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• Apply the Right Rate 
• Match supply with crop demand (all inputs- fertilizer, 

organic N, water, soil). 

• Apply at the Right Time 
• Apply coincident with crop demand and root uptake. 

• Apply In the Right Place 
• Ensure delivery to the active roots. 
• Minimize movement below root zone 

• Use the Right Source 

Efficient Nitrogen Management: 
The 4 R’s (http://www.ipni.net/4r) 

The 4 R’s are specific to ever individual crop/field and every year. 

http://www.ipni.net/4r


Right Rate and Timing: 
Plant Nutrient Demand 

Muhammad, PhD Dissertation. 2013 



Annual vegetable crops show a 
characteristic growth pattern 

Courtesy of Tim Hartz 



3 high-yield hybrid cantaloupe fields 

N uptake follows the same pattern 

▪ N uptake by cantaloupe: 

Courtesy of Tim Hartz 



N uptake follows the same pattern 

▪ N uptake by processing tomato: 

Data from four high-yield fields 

Courtesy of Tim Hartz 



Nutrient demand per 
time is related to growth 
rate;  fast growth 
requires a high rate of N 
uptake and assimilation 

Demand for N is 
Largely Driven by 
Biomass accumulation 

Right Timing: Plant Nutrient Demand 

Fernandez et al., Foliar Fertilization, Scientific 
Principles and Field Practices, 2013 



Knowledge of Nutrient 
Accumulation Patterns 

Consideration of all 
Nitrogen Sources 
• irrigation 
• residual N 
• manures 

Realistic yield estimation 
and in-season adjustments 
for seasonal conditions. 

Fernandez et al., Foliar Fertilization, Scientific Principles and Field Practices, 2013 



Typical range (lb N / acre) 

seasonal N 
application 

Total crop 

N uptake 

N removal in 
harvest 

Lettuce 120-200 110-140 60-80 

Broccoli 150-250 200-300 60-90 

Celery 200-300 180-240 120-160 

Spinach 120-180 80-110 60-80 

Strawberry 160-260 180-200 70-100 

Current N fertilization rates often exceed N demand: 

Courtesy of Tim Hartz 



Iowa S. Univ., Special Report, 2008 

Crop uptake dynamics and fertilizer timing 

Example: Corn 

• Most crop nutrient uptake 
and dry matter 
accumulation follows S 
shaped or sigmoid 
patterns 



Fruiting crops have a characteristic pattern of 
N partitioning 

▪ N partitioning by processing tomato: 

General rule: 
▪ Fruit typically represents 50-70% of total crop N uptake 

Courtesy of Tim Hartz 



Vegetative crops typically harvest 
near peak N uptake rate 

Fruiting crops typically harvest 
after peak N uptake rate 

Courtesy of Tim Hartz 





A to B: In the period from [A] dormancy through 70% leaf out [B], the tree depends entirely upon N that is remobilized from 

perennial organs (red bars) and essentially no N uptake occurs from the soil. In mature trees about 40 lbs. of stored N is 
available as storage N [B minus A]. The total N in the entire acre of trees in Jan [A] was 450 lbs. N acre. This N was 
accumulated over the prior 12 years of growth. 

B to E: During the period from full leaf expansion until early post-harvest [E], tree N demand is satisfied entirely by soil N 
uptake with the vast majority of the N being utilized by fruit (yellow bars), illustrating the importance of yield estimation to 

determine N application. 

C to E: Tree storage N (red bars) that will be used for the subsequent years’ flowering and early fruit set [A to B] begins to 
accumulate once kernel fill is complete [C]. From kernel fill [C] until just prior to early leaf senescence [E] N is taken from the 
soil, once leaf senescence commences [E] N from leaves is used to fill the tree N storage [E to F] and soil uptake ceases. 

A to F: The total increment in tree N content in permanent tissues (trunk, branches, roots) is about 40 lbs. of N [F minus A]. 

Nitrogen dynamics in Almond 



What about nitrogen content of roots ? 
▪ Root growth somewhat front-loaded, but 

generally comprises no more than 
10 % of total plant N uptake 

Courtesy of Tim Hartz 



http://apps.cdfa.ca.gov/frep 
/docs/Guidelines.html 

Google: CDFA FREP CROPS 

http://apps.cdfa.ca.gov/frep


Right Rate: Nitrogen in the Soil 

• Specially important for annual crops. 
• Soil Nitrate Testing at planting/pre-side dress is a 

valuable tool. 
• The specifics of this is discussed in other modules in 

this series. 



Right Rate is Field Specific: 
Twenty neighboring Almond Orchards 
Yield varies dramatically and hence N demand varies dramatically. 
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Nitrogen in Irrigation Water: 
Free Fertilizer! 

• Formula for Nitrate: Nitrate concentration (ppm) x 
inches crop irrigation applied x 0.052 

• Formula for Nitrate-N: Nitrate-N concentration 
(ppm) x inches crop irrigation applied x 0.23 



2013 irrigation water NO3-N uptake efficiency trial 
▪ continuously injected varying levels of NO3-N from 0-40 PPM 
▪ measured biomass N at harvest, calculated NO3-N uptake efficiency : 

Field-specific N management : 
▪ Irrigation water NO3-N 



Results: 
▪ calculated on the basis of crop evapotranspiration 

(ETc), plant uptake of irrigation water NO3-N was 
nearly 100% 

How can that be? 
▪ Every drop of irrigation water transpired by the crop 

brought the NO3-N to the root surface 
▪ The field had limited N availability 

Bottom line: Credit the NO3-N in transpired water. 



The efficiency of nitrogen will always depend 
upon the adequacy of all other essential 
elements and growth conditions. 

Right Source: Nutrient Balance 

THE LAW OF MINUMUM Justus Von Leibig, 
1863 

If any nutrient is inadequate - Yield is lost 
AND a response to other elements 

cannot occur. 

If any nutrient is oversupplied - Money is 
wasted 

YIELD 

LOST YIELD 



Nitrogen Management Alone is Not Enough

125 lb/ac 
200 lb/ac 
275 lb/ac 
350 lb/ac 

Yield Potential 

All these trees have enough 
N yet yield Ranges from 

2500 to 5,000 lb/acre! WHY? 
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Manganese deficiency can limit crop response to N: 

GNDