O5 equivalent) and potassium (expressed on the basis of K2O 
equivalent).  Therefore, a fertilizer labelled as ’20-20-20’ contains: 

 20% elemental N 
 20% P2O5 (equal to 8.7% elemental P) 
 20% K2O (equal to 16.6% elemental K)  

All other nutrients are expressed as a percent of weight on an elemental concentration basis.      
 Fertilizer timing and application method can significantly affect crop nutrient uptake 
efficiency.  Annual crops have a characteristic pattern of growth, and nutrient uptake generally 
mirrors the growth pattern over the season.  There is an initial phase in which growth is slow, an 
‘exponential’ growth phase during which the rate of growth and nutrient uptake is maximized, 
and a senescence phase approaching harvest during which the rate of growth and nutrient uptake 
slows.  Tree and vine crops have a different pattern of nutrient uptake.  During the winter there is 
virtually no nutrient uptake in deciduous trees and vines.  Uptake begins with bloom and bud 
break in the spring, and continues until harvest for most crop species.  For some crops there may 
be limited nutrient uptake after harvest.     

For elements susceptible to leaching (N, for example), or tie-up in soil (P, for example) 
fertilizer application close to the time of nutrient uptake will maximize nutrient uptake 
efficiency.  Banding rather than broadcasting fertilizer may also improve uptake efficiency in 
some situations.  Fertigation (fertilizer application in irrigation water) has both potential 
advantages and drawbacks.  On the positive side, fertilizer can be distributed in small doses 
throughout the season.  On the negative side, distribution uniformity is limited by the uniformity 
of water application; in a well-designed and operated drip system this is not a concern, but 
fertigation with furrow or flood irrigation is likely to be highly inefficient.  Also, where well 
water is being pumped, a backflow prevention system is required to prevent fertilizer from 
contaminating the aquifer in the case of a pump malfunction.  
 
 
VIII.  CERTIFIED ORGANIC NUTRIENT MANAGEMENT 
Nitrogen management 
 Organic N management combines the use of cover crops and organic N amendments 
(manure, compost and animal byproducts).  Typically, legume cover crops are favored because 
of their ability to fix atmospheric N, but blends of legumes and grasses are common.  Most 
California scenarios involve over-winter cover crops, although in some crop rotations a cover 
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crop may fit at another time of year.  The amount of N fixed and/or scavenged by a cover crop 
varies widely, but in most circumstances ranges between about 50-150 lb N/acre.  Once the 
cover crop is incorporated into the soil, N mineralization begins, the rate of which is controlled 
by the C:N ratio and degree of lignification of the cover crop biomass.  In general, the fraction of 
cover crop N that is mineralized in the growing season following incorporation seldom exceeds 
50-70%.  Cover crops used in orchards or vineyards, particularly if not soil incorporated, supply 
even less N.       
 A wide variety of N-containing organic amendments and fertilizers may be used.  
Effective use of these products requires an understanding of the rate at which the N in organic 
form will be mineralized under field conditions.  The two primary characteristics that control N 
mineralization potential are the C:N ratio of a material, and its ‘freshness’.  As previously stated, 
the higher the C:N ratio, the slower the rate of N mineralization; materials with C:N above 20 
may induce a period of N immobilization when applied to soil.  The issue of ‘freshness’ relates 
to how the material has been handled.  Composting, whether actively managed or passively 
accomplished by stockpiling or ‘aging’, reduces the N mineralization potential; this is because 
much of the easily degradable C and N has already been digested by microbes.  Therefore, at the 
same C:N ratio, a composted or aged material would be expected to have slower N 
mineralization than a fresh product.  Composting manure has minimal effect on P and K 
availability. 
 Calculating an N credit for organic amendments is an inexact science.  Numerous studies 
over many years have reported widely varying results regarding the percentage of N mineralized 
from different types of organic fertilizers.  Fig. 1.6 shows N mineralization results based on field 
measurements for a wide range of organic materials (manures, urban green waste, slaughterhouse 
wastes, etc.).  Organic materials containing > 5% N are likely to mineralize more than half on 
their total N content over the growing season following soil incorporation.  Materials with N 
content < 2% may show prolonged net immobilization.     
 
 
 
          
 
 
 
 
 
 
 
 
 
 
Fig. 1.6.  Percent of the initial N content of organic fertilizers and composts that was mineralized 
in a growing season after field application.  Adapted from Gale et al., J. Environmental Quality 
35:2321-2332, 2006. 
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Phosphorus management 
 Cover crops can supply some phosphorus for succeeding crops by scavenging P from 
lower soil depths, and by stimulating mycorrhizal fungi that make soil P more plant-accessible.  
However, these P contributions are typically modest, and additional P sources are often required.  
Manures provide readily available P, but their routine use can be problematic in organic culture.  
The ratio of N:P uptake in crop plants typically range between about 6:1 to 10:1; however, the 
ratio of N:P in manure is often much lower.  This means that manure applied at rates to provide 
substantial N availability can result in excessive P application, which can have adverse 
environmental impact over time.  If manure is routinely applied, the application rate should be 
based on the crop P requirement, not N supply.   As previously described, rock phosphate and 
bone meal are slow-release P materials when applied in acidic soil, but they supply virtually no P 
in alkaline soil. 

 
Potassium management 
 There are a range of sources of potassium for organic production, but the availability of K 
varies among them.  Potassium in manures and composts are in the K+ form, and is readily plant-
available.  Similarly, organically approved sources of soluble K [KCl, K2SO4 and langbeinite (a 
mix or K2SO4 and MgSO4)] are immediately available.  However, products that contain K bound 
in primary or secondary minerals (greensand or rock powders) must undergo additional 
weathering to release K; in general, the slow rate of K release from these sources is too slow to 
be of agronomic significance.  There are no environmental issues associated with K 
management; the goal is simply to provide adequate K nutrition to crops. 
 
 



24 
 

SECTION 2:  SOIL AND WATER MANAGEMENT COMPETENCY 
  
I.  BASIC PHYSICAL PROPERTIES OF SOILS  

A discussion of soil physical properties as they relate to soil fertility was given in Section 
1.  Here the discussion will be expanded to cover the interrelationships between soil physical 
properties, soil water relations and crop irrigation management.  

 
Soil texture   

Texture is a fixed soil characteristic, one that cannot be manipulated by management 
practices.  The three soil particle size categories, sand, silt and clay, vary in size by several 
orders of magnitude (Fig. 2.1).  Field soil is always a blend of particles of different sizes.  There 
are 12 recognized soil texture classifications based on particle size distribution (on a percent of 
dry weight basis, Fig. 2.2).  To use this diagram, find the place where the percentages of each 
soil particle size class meet; for example, a soil with 33% of dry weight in each size class would 
be a clay loam.    

 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1.  Relative size of soil particle size classes.           Fig. 2.2.  Soil texture by particle size 
distribution. 
 

As Fig. 2.1 suggests, the large size differences among sand, silt and clay particles 
strongly influence soil properties.  Table 2.1 summarizes some of those influences.     
  
Table 2.1.  Effect of texture on agriculturally important soil properties.  

Characteristic Sand Silt            Clay 

drainage / aeration good fair to good poor 

tendency to form clods low moderate high 

ease of tillage good fair to good poor 

moisture-holding ability low moderate to high moderate to high 

fertility poor fair to good fair to good 
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Soil structure 
 The term structure refers to the way soil particles are arranged.  Soil particle size affects 
both the volume of pores (spaces between soil particles), and the distribution of pore size (Fig. 
2.3).  A sandy soil has relatively large pore spaces (macropores); soils dominated by silt and clay 
particles have more overall pore space, but it is mostly comprised of small pores (micropores).  
Pore size distribution controls important soil characteristics such as water infiltration rate and 
aeration.  When small soil particles clump together to form aggregates, more macropores are 
created, increasing water infiltration rate and improving aeration.  In the absence of aggregation, 
fine-textured soils may drain poorly, become compacted, and may form surface crusts that slow 
water infiltration and increase runoff.   
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2.3.  Effect of soil particle size on soil porosity. 
 
Aggregation occurs by several mechanisms.  Since the surface of soil particles have a net 

negative charge, electrostatic attraction to the positive charges of divalent cations (cations with 2 
positive charges, like calcium and magnesium) can cause bridging between particles.  This is 
why the surface application of gypsum (calcium sulfate) can improve water penetration.  
Additionally, organic matter in the soil (humus, roots, bacteria and fungi) stimulate aggregation 
through both chemical and physical means.  Aggregates assembled by electrostatic attraction are 
generally less stable (more easily broken) than those associated with organic material. 

Field management can have significant effects on soil structure.  The management of 
organic matter is particularly important.  In general, practices that increase soil organic matter 
content and biological activity improve structure over time, while management that limits 
organic matter accumulation or maintenance in soil can negatively affect structure.  Practices that 
build soil organic matter include: cover cropping, manure or compost application, limiting crop 
residue removal, and reduced tillage.  Crop rotation can also be important, because the amount of 
residue left in the field, and the degradability of that residue, varies widely among crops (Table 
2.2).  Soil structure can be damaged by tillage, particularly if performed when soil is wet.  The 
connection between irrigation water quality and soil structure will be covered later in this guide. 
 
 



26 
 

Table 2.2.  Typical amount of residue remaining in the field following harvest. 
 

Crop 
Dry biomass remaining in field 

(lb/acre) 
broccoli 6,500 
corn (following grain harvest) 9,600 
corn (following silage harvest) 1,100 
cotton 5,200 
lettuce 2,000 
tomato 2,900 
onion 600 
wheat (following grain harvest) 4,800 
wheat (following baling) 700 
 
Bulk density 
 Soil particles arise from the weathering of mineral parent material.  The most common 
parent materials have relatively similar densities (weight per unit volume), so the density of soil 
particles is relatively constant within the range of 2.6-2.75 g cm-3 (in other words, between 2.6-
2.75 times as dense as water).  In the field, soil is made up of soil particles, and pore spaces 
between particles.  Since soil particles have similar density, measuring the density of soil as it 
exists in the field allows one to determine the relative compactness of the soil.  Sandy soil tends 
to have less pore space than clay or silty soils, so the bulk density of sands tend to be somewhat 
higher at a similar level of compaction.  Bulk density of sandy soils generally range from about 
1.2-1.8 g cm-3, while silt or clay soils range from about 1.0-1.6 g cm-3; within those ranges, 
higher values represent more compact soil.  With increasing compaction, root growth is 
impaired, and water infiltration and soil aeration is negatively affected.  Soil compaction can 
limit rooting volume, thereby reducing the potential pool of nutrients available for plant uptake.  
Also, by increasing the duration of soil saturation after irrigation, compaction can impair root 
function.  
 
Soil organic matter   
 Soil organic matter is the collective term for all materials of biological origin in the soil.  
These materials include living microorganisms (bacteria, fungi, etc.), newly incorporated crop 
residue, actively decomposing organic material, and stable humus (Fig. 2.4).  The living fraction 
of soil organic matter, also called the soil microbial biomass, varies considerable over time based 
on the availability of easily decomposable material (crop residue, manure, etc.).  This 
decomposition is responsible for the liberation of plant-available nutrients through the process of 
mineralization.  As explained in Section 1, the ratio of carbon to nitrogen in the decomposing 
material governs the rate at which N is mineralized.  For example, the addition of high-N lettuce 
residue (4% N, C:N ratio of 10) will result in rapid N mineralization, while the incorporation of 
wheat straw (1.0% N, C:N ratio of 40) will cause N immobilization in the short term. 
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Fig. 2.4.  Composition of soil organic matter.  
 
 The stable fraction of soil organic matter, also referred to as humus, has little effect on 
soil nutrient supply, but it exerts substantial influence on other soil properties.  Humus is a 
chemically complex material, resistant to further decomposition.  It performs a number of 
beneficial functions, including:  increasing cation exchange capacity (CEC) and buffering 
capacity, improving soil structure and tilth, and improving soil water retention.  Humus can also 
sequester (tie up) certain pesticides and limit their leachability. 
 Analytical labs usually determine soil organic matter by burning soil samples in a high 
temperature chamber, and measuring the loss of soil weight (organic material combusts, mineral 
material does not).  This is referred to as the loss on ignition test, and is reported as a percent of 
dry soil weight.  California soils range in soil organic matter content from < 1% (typical of the 
San Joaquin and Imperial Valleys) to > 5% (typical of the San Joaquin delta).   
 
       
II.  DRAINAGE AND WATER MOVEMENT 
 Pore space makes up about half the volume of the typical soil.  The fraction of that pore 
space from which water can drain under the pull of gravity determines both the soil’s water 
holding capacity and degree of aeration.  Sandy soils have larger pores than more finely textured 
soils; consequently, once drainage is complete following rainfall or irrigation, less water will be 
retained and more pore space will be air-filled in sandy soil.  The amount of water a soil can hold 
against gravity is referred to as its field capacity.  However, only a portion of that water is 
accessible to plants.  As plants remove water from soil the remaining water is more tightly bound 
to soil particles by capillary forces; the point at which plants can extract no more water from soil 
is called the permanent wilting point.  The amount of plant-available soil water is the difference 
between field capacity moisture content and the permanent wilting point. 
 The influence of soil texture on soil water holding properties is shown in Fig. 2.5.  The 
available water holding capacity of a sandy soil may be less than 5% by volume, or 
approximately 0.5 inches of available water per foot of soil.  By contrast, a clay loam may have 
nearly 20% by volume available water holding capacity, equivalent to more than 2 inches of 
available water per foot of soil.  Although texture is the primary factor controlling soil water 



28 
 

holding capacity, soil organic matter content can also have a measurable effect.  This is because 
the water holding capacity of humic material, on a percentage of weight basis, is much larger 
than for mineral soil particles.   Other factors also influence soil water relations, in particular the 
water infiltration rate.  Soil structure affects infiltration rate by changing the pore size 
distribution.  Compaction affects infiltration rate by changing both the volume of pore space and 
the pore size distribution.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5.  Effect of soil texture on soil water holding capacity.   
         
 Some alkaline soils contain prominent, whitish layers called calcic horizons, which are 
accumulations of calcium carbonate.  These horizons, which developed over a geological time 
scale, vary in thickness and depth.  Calcic horizons are nearly impenetrable, and must be 
mechanically broken up to allow free drainage to occur.       
 
 
III.  SOIL CONSERVATION 
 Topsoil contains more nutrients, organic matter and water holding capacity than the 
lower soil layers.  The protection of topsoil is a critical element of sustainable farm management; 
erosion through wind and water can pose a serious threat to the soil resource.  There are several 
categories of wind erosion:  surface creep, where larger, heavier particles slide or roll along the 
ground; saltation, where particles are lifted a short height into the air, and bounce across the 
surface of the soil; and suspension, where small particles are lifted into the air by the wind, and 
may be carried long distances.  In addition to soil resource protection, minimizing wind erosion 
is important to protect air quality.  Air quality regulation in California is increasingly focusing on 
reducing particulate matter smaller than 10 microns (PM10).  Agricultural operations are a major 
source of PM10. 
 There are four categories of erosion by water: 

 splash erosion, the action of individual raindrops ejecting soil particles 
 sheet erosion, the movement of soil particles across a field by surface flow 
 rill erosion, the development of small, concentrated flow paths transporting soil particles 
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 gully erosion, rapid water movement in concentrated flow paths that remove soil to a 
considerable depth 

Water erosion can result from either rainfall or irrigation.  Off-field movement of sediment 
represents not only a threat to the soil resource, but also a water quality hazard, in that soil 
particles can carry bioavailable nutrients (covered in Section 1 of this guide), as well as increase 
the turbidity of surface water.  An increase in turbidity results in a different light transmission 
profile in a watercourse, which in turn can affect species distribution and water temperature.  
Siltation can also cause stress to bottom-dwelling organisms. 
 There are a variety of farm management practices to control erosion.  Maintaining soil 
cover, whether through conservation tillage or cover cropping, protects against both wind and 
water erosion.  Maintaining good surface soil structure improves water infiltration rate, and can 
reduce surface runoff volume.  Controlling irrigation to match water application rate to soil 
infiltration rate also minimizes runoff potential.  On sloping fields terracing or contour farming 
slows the velocity of runoff, thereby minimizing soil particle transport.  The use of windbreaks 
can be highly effective for wind erosion control.  Lastly, edge of field practices such as installing 
vegetative filter strips or vegetated drainage ditches can reduce sediment loading to surface 
waters. 
 
 
IV.  TILLAGE OPERATIONS AND SOIL CHARACTERISTICS 
 The connection of tillage to soil characteristics is a complex issue, so only generalizations 
will be attempted here.  Conventional tillage, in which clean cultivation is practiced (no surface 
residue maintained), may reduce soil carbon levels, degrade soil structure and induce the 
formation of soil compaction zones.  Reducing the aggressiveness of tillage, maintaining soil 
cover with cover crops or crop residue, and increasing soil carbon inputs may improve soil 
structure, maintain higher water infiltration rates, and reduce the development of compacted soil 
layers.  General rules for reducing the impact of tillage include:  not operating equipment on wet 
soil; reducing equipment weight, and more evenly distributing weight using tracks or dual tires; 
and minimizing the number of equipment passes by combining operations. 
 Diagnosing a soil compaction problem can be done by using a soil probe, and by 
examining crop rooting patterns.  Severely compacted soil can prevent root penetration, altering 
normal rooting patterns.  This in turn can induce nutrient deficiency symptoms by restricting the 
volume of soil explored by roots.  Once a compacted soil layer, or plow pan, is formed, deep 
tillage to break it up is often the most practical management option.  There is some evidence that 
the use of deep-rooting cover crops can improve a soil compaction problem over time. 
 
 
V.  SALINE AND SODIC SOILS AND WATERS 
 The amount and composition of salts present in soil and irrigation water have tremendous 
impact on soil productivity.  A salt is simply a material that when dissolved in water (or in soil 
solution) releases a cation and an anion.  Soluble salts move readily with water in well drained 
soils.  The predominate cations present in soil solution and irrigation water are Ca2+, Mg2+, and 
Na+, while the predominate cations are SO4

2- and Cl-; in certain circumstances bicarbonate 
(HCO3

-) and NO3
- can make up a substantial portion of anions.  All salts depress the osmotic 

potential of water, meaning that increasing salt concentration makes the soil solution less 
‘available’ for plant uptake; the effect of increasing salinity is similar to drying out the soil.  
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Certain salts (Na, Cl, B) also have detrimental effects on soil structure, and may induce plant 
toxicity, so their specific concentration in soil can be an important management issue. 
 
Salinity terminology 
 There are some specialized terms used in the evaluation of salinity and sodicity (Table 
2.3).  The assessment of electrical conductivity (EC) and sodium absorption ratio (SAR) in soil 
is accomplished by making a saturated paste extract from dry soil; this is done by adding just 
enough deionized water to completely fill all pore spaces. The liquid fraction is then vacuum 
filtered, and the tests are run on the filtered solution.  Exchangeable sodium percentage (ESP) is 
evaluated using the exchangeable cation test (described in Section 1 of this guide).  Although 
they are measured in different ways, SAR and ESP values tend to be numerically similar, with 
ESP marginally higher.  EC measurement is done by determining the ability of the soil extract or 
irrigation water sample to conduct electricity; conductivity is proportional to the salt 
concentration.  Total dissolved solids (TDS) estimates the concentration of ions (on a PPM basis) 
in irrigation water.  Although inexact, generic conversion factors exist to estimate TDS from EC, 
and vice versa.  If water EC is < 5 dS/m, the conversion is: EC x 640 = TDS; for water with EC 
> 5 dS/m, the conversion is: EC x 800 = TDS.   
 
Table 2.3.  Terms used in the evaluation of salinity and sodicity in soil and irrigation water. 
 Acronym Formula / units What it measures 
Electrical Conductivity EC dS/m, = mmhos/cm measure of bulk salinity in soil (ECe) 

or water (ECw) 
Total Dissolved Solids TDS PPM, = mg/liter measure of bulk salinity, usually only 

used for water 
Sodium Absorption Ratio SAR  ratio of sodium to the sum of calcium 

and magnesium, measured on the 
basis of cation charges 

Adjusted Sodium Absorption Ratio SARadj  same as SAR, but with the calcium 
concentration adjusted for the level of 
bicarbonate and EC 

Exchangeable Sodium Percentage ESP  percentage of cation charges (on a 
milliequivalent basis) represented by 
sodium 

Alkalinity  PPM, = mg/liter CaCO3 concentration of bicarbonate (HCO3
-) 

+ carbonate (CO3
2-) in water 

 
Soil salinity classification  
 There are three classifications of salt-affected soil, differing primarily in the relative 
amount of sodium present: 

 saline soil - soluble salt concentration is high enough to injure or reduce crop growth. 
 sodic soil – sodium concentration is high enough to adversely affect soil structure, while 

overall salt concentration is below the ‘saline’ threshold. 
 saline-sodic soil – overall salt concentration high enough to reduce crop growth, together 

with sodium concentration high enough to damage soil structure 
Table 2.4 lists some characteristics of each category; a ‘slightly saline’ category has been added, 
since some salt-sensitive crops may be damaged at a relatively low EC.     
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Table 2.4.  Characteristics of salt-affected soils. 
 Electrical conductivity    Soil physical 
Classification (EC, dS/m) Soil pH SAR ESP condition 
slightly saline 2-4 < 8.5 < 13 < 15 normal 
saline > 4 < 8.5 < 13 < 15 normal 
sodic < 4 > 8.5 > 13 > 15 poor 
saline-sodic > 4 < 8.5 > 13 > 15 varies 
    

The distinction between ‘saline’ and ‘sodic’ is important, because correct identification 
of the problem is critical to choosing an effective remediation practice.  Soils in which total 
salinity is high, but in which Na represents only a small fraction of cations (a saline soil) should 
have no serious drainage issues associated with the salt content.  Conversely, a sodic soil is likely 
to have poor soil structure, the result of Na+ displacing Ca2+ in soil aggregates; monovalent ions 
like Na cannot act as bridges between soil particles, and deflocculation (breakdown of 
aggregates) results.  Deflocculation slows water infiltration rate, making it difficult to leach salts 
through the soil profile.  Very high soil pH (> about 8.5) is a symptom of sodic conditions, 
because carbonate (CO3

2-) tends to accumulate in soils dominated by sodium.   
Assuming no intrinsic limitation on water infiltration, reclamation of a saline soil only 

requires providing sufficient water of lower salt content to leach the root zone.  However, 
effective reclamation of a sodic soil requires increasing the soluble calcium level to stabilize soil 
structure and dislodge sodium ions from cation exchange sites; only then can effective leaching 
take place.  Calcium addition can be done directly, as with the application of gypsum (CaSO4) or 
other calcium-containing material.  In soils containing free lime (CaCO3) soluble soil Ca supply 
can also be indirectly increased through the application of acids, or acid-forming products such 
as elemental sulfur; acid dissolves the lime, increasing soil solution Ca content.  Other 
management practices such as breaking up compacted soil layers, installing tile drainage and 
adding organic matter to soil can aid in soil reclamation by improving drainage. 
 
Managing soil salinity 
 In a semi-arid environment like California there is a tendency for agricultural soils to 
increase in salinity over time.  This is because: 

 low humidity and a long growing season result in high evapotranspiration.  
 most water received by the soil comes from irrigation (which may contain a substantial 

amount of salt) as opposed to precipitation (which contains little salt). 
 salt removal with harvested crops represents only a small fraction of the applied salt 

load. 
It is instructive to calculate an approximate crop salt balance to appreciate the magnitude of the 
problem.  Consider the scenario of a processing tomato crop receiving a total of 30 inches of 
irrigation from a well with TDS of 700 PPM (a high quality well water by Central Valley 
standards).  This amount of well water would add approximately 4,800 lb of salt per acre; 
fertilizers would add at least 500 lb/acre more, for a total of  > 5,000 lb of salt loading per acre.  
Even at a high yield level (> 60 tons of fruit/acre), salt removal in the harvested fruit would 
likely be less than 1,000 lb/acre.  Clearly, over time salt must be leached away from the root 
zone to keep the soil productive. 
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 The leaching requirement (LR, expressed as a percentage of applied irrigation) to 
maintain salt balance is a function of the salt sensitivity of the crop, and the salt load of the 
irrigation water.  LR can be estimated by this equation: 
  Leaching requirement (LR) = ECw / (5(ECe)-ECw)    
where ECw is the salinity of the irrigation water (in dS/m), and ECe (in dS/m, from a saturated 
paste extract) is the soil salinity threshold above which crop yield will decline.  Crop-specific 
ECe salinity tolerance thresholds are given in Section 3 of this guide.   

If you experiment with this equation you will see that one can generalize about the 
relationship of ECw and ECe: 

 at a LF of 10% the ECw could only be about 50% as high as the crop threshold ECe 
without yield loss 

 at a LF of 30% the ECw would be approximately equal to ECe  
These observations underscore several important points about salinity control, and its implication 
for irrigation efficiency.  Efficient irrigation management requires a low LR, which in turn 
requires high quality irrigation water.  Also, there is a practical limit to the use of high salinity 
water.  As ECw approaches the crop threshold ECe, LR becomes unreasonably high; neither 
efficient irrigation nor efficient N management can be achieved with leaching fractions much 
above 20% of applied water.  Lastly, in the real world compromises are often required; when low 
quality water must be used, strategic planning can minimize the adverse economic and 
environmental effects.  For example, periodic reclamation leaching, at a time when N levels are 
low in the soil, could be nearly as effective as including a leaching fraction with each irrigation, 
but with far lower nitrate leaching potential.   
 
 
VI.  WATER QUALITY FOR IRRIGATION 
 The chemical constituents of irrigation water determine its suitability for particular crops, 
and determine the management practices required to maintain the irrigation system.  Table 2.5 
lists the constituents typically measured in irrigation water.  Analytical labs may report values in 
different units, so it is important to understand how these units relate to each other.  The common 
units used are parts per million (PPM, which are numerically the same as mg/liter), or 
milliequivalents per liter (meq/liter, a measure of the amount of positive or negative charges a 
particular ion represents).  The values given in the third column of Table 2.5 are the factors used 
to convert between PPM or meq/liter.  If the lab report is in PPM, dividing PPM by the values in 
column 3 will convert to meq/liter.  Conversely, if the lab reports meq/liter, multiplying by the 
column 3 values will calculate PPM.  For the sulfate and nitrate ions, labs may report the 
amounts present either as N or S in these ionic forms (NO3-N and SO4-S), or they will report the 
total amount of the nitrate and sulfate ions (NO3 or SO4); the conversion factors for both forms 
are given.  
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Table 2.5.  Commonly analyzed ionic constituents in irrigation water, and conversion factors  
(PPM / milliequivalents/liter). 
 Symbol PPM /  meq per liter* 
Cations   
calcium Ca 20 
magnesium Mg 12 
sodium Na 23 
potassium K 39 
iron Fe ** 
manganese Mn ** 
   
Anions   
chloride Cl 35 
sulfate SO4 48 
sulfate-sulfur SO4-S 16 
bicarbonate HCO3 61 
carbonate CO3 30 
nitrate NO3 62 
nitrate-nitrogen NO3-N 14 
boron B ** 
   
 Unit  
pH no units, pH is a ratio  
EC dS/m or mmhos/cm  
Total Dissolved Solids (TDS) PPM or mg/liter  
alkalinity meq/liter or PPM 

CaCO3 equivalent 
 

 *conversion between PPM (mg/liter) and meq/liter; (eg. 100 PPM Ca = 5 meq/liter Ca) 
** due to low concentration is always expressed in PPM  
 
Irrigation water effects on soil 
 Salinity effects were covered in the preceding section; here we will focus on irrigation 
water effects on water infiltration.  Irrigation water high in sodium can reduce the water 
infiltration rate of soil through its negative effects on soil structure.  That effect can be 
minimized where the water has relatively high total salinity, but it is enhanced with water of low 
total salinity.  In fact, very pure water can induce water infiltration problems even in the absence 
of sodium (Table 2.6).  This occurs because the Ca in the surface layer of soil is easily leached 
away, and the water contains insufficient Ca to replace that which is leached; the result is soil 
crusting and reduced infiltration.  In California, some surface water sources arising from Sierra 
snowmelt have very low ECw; use of this water for irrigation can drastically reduce the soil water 
infiltration rate. 
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Table 2.6.  Combined effect of irrigation water EC (ECw, in dS/m) and sodium absorption ratio 
(SAR) on the likelihood of inducing water infiltration problems in soils. 

 Likelihood of water infiltration problems 
Irrigation water SAR unlikely when ECw is more than likely when ECw is less than 

0-3 0.6 0.3 
3-6 1.0 0.4 
6-12 2.0 0.5 
12-20 3.0 1.0 
20-40 5.0 2.0 

 
Applying soluble calcium is the common remedy to these water infiltration problems.  

Gypsum (CaSO4) is often the product of choice, but any source of soluble Ca can be effective.  
Gypsum is only slightly soluble, so injection into an irrigation system requires specialized 
equipment to ensure that the gypsum is dissolved, not just suspended.  For low EC surface waters 
the application of between 2-6 meq Ca /liter should be adequate to minimize water infiltration 
problems.  Gypsum application directly to the soil can also be effective, with multiple, light 
applications having a greater long-term effect than one heavy application.  Gypsum application 
following tillage is generally more effective than application on untilled soil.    
 
Irrigation water effects on plants 
 Irrigation water can be a significant source of nutrients for plants, but also a source of 
toxic elements.  Water with elevated NO3-N concentration can supply a substantial amount of N 
over a growing season.  The pounds of N contained in irrigation water can be calculated by these 
formulas: 
    PPM water NO3-N x 0.23 = lb N/acre inch 
     PPM water NO3-N x 2.7 = lb N/acre foot 
Some laboratories report the nitrate content of water as NO3, not NO3-N.  The conversion is:   
   PPM NO3 / 4.43 = PPM NO3-N 
California-based research has shown that N in irrigation water is as efficiently utilized by crops 
as fertilizer N. 
 Irrigation water may also contain substantial quantities of other essential elements (Ca, 
Mg, S, Cl and B), and these elements are readily available for plant uptake as well.  K is always 
present in irrigation water, but seldom at high enough concentration to provide substantial 
nutrition to the crop.  The water content of Na, Cl and B is often a concern for plant toxicity.  
Sodium and chloride can accumulate in stem and leaf tissues, potentially building up to toxic 
levels.  Tissues through which the most transpiration occurs will often show toxicity symptoms 
first.  Short season crops, such as many vegetables, may not show toxicity symptoms to sodium 
and chloride while perennial crops may develop symptoms of toxicity after several seasons.  
Chloride toxicity appears in leaves as interveinal chlorosis (yellowing) and marginal burning as 
the toxicity becomes more severe.   Leaf burning can also be caused by absorption of these ions 
through the leaves during sprinkler irrigations.   Table 2.7 gives irrigation water quality 
guidelines for Na and Cl toxicity management. 
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Table 2.7.  Irrigation water quality guidelines regarding sodium and chloride concentration; 
values are PPM (= mg/L). 
 Degree of restriction on use 
Specific ion  No restriction Slight or moderate Severe 
Sodium Trees, vines and other sensitive crops 
Surface irrigation < 70 70-200 > 200 
Sprinkler irrigation < 70 < 70  
 Vegetables 
Sprinkler irrigation < 115 115-460 > 460 
  
Chloride Trees, vines and other sensitive crops 
Surface irrigation < 140 140-350 > 350 
Sprinkler irrigation < 100 > 100  
 Vegetables 
Sprinkler irrigation < 175 175-700 > 700 
 

Sensitivity to boron varies greatly among crops (Table 2.8).  Perennial crops such as trees 
and vines are usually more prone to boron toxicity than vegetable crops.  Boron toxicity 
symptoms include yellowing and marginal burning of leaves.  Some tree crops, such as almond, 
may not show leaf symptoms but may have twig dieback, or gum exudation on limbs and trunk.  
The rootstock used in citrus and stone fruits can have substantial effect on boron uptake and 
translocation.  The field environment can also affect crop B tolerance.    
 
Table 2.8.  Relative boron tolerance; ranges indicate B concentration in soil extracts that can be 
tolerated without loss of yield.      

Sensitive Moderately sensitive Moderately tolerant Tolerant 
< 1 PPM 1-2 PPM 2-4 PPM > 4 PPM 

citrus carrot cantaloupe alfalfa 
strawberry cucumber celery cotton 
stone fruit pepper corn sorghum 

walnut potato lettuce tomato 
wheat   sugarbeet 

 
Irrigation water effects on irrigation systems 
 Irrigation water chemistry can cause irrigation system maintenance issues, particularly 
for low volume systems (drip or microsprinkler).  The constituents of irrigation water, chemicals 
used to treat water, and injected fertilizers can all interact to cause corrosion of irrigation system 
parts, or to cause chemical precipitates that clog emitters or nozzles.   Some of the problem 
constituents of irrigation water are listed in Table 2.9.  Water high in suspended solids poses a 
challenge for filtration, with high levels of suspended solids requiring a larger filter area and/or 
more frequent backwashing.  The size of suspended particles is also important, as very small 
particles (in the small clay size range) require very fine filtration for efficient removal. 

Iron and manganese pose precipitation problems, even at low concentration.  They exist 
in a reduced chemical state in alkaline groundwater, and they oxidize and precipitate when 
exposed to the atmosphere.  Providing aeration in a settling basin before use, or chlorination to 
oxidize the reduced Fe and Mn ions are common management practices. 
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Table 2.9.  Irrigation water constituents that pose a clogging risk in irrigation systems. 
  Degree of restriction on use 
Potential problem Units None Slight to moderate Severe 
Physical     
suspended solids PPM < 50 50-100 > 100 
     
Chemical     
iron  PPM < 0.1 0.1-1.5 > 1.5 
manganese PPM < 0.1 0.1-1.5 > 1.5 
bicarbonate meq/liter < 1.0 1.0-4.0 > 4.0 
 
 Bicarbonate can react with soluble Ca (whether in the well water itself or in fertilizers 
applied through the irrigation system) and precipitate as lime.  Bicarbonate is the primary source 
of alkalinity in well water, with high pH water typically having high bicarbonate concentration.  
Bicarbonate concentration above 2 meq/liter (roughly 120 PPM) warrants remedial action.  The 
injection of acid is the primary management technique to reduce bicarbonate concentration; the 
hydrogen ion (H+) from the acid combines with bicarbonate (HCO3

-) to form water and CO2.  A 
wide variety of acid materials can be used for this purpose.   
 
 
VII.  ENVIRONMENTAL IMPACTS OF SOIL AND WATER MANAGEMENT 
 In areas of concentrated agricultural production the movement of nutrients and pesticides 
into surface water and groundwater has been linked to agricultural practices.  In a number of 
areas around California nutrient management practices are under particular scrutiny by 
regulatory agencies.  While some loss of nutrients to the environment is unavoidable, this loss 
can be minimized by appropriate management. 
 
Nutrient pollution mitigation 
Surface water issues 
 Nitrogen and phosphorus are the nutrient elements that are ‘biostimulatory’ in surface 
water; movement of these nutrients from farm fields into surface waters contributes to 
eutrophication (the excessive stimulation of the growth of algae and other aquatic plants, to the 
detriment of the aquatic ecosystem).  Excessive nutrient availability drives cycles of algae 
growth and dieback, which result in a host of negative effects (production of environmental 
toxins, fish kills, etc.).  To be stimulatory to algae and other aquatic plants, N and P must be in a 
‘reactive’ form; organically bound N and P in soil organic matter do not contribute substantially 
to this problem.  NO3-N represents the overwhelming majority of reactive N in agricultural 
runoff.  Current environmental targets for surface water are based on the Federal drinking water 
standard of 10 PPM NO3-N (45 PPM NO3

-); however, lower concentrations may be needed to 
prevent algae blooms in some water bodies.  Phosphorus is biostimulatory at even lower 
concentrations; to prevent algae growth, surface water should be < 0.1 PPM dissolved reactive P 
(which is mostly in the PO4

- form).     
 The potential to lose nutrients to surface water varies greatly among fields, based on two 
main factors:  the amount of those nutrients present in a field, and the ease of transport of those 
nutrients into surface water.  The USDA-NRCS has developed a ‘Nitrogen Index’ and a 
‘Phosphorus Index’ for California to allow the classification of fields based on their potential for 
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nutrient loss to surface water.  (Note: the N Index also classifies the risk of nitrate leaching to 
groundwater).  Use of these on-line tools can help growers and CCAs identify practices that 
affect the risk of nutrient loss, and to target their remediation activities to fields with the highest 
loss potential. 
 Soil nutrient supply is a major driver of runoff loss potential.  The amount of soluble PO4

- 
in soil solution is closely related to the soil test P level, so fields with high soil test P require 
special care.  Even sediment loss from high P fields poses a risk because reactive P can be 
released from the sediment over time.  Fields receiving high N inputs, whether from fertilizer or 
manure, generally present greater risk to surface water than do fields receiving low to moderate 
N inputs.  N and P application methods can also affect runoff loss, with incorporation generally 
better than surface application.   
 The potential for nutrient transport to surface water is obviously related to runoff volume 
and frequency.  Where irrigation generates runoff, a number of strategies can be used to reduce 
runoff volume (irrigation system adjustments, land leveling, soil treatment to increase infiltration 
rate, etc.).  It is particularly important that runoff be controlled during fertigation, because runoff 
N concentration may increase by at least an order of magnitude while fertilizer is being injected.  
Conversion to low volume irrigation (drip or microsprinkler) can nearly eliminate irrigation 
runoff.  Runoff during winter rains can also be managed to some degree. Maintaining winter soil 
cover with a cover crop or through conservation tillage can reduce winter runoff substantially.   

Conservation practices may be useful in reducing surface nutrient losses.  Tailwater 
basins and return systems, vegetated filter strips, vegetated drainage ditches, and the use of 
polyacrylamide (PAM) can all be effective in the right situation.  However, these practices tend 
to be more effective at reducing sediment, and sediment-bound P, than at reducing NO3-N or 
soluble P in runoff.    
 
Groundwater issues 
 Nitrate pollution from agricultural operations is a serious threat to groundwater in many 
areas of California; recent regulatory decisions mandating farm nitrogen management planning 
and nitrogen use reporting testify to the seriousness of this issue.  The Federal drinking water 
standard of 10 PPM NO3-N (45 PPM NO3

-) is the regulatory target for groundwater statewide.  
As with nutrient loss to surface water, nitrate loss to groundwater requires both the presence of 
nitrate in the soil, and excess water (whether from irrigation or rain) to leach it toward 
groundwater.  Effective control of NO3-N leaching loss requires attention to both factors. 
 Minimizing N loading to the field is critical to limiting nitrate leaching losses.  Crediting 
non-fertilizer N sources (residual soil NO3-N, soil N mineralization, crop residue contributions 
and irrigation water N content) when calculating fertilizer N requirements can substantially 
reduce N loading.  Be aware that some cropping situations (production of shallow-rooted 
vegetable crops, for example) are more prone to leave a significant amount of NO3-N in the soil 
profile in the fall; in such situations the planting of an overwinter cover crop can scavenge nitrate 
that would otherwise leach with winter rain.   
 The movement of nitrate below the root zone is a function of soil conditions, and 
irrigation timing and volume.  Because root zone soil solution NO3-N concentration is nearly 
always far above the 10 PPM environmental goal, any leachate generated is likely to exceed that 
concentration.  There are two main elements of irrigation management that have to work in 
concert to produce high overall irrigation efficiency:  irrigation system design and maintenance, 
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which determines water distribution uniformity; and irrigation scheduling (both volume and 
frequency), which controls irrigation efficiency.   
 
Pesticide pollution mitigation 
 Pesticides of all classes (herbicides, fumigants, insecticides and fungicides) can present 
water quality challenges.  The risk they pose is largely dependent on three attributes: 
environmental persistence, solubility, and adsorption to soil particles.  Pesticide labels and Safety 
Data Sheets (SDSs, formerly known as Material Safety Data Sheets, MSDSs) give relevant 
information on these characteristics, and provide data on environmental toxicology and 
application practices to help minimize the environmental hazard.  
 Pesticides can be present in runoff if they are at all soluble, or if they stick (adsorb) to 
fine soil particles contained in the runoff.  Different chemical classes have quite different 
characteristics; for example, organophosphate insecticides are more soluble than pyrethroid 
insecticides, which adsorb more strongly on soil particles.  These characteristics can be used to 
determine appropriate mitigation practices to protect surface water; such practices include timing 
application to allow maximum time between application and irrigation, use of application 
buffers, tailwater capture, and sediment minimization practices (use of PAM, vegetated buffer 
strips, etc.). 
 Pesticide leaching to groundwater is a very complex issue.  In general, downward 
movement is quickest in coarse-textured, low organic matter soils.  There are designated Ground 
Water Protection Areas (GWPAs) around California in which special rules apply regarding 
pesticide usage.  More information is available from the California Department of Pesticide 
Regulation (http://www.cdpr.ca.gov/docs/emon/grndwtr/ ).       
 
 
VIII.  IRRIGATION AND PLANT WATER USE 
Soil water relations 
 Earlier in this section the concepts of field capacity (the amount of water that can be held 
against gravity) and permanent wilting point (the water content at which plants can no longer 
remove water from soil) were introduced.  With those definitions in mind, soil water can be 
divided into three categories (Fig. 2.6).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.6.  Categories of soil water. 
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Water that will drain under the force of gravity is called gravitational water.  Water that the soil 
can hold against the force of gravity, and that plants are able to extract is called capillary water 
(synonymous with plant-available water).  Water that is so tightly held on soil particles that 
plants are unable to extract it is called hygroscopic water. 
 The force required to remove water from soil particles is referred to as soil moisture 
tension.  The common units of measure are bars or centibars (cb), but in some technical 
literature the units kilopascals (kPa) or megapascals (MPa) are used.  The relationships among 
these units are:  
   1 bar = 100 cb = 100 kPa = 0.1 MPa 
By definition, permanent wilting point is considered to represent a soil moisture tension of 15 
bars in all soils.  However, the soil moisture tension at field capacity is dependent on soil texture.  
Field capacity of very sandy soils may be as low as 0.1 bar (10 cb), while clay soil may have a 
field capacity as high as 0.3 bars (30 cb).  Remember that with soil tension, a higher number 
represents drier soil and a lower number indicates wetter soil. 

The available water holding capacity of soil varies based on texture, but even within a 
texture class there can be considerable variability (Table 2.10).  This variability is due to 
variation in particle size distribution within texture classes, the degree of soil compaction, and 
the organic matter content; at a similar texture, soils with higher organic matter content have 
higher water holding capacity. 
 
Table 2.10.  Influence of soil texture on available soil water holding capacity (inches/foot of 
soil). 
 Typical available soil water Range of available soil water  
Texture holding capacity  holding capacity  
sand 0.5 0.3-0.7 
loamy sand 1.0 0.7-1.2 
sandy loam 1.5 1.3-1.8 
loam 2.0 1.8-2.3 
clay loam 2.2 1.9-2.4 
clay 2.0 1.8-2.3 
     
 Soil moisture content can be expressed as a percent of soil dry weight (the gravimetric 
water content) or as a percent of soil volume (the volumetric water content).  These 
measurements are related to each other by this formula: 
 volumetric water content (%) = gravimetric water content (%) x soil bulk density   
Thus, volumetric content is always higher than gravimetric content, typically by a factor between 
1.2-1.6. 

As soil dries by evaporation or plant transpiration, the soil moisture tension increases.  
Soils have a characteristic pattern of soil moisture release, with much of the available water 
released before the soil moisture tension reaches 1 bar, and the majority of available water 
released before a tension of 2 bars is reached (Fig. 2.7).  Although the shape of the release curve 
differs somewhat by soil texture, in all texture classes the majority of available water is released 
between field capacity and 1-2 bars of soil moisture tension. 
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Fig. 2.7.  Soil moisture release curve from field capacity to permanent wilting point for a typical 
sandy loam soil.      
 
Estimating crop irrigation requirement  
 Water loss from agricultural fields occurs as evaporation from the soil surface and 
transpiration from plants; over a production season transpiration accounts for the overwhelming 
majority of water loss in most cropping systems.  Transpiration occurs because plants need to 
dissipate the energy they absorb from the environment, particularly from the interception of solar 
radiation; without transpiration the temperature of plant tissue would rise to damaging levels. 

Environmental variables such as solar radiation, air temperature, relative humidity and 
wind speed interact to influence the rate of water loss from plants and soil.  The California 
Irrigation Management Information System (CIMIS, http://wwwcimis.water.ca.gov/ ) is a 
network of computerized weather stations that measure these environmental variables and 
compute a daily reference evapotranspiration (ETo) value.  ETo estimates the loss of water from 
a well-watered grass crop that completely covers the soil surface.  Decades of research in 
California has documented the accuracy of these daily ETo estimates, and their relationship to 
water loss experienced in crop fields and orchards.   

Real-time ETo is available on-line for > 100 locations, and historical ETo is also available 
for many locations; Table 2.11 lists average daily ETo values by month for representative 
locations.  Regional differences are obvious.  The Central Valley sites (Five Points, Tracy and 
Woodland) show similar ETo values, peaking at about a quarter inch per day in the summer and 
falling to < 0.05 inches per day in the winter.  Indio is representative of the lower desert, with 
much higher ETo year around.  Coastal areas (Salinas and Ventura) show the moderating 
influence of the ocean, with higher winter and lower summer ETo than the interior valleys. 
 
Table 2.11.  Long-term mean daily reference evapotranspiration (ETo), in inches. 
Location Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 
Five Points .03 .06 .11 .17 .21 .26 .28 .24 .18 .11 .05 .03 
Indio .09 .14 .20 .28 .34 .40 .40 .32 .30 .20 .13 .08 
Salinas .05 .07 .09 .13 .15 .16 .16 .15 .13 .09 .06 .04 
Tracy .03 .06 .09 .15 .20 .24 .26 .22 .18 .10 .04 .02 
Ventura .07 .09 .10 .13 .15 .16 .18 .16 .14 .11 .08 .06 
Woodland .03 .06 .10 .16 .20 .26 .26 .23 .18 .12 .06 .03 
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Since ETo is based on the amount of water lost from a field with a complete cover of an actively 
growing grass crop, this value must be adjusted for individual field factors, particularly the size 
of the plant canopy.  Since the greatest force driving water loss is the heating from solar 
radiation, an estimate of the percentage of ground surface covered either by foliage or moist soil 
can be used to adjust ETo to fit actual field conditions; the adjustment factor is called a crop 
coefficient (Kc).  The Kc can be determined by actual measurements in a given field, or estimated 
by using generic Kc curves that have been developed for many common crops and regions of the 
state (Fig. 2.8).  With an ETo value and a Kc the actual crop evapotranspiration (ETc) of a field 
can be estimated: 

ETo x Kc = crop evapotranspiration (ETc) 
Using the data in Fig. 2.8, a tomato crop planted March 1 would have a Kc of about 0.5 on May 
1.  If the daily ETo was 0.20 inches, then the daily ETc would be 0.10 inches.  The actual 
irrigation requirement would be somewhat higher, because adjustment must be made for 
irrigation system non-uniformity, and possibly for a leaching requirement as well.   

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 2.8.  Generalized crop coefficients for processing tomato in the San Joaquin Valley. 
                                                                                                                                                                                    
Determining irrigation frequency 
 The appropriate frequency of irrigation depends on a number of factors including: 

 daily irrigation requirement 
 effective crop rooting depth 
 available soil water holding capacity 
 crop tolerance to moisture stress 

The daily irrigation requirement can vary widely based on environmental conditions and crop 
growth stage, from < 0.05 to > 0.30 inches per day.  Crop rooting depth also varies, with 
shallowly rooted crops like onion and strawberry effectively utilizing only the top foot of soil, 
while cotton, alfalfa and some tree crops can extract water from at least 3 feet of soil.  Crop 
tolerance to moisture stress also varies.  Stress sensitive crops such as lettuce and strawberry may 
show yield loss if more than 20% of available soil water in the active root zone is depleted 
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between irrigations.  Conversely, crops like alfalfa, corn and cotton can tolerate at least a 50% 
depletion of available soil water between irrigations with minimal effects.  

When all these factors are considered, the appropriate irrigation frequency can vary from 
intervals of several weeks to as often as daily.  The irrigation system must be considered as well.  
Furrow and flood systems have inherent limitations that may restrict irrigation frequency, in 
some cases compromising crop productivity.  The rise in crop productivity often achieved with a 
switch to low volume irrigation (drip or microsprinkler) is partly due to minimizing crop stress 
between irrigations by allowing increased irrigation frequency. 

Low volume irrigation systems are designed to deliver a certain volume of water per unit 
of time at a given pressure; growers often use these design specifications to determine irrigation 
run time.  However, the actual irrigation volume delivered can differ substantially from the 
system design specification due to fluctuations in pressure, or clogging of emitters.  The 
inclusion of a water meter and pressure gauges in an irrigation system allows a grower to 
confirm that the desired application rate is being achieved, and that the irrigation system is 
functioning correctly.   

   
Soil moisture monitoring 
 The ability to measure soil moisture status is necessary to confirm that an ET-based 
irrigation schedule is accurately estimating the actual irrigation requirement.  Although there are 
a multitude of soil moisture sensors on the market, all fall into two general categories:  those that 
measure soil moisture tension, and those that measure volumetric soil water content.   
 
Soil moisture tension measurement 
 A tensiometer is an instrument with a water-filled tube capped on one end with a porous 
ceramic tip and on the other with either a pressure gauge or pressure transducer.  When the 
porous tip is buried in intimate contact with the soil, water can be drawn into or out of the tube 
depending on soil moisture tension; as soil dries water is drawn out of the tensiometer, creating a 
vacuum in the tube; the amount of vacuum reflects the soil moisture tension.  Tensiometers are 
considered to be quite accurate, but are generally limited to reading tensions < 80 cb; above this 
tension air can be drawn into the ceramic cup, which requires the instrument to be serviced.   
 Granular matric sensors are improved versions of an old technology, gypsum resistance 
blocks.  Granular matrix sensors (i.e. ‘Watermark’ sensors) actually measure soil electrical 
resistance (which is correlated with moisture content), but the sensor output has been calibrated 
to read in centibars of tension.  These sensors are less accurate than tensiometers at soil moisture 
tensions near saturation, but they can read tensions beyond 1 bar without the requirement of 
servicing.       
 
Volumetric soil moisture measurement 
 Most commercially available sensors sold today measure soil volumetric water content.  
There are a number of different technologies by which these sensors operate, but in all cases they 
send an electrical signal into the soil and measure its attenuation by the soil water.  The most 
common type is a capacitance sensor, which measure changes in the dielectric constant of soil, a 
property that is strongly influenced by water content.  One needs to know a soil’s volumetric 
water content at field capacity and permanent wilting point to correctly interpret the output of 
sensors measuring volumetric water content. 
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 Each type of sensor has advantages and disadvantages.  An overall limitation of soil 
moisture monitoring is that there can be substantial spatial variability in soil moisture within a 
field.  Placing sensors in a representative position is critical to obtaining good data, and installing 
multiple sensors in a field to deal with spatial variability is useful.    
 
Monitoring plant water status 
 Monitoring of plant water status is less common than soil moisture monitoring, but in 
some circumstances it can provide actionable data.  The most common monitoring approach is 
the measurement of leaf water potential (LWP) by the use of a pressure chamber, or pressure 
bomb.  This device is a steel chamber into which a leaf is sealed with only a section of petiole 
sticking out.  The chamber is slowly pressurized by a tank of compressed nitrogen gas until 
xylem sap begins to exude from the cut surface of the petiole.  At that point the pressure in the 
chamber has equaled the negative tension of the sap in the xylem vessels.  The greater the 
pressure required to express sap, the greater the water stress the plant is experiencing. 
 The time of day greatly influences LWP, so interpretation of data requires that the 
measurements be made at a time of day for which calibration data is available.  The most 
common time for measurements are pre-dawn (before rapid transpiration begins, therefore 
allowing the measurement to reflect the level of whole plant stress), and mid-day (which 
measures the water status at the peak rate of transpiration).  A variation of mid-day LPW is mid-
day stem water potential (SWP), which is measured by covering a leaf with an aluminized plastic 
bag to stop transpiration; in 60 minutes or less the enclosed leaf has come to equilibrium with the 
SWP, so it can be removed from the plant for measurement.  The advantage of SWP is that its 
measurement is less variable than LWP, allowing more accurate assessment of the crop water 
status with fewer measurements. 
 Another tool that may be used to estimate crop water status is the monitoring of canopy 
temperature with a hand-held infrared thermometer.  As plants experience soil moisture stress 
there is not enough water available to dissipate through transpiration all the heat from solar 
radiation; consequently, canopy temperature rises.  The degree to which canopy temperature 
rises above what it would be under similar environmental conditions if soil moisture was 
plentiful provides a crop water stress index (CWSI).  Unfortunately, for most crops insufficient 
calibration data exists to allow this technique to be used with any accuracy.    
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SECTION 3:  CROP MANAGEMENT COMPETENCY  
 
I.  BASIC CROP SCIENCE 
Plant structure and function 

Crop plants are complex organisms, made up of groups of specialized cells that form 
tissues and organs.  These structures have a range of functions (Fig. 3.1).       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1.  Important plant structures and functions. 
 
 Plant growth occurs by cell division, followed by expansion of the new cells.  Only 
specialized tissues called meristems have the capacity to divide to form new cells.  Apical 
meristems exist at the tip of shoots and roots, and are responsible for elongation of stems and 
roots (Fig. 3.2).  The increase in the diameter of roots and stems is due to growth of a lateral 
meristem called the cambium.  Two types of conductive tissue distribute water, nutrients and 
organic compounds throughout a plant.  Xylem conducts water and mineral nutrients upward 
from the roots to all above-ground parts.  Phloem moves products of photosynthesis and other 
organic compounds from the leaves to other plant parts; phloem can also transport mineral 
nutrients into storage tissues.  Together, xylem and phloem are known as the vascular system, 
which links every part of a plant.  All essential elements can readily move in the xylem, meaning 
that they can be delivered from the root system to all aerial portions of the plant through 
transpiration (the evaporation of water from leaves and other organs).  However, not all 
elements can be moved effectively through phloem; these are the ‘non-mobile’ elements 
identified in Section 1 of this guide.  This means that plant parts with limited transpiration (fruits, 
for example) may show a nutrient deficiency even in fields in which that nutrient is plentiful in 
soil.  Examples of this phenomenon are blossom end rot of tomato and bitter pit in apple, 
disorders caused by lack of calcium (a non-mobile element) in the fruit. 
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Fig. 3.2.  Schematic of the plant meristematic and vascular systems. 
 
 The pattern of root development varies among crops.  Some develop a large main root, 
the taproot; many perennial plants, as well as herbaceous plants like sugarbeet, form taproots.  
However, growing plants from cuttings, or producing transplants, reduce the tendency to form 
taproots and may result in a shallower, more fibrous root system.  Other crops, like grains, 
naturally form a fibrous root system lacking a taproot.  In all plants roots become less efficient as 
they thicken and age.  While woody roots can absorb some water and nutrients, the majority of 
water and nutrient uptake typically occurs in fine, non-woody roots and root hairs, which are 
thin, hair-like extensions from epidermal cells.   

Crops vary widely in their depth of rooting (Table 3.1), which has implications for 
efficient irrigation and fertilizer management.   

    
Table 3.1.  Typical effective rooting depth of annual and perennial crops, assuming a permeable, 
well-drained soil profile.  
Crop Depth in feet Crop Depth in feet Crop Depth in feet 
alfalfa 4 to 6 celery 2 pear 3 to 4 
almond 2 to 4 citrus 2 to 4 plum 3 to 4 
artichoke 2 to 3 corn (field) 2 to 4 pepper 2 to 3 
asparagus 6 cotton 3 to 4 potato 2 to 3 
bean (dry) 2 garlic 1 to 2 spinach 1 
beet (sugar) 3 to 5 grape 3 to 5 strawberry 1 to 2 
broccoli 2 to 3 lettuce 1 to 2 tomato 2 to 4 
cantaloupe 2 to 4 olive 3 to 4 walnut 5 to 7 
carrot 2 to 3 onion 1 to 2 watermelon 2 to 3 
cauliflower 2 to 3 peach 2 to 4 wheat 2 to 3 
 
The rooting depth achieved at any particular site can be affected by soil characteristics and field 
management.  The rate of root development is an important management consideration as well, 
particularly for annual crops.  Fig. 3.3 shows the pattern of rooting in coastal broccoli fields; 
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although by harvest time broccoli roots have reached more than 3 feet deep, earlier in the season 
it would have been easy to move irrigation water and N fertilizer below the reach of the crop. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Fig. 3.3.  Root development in broccoli; dots represent the deepest roots found at a given 
sampling date, expressed as a fraction of the length of the growing season.  
 
Physiological processes 
Photosynthesis 
 Photosynthesis is the process by which plants harness sunlight to produce carbohydrates.  
This process takes place mostly, but not exclusively, in leaves.  In palisade cells, and the 
parenchyma cells under them, structures called chloroplasts contain the chlorophyll molecule 
(Fig. 3.4).   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4.  Internal structure of a leaf in cross-section. 
 
Chlorophyll transforms light energy into stored chemical energy by converting carbon dioxide 
(CO2) into carbohydrates (simple sugars, C6H12O6) via this reaction: 

6 CO2 + 6 H2O  → C6H12O6 + 6O2  



47 
 

Gas exchange (CO2, O2) with the atmosphere occurs through stomates.  The degree of opening of 
the stomates is controlled by specialized guard cells, which are affected by plant water status and 
hormonal controls; when stomates are closed, gas exchange is restricted, and the photosynthetic 
rate declines.  The simple sugars formed by photosynthesis can be converted to more complex 
carbohydrates for long-term storage, or combined with mineral elements to form other types of 
organic compounds necessary for plant growth.   
 
Respiration 
 Plant cells require energy to fuel their metabolism.  In a process called respiration 
carbohydrates are metabolized to provide that energy.  The chemical equation for respiration is: 

C6H12O6 + 6O2 → 6CO2 + 6H2O + energy 
The balance between photosynthesis and respiration over the growing season determines a crop’s 
yield potential.  Both processes are temperature dependent; however, the rate of photosynthesis 
peaks before the rate of respiration does (Fig. 3.5).  Furthermore, photosynthesis occurs only 
during the day, while respiration occurs day and night.  Therefore, the net rate of plant 
productivity (dry matter production) is reduced at very high temperature, and by environmental 
factors (water stress, lack of sufficient mineral nutrients) that limit the photosynthetic rate more 
than the respiration rate. 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
  
 
Fig. 3.5.  Effect of temperature on the relative rates of photosynthesis, respiration and plant 
growth. 
 
Transpiration 
 Transpiration is the evaporative loss of water from plants, the vast majority of which 
occurs through leaves.  Water moves along a force gradient from the soil through the leaves to 
the atmosphere (Fig. 3.6).  Water potential is measured in bars or megapascals (MPa, 1 MPa = 
10 bars); the more negative the number, the lower the water potential, meaning that water will 
flow from the soil (the area of highest water potential) through the plant to the atmosphere (the 
lowest water potential).  In this system the largest water potential gradient exists between leaves 
and the atmosphere; as temperature rises and humidity declines the water potential gradient 
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between leaf and atmosphere increases, thus increasing transpiration.  Leaf morphology (waxy 
cuticle and stomates mostly on the shaded undersides of leaves) helps to control transpiration.  
Transpiration will decline as soil water becomes less available, but soil moisture stress also 
restricts plant productivity through its control of stomatal opening, limiting the gas exchange 
necessary for photosynthesis.  
 
 
 
 
  
 
 
 
 
 
 
 
 
Fig. 3.6.  Typical water potential gradient during a sunny day with moist soil. 
 
 
Plant growth patterns 
 Annual crops have a characteristic sigmoidal growth pattern (Fig. 3.7).  Growth is slow in 
the weeks after germination or transplanting, followed by increasingly rapid vegetative growth.  
The rate of growth continues to be rapid through the flowering stage, slowing as seed matures 
and the crop senesces.  To be optimally efficient, both irrigation and N fertilization should be 
managed with this growth pattern in mind. 
 

 
 
 
 
 

   
 
 
 
 
 
 
 
 
 
 
Fig. 3.7.  General pattern of annual crop growth. 
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The pattern of tree crop growth differs in several ways.  In some species, flowering is 
initiated before leaf development occurs.  Also, early season growth is fueled by the 
remobilization of nutrients and stored carbohydrates from perennial tissue, and therefore the leaf 
canopy development typically occurs more rapidly than in annual crops.  

As plants grow and mature the distribution of nutrients within the plant typically changes.  
In most crops young leaves tend to have the highest N/P/K concentrations of any plant part.  As 
leaves mature macronutrients may be remobilized to support the growth of new leaves or other 
plant parts; this is particularly true in crops that form fruit or other storage organs (i.e. tubers, 
roots or bulbs).  This is why critical values for macronutrients in leaves tend to decline as the 
season goes on, and why identification of the growth stage at sampling is so critical.  Fruit and 
storage organs constitute a sink for plant nutrients and carbohydrates, and the leaves are the 
source of most of this nutrition, either directly through photosynthesis or indirectly through 
remobilization of nutrients accumulated in leaves through transpiration.  Many agronomic 
practices seek to manipulate this source/sink relationship; examples include pruning and fruit 
thinning of grapes and tree fruits.       
 
Environmental influences of growth 
 Temperature can influence crop growth in a number of ways.  Seed germination is often 
very temperature sensitive; both high and low temperature may inhibit germination, depending 
on the crop species.  The rate of plant development is also temperature-dependent; this 
relationship is so strong that air temperature is often used to predict crop maturity.  The 
calculation of growing degree days (GDD) using daily air temperature is a common way to track 
crop development.  Temperature is also the controlling factor in vernalization.  Vernalization is 
the process by which prolonged exposure to cold temperature promotes flowering and fruiting.  
Many annual and perennial crops require exposure to cold temperature for successful production.  
Examples include winter wheat, strawberry and all deciduous fruit crops; seed production of 
biennial crops such as onion and carrot also requires vernalization.  The degree of vernalization 
is often monitored by the calculation of chilling hours (the number of hours of exposure below a 
threshold temperature). 
 Dormancy is defined as a period of arrested plant development.  Dormancy can be 
induced by high or low temperature, as well as by other factors such as soil moisture stress or 
daylength.  For deciduous, perennial plants, winter dormancy is believed to be a two-stage 
process.  In the first stage (called ‘endodormancy’), growth is limited from within the plant.  In 
the second stage (called ‘ecodormancy’), growth is controlled by external conditions, especially 
temperature.  For bud break to occur, plants must be exposed to a certain amount of cold to exit 
endodormancy followed by a certain amount of heat to exit ecodormancy.  In general, perennial 
crops native to colder regions require more exposure to cold to exit endodormancy while those 
native to warmer regions generally require less chilling. 

Physiological sensitivity to daylength is called photoperiodism; photoperiod (the duration 
of light in a 24 day) can cause plants to initiate flowering or to develop specialized storage 
organs (onion bulbs, for example).  Plants fall into three categories of sensitivity to 
photoperiodism:  short-day (responsive to a photoperiod of < 12 hours), long-day (responsive to 
a photoperiod of > 12-14 hours), or day-neutral (unresponsive to photoperiod).   
 
 
 



50 
 

Growth regulation 
 While plant growth and maturation are largely controlled by the processes already 
outlined, plants also synthesize complex organic compounds called phytohormones that have 
significant physiological effects.  These compounds are also called plant growth regulators.  
There are five major classes of phytohormones:  abscisic acid, auxins, cytokinins, ethylene and 
gibberellins.  These compounds, which are active at very low concentration, affect many 
important plant processes; Table 3.2 contains a partial list.  Phytohormones have complex 
interactions.  Plant age and environmental conditions influence the types and amounts of 
phytohormones produced.  Plant responses to phytohormones depend upon the plant species, 
growth stage and concentration; for example, a low concentration of ethylene changes the ratio 
of male to female flowers in young cucurbit plants, while higher concentrations are used to speed 
fruit ripening in tomatoes.   

  
Table 3.2.  Major physiological effects of phytohormones.   
Phytohormone group Physiological effects 
abscisic acid regulate dormancy 
 stimulate leaf drop 
 affect stomatal behavior under water stress 
  
auxin support apical dominance, suppress lateral buds 
 promote rooting, including adventitious rooting in some species 
 control various plant tropisms 
 affect fruit set and abortion, suppress leaf drop 
  
cytokinin regulate cell division 
 stimulate lateral bud growth 
  
ethylene accelerate fruit ripening 
 hasten plant senescence 
 induce/modify flowering in some species 
  
gibberellin regulate cell expansion 
 stimulate seed germination 
 stimulate parthenocarpy 
 

Synthetically-derived compounds that mimic or block phytohormone activity are 
important tools in crop production.  Examples include 2,4-D herbicide and indolebutyric acid 
(IBA) rooting promoter (both auxins), Ethrel fruit ripening agent (an ethylene generator), 1-MCP 
(an ethylene blocker), and ProGibb (gibberellic acid).    
 
II.  GENERAL CROP ADAPTATION 
 Understanding crop tolerance to environmental stresses such as extreme temperature, soil 
moisture fluctuation, soil pH and salinity is particularly important in California, given the wide 
range of production environments, the dynamic crop rotations practiced, and the looming 
shortage of high quality irrigation water.  Crops, and in some cases varieties within crops, vary 
widely in their tolerance of these environmental stresses. 
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Temperature 
  Temperature has profound effects on many facets of crop production.  Temperature 
effects are often associated with daylength, particularly regarding dormancy, so the influences of 
temperature on crops can be complex.  Crop management decisions are often driven by 
temperature, with common examples being planting date and variety selection.  Planting date of 
annual crops is often determined by soil temperature requirements for seed germination, and risk 
of subsequent frost.  Temperature response is a major variety selection criterion for many crops; 
examples include chilling hour requirement for deciduous fruit trees, bolting resistance for 
vegetable crops like celery, lettuce, onion and spinach, and dormancy class for alfalfa. 
 
Soil pH 
 Soil pH can have complex effects on crop productivity; those effects can be 
physiological, or related to interactions between pH, soil fertility and soil disease pressure.  
Blueberry is an example of a crop with a specific physiological pH requirement; blueberry will 
not thrive unless soil pH is maintained below about 5.0.  More commonly, soil pH affects crop 
productivity by influencing nutrient availability; for example, high pH can induce a yield-
limiting Fe or Zn deficiency.  In some cases soil pH affects the severity of a particular soil-borne 
disease, requiring pH modification for effective control; examples of this phenomenon include 
acidifying soil to control potato scab, and liming soil to suppress clubroot on Brassica crops.   

As a general rule, the pH ‘sweet spot’ for crop production is approximately 6.0-7.5, but 
many crops are tolerant of an even broader pH range.  There are numerous sources of 
information on the soil pH preferences of individual crops, but these sources often contain 
contradictory information.  These contradictions may arise from regional differences in soil 
chemistry, nutrient availability or soil disease pressure. 
 
Salinity 

Crops differ widely in their salinity tolerance.  Table 3.3 compares the soil and water 
salinity thresholds above which crop growth is limited.  Field crops such as cotton and wheat are 
tolerant of high salinity, while horticultural crops like lettuce or strawberry are very sensitive.  
These rankings were developed in controlled environment studies at the USDA Salinity 
Laboratory, and should be considered only as relative tolerance rankings.  The field environment 
and the composition of salts present in soil or irrigation water can affect the actual crop salinity 
thresholds.  For example, crops growing in a field in which calcium and sulfate are the dominant 
ions can tolerate a higher salinity level than in a field in which sodium and chloride predominate.  
This is because sodium and chloride add toxic ion effects to the osmotic effects of the salinity. 

Crop salinity tolerance can vary substantially over the course of a growing season.  In 
general, crops are most sensitive during germination and early seedling growth, and grow more 
tolerant to salinity as the season progresses.  Thus, practices that minimize soil salt concentration 
in the seedbed during crop establishment (pre-irrigation, bed configuration to move salts away 
from germinating seeds, use of high quality water to germinate the crop) are useful where a high 
salt load is present.  It is also important to determine if sodicity is present because this can result 
in soil crusting and poor emergence, compounding the effects of salinity.  The increasing salt 
tolerance of crops as they mature allows the use of lower quality irrigation water later in the 
season with reduced harm. 
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Table 3.3.  Crop thresholds for salinity tolerance, based on the maximum salinity at which 
maximum yield potential can be achieved; values in dS/m for saturated soil paste extracts (ECe) 
or for irrigation water (ECw).  
 Maximum EC at 100% yield potential* 
 ECe ECw 
Field crops   
alfalfa 2.0 1.3 
corn 1.7 1.1 
cotton 7.7 5.1 
wheat 6.0 4.0 
   
Vegetable crops   
celery 1.8 1.2 
broccoli 2.8 1.9 
lettuce 1.3 0.9 
tomato 2.5 1.7 
   
Fruit/nut crops   
almond 1.5 1.0 
grape 1.5 1.0 
orange 1.7 1.1 
strawberry 1.0 0.7 
* based on controlled environment studies; field performance may differ 
 

In annual crops some varieties may be more salinity tolerant, but for most crops the range 
of tolerance among agronomically suitable varieties is limited.  In some perennial crops 
rootstocks exhibit a broader range of salinity tolerance, and selecting an appropriate rootstock 
may allow planting in a field that would otherwise be unsuitable for production.  Similarly, 
alfalfa varieties exhibit a range of salinity tolerance.   
 
 
III.  TILLAGE AND CROPPING  SYSTEMS 
Tillage systems  
 Throughout most of the 20th century California production systems relied on extensive 
mechanical tillage that disturbed soil to a substantial depth, and maintained the soil surface with 
limited crop residue coverage.  Much effort has gone into the development of one-pass 
cultivation equipment combining multiple tillage implements.  While this tillage approach 
reduces the number of tillage passes through the field, it generally does not conserve residue 
cover.  More recently considerable effort has been made to develop and promote tillage systems 
that are less intensive and that maintain a substantial amount of soil covered with crop residue.  
Such tillage systems may be classified as: 

 reduced tillage - a system that is less intensive than the traditional system, and maintains 
at least 15% but less than 30% soil coverage with crop residue after planting 

 conservation tillage - a system that reduces the intensity of soil disturbance between 
crops and maintains at least 30% soil coverage with crop residue after planting 
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 no-tillage - a system in which the soil is left undisturbed from crop to crop, with the 
exception of seeding and fertilizer injection 

 
There are a number of economic and environmental reasons to consider tillage 

modifications.  Economically, tillage can represent a substantial portion of production costs, 
particularly for lower value field crops, and its reduction can significantly improve profitability.  
Environmentally, reducing tillage and maintaining significant soil cover can reduce the emission 
of dust from fields as well as reducing runoff, nutrient loss and erosion.   

Reducing tillage tends to increase soil organic matter over time, which can have 
significant benefits for soil biological activity.  The terms soil quality and soil health are used to 
describe the extent to which a soil functions as a vital living ecosystem capable of sustaining 
plants, animals, and humans.  The status of organic matter is thought to be a vital determinant of 
soil health or quality, and therefore tillage systems that maintain or enhance soil organic matter 
are assumed to be beneficial.  The potential benefits of limited tillage go beyond promotion of 
soil quality.  For example, reducing or eliminating tillage in perennial systems may increase or 
stabilize organic matter in the soil, allowing more rapid access of equipment (sprayers, 
harvesters, etc.) following irrigation or rain. 
 
Cover crops 

Cropping systems management also affects the biological functioning of soil.  During 
extended fallow periods soil microbial activity tends to decline as microbes run out of easily 
metabolizable carbon as the prior crop residue is broken down.  By contrast, the production of a 
cover crop in lieu of a fallow period enhances the soil microbial community both during growth 
and after incorporation.  However, the decision to utilize cover crops is a complex one.  Table 
3.4 lists some advantages and disadvantages of cover cropping. 

 
Table 3.4.  Potential advantages and disadvantages of cover crops. 

Advantages Disadvantages 
fix N (legumes) or scavenge soil N (grasses) additional cost 
reduce runoff and soil erosion may require different tillage equipment 
maintain soil microbial community may delay cash crop planting 
improve soil structure may present pest issues 
 
Which of these advantages or disadvantages are realized depends on the individual field 
situation.  To date, cover crop usage in California has been limited in annual cropping systems, 
but more widely adopted in perennial systems.  However, increased regulatory pressure 
regarding groundwater and surface water quality may result in broader cover crop utilization in 
annual crop systems. 
 Given the large variety of crops produced in California, crop rotations can be very 
dynamic; monoculture is the exception, not the rule.  However, crop rotation is still an important 
management consideration.  Aside from the obvious profitability implications, and equipment 
requirements, rotational decisions can have major impacts.  Integrating N-fixing legumes into a 
rotation can reduce N fertilizer requirements.  This is of paramount importance in organic 
production, but in conventional production there can also be a substantial ‘N credit’ when 
legumes like alfalfa are included in a crop rotation.  Crop rotation can strongly influence soil 
organic matter maintenance, as crops vary widely in the amount of residue left after harvest (see 
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Table 2.2).  Another significant issue in crop rotation is the suppression of pest pressure.  
Rotational choice can effectively suppress nematodes, problem weeds and a range of soil fungal 
pathogens.  
 
 


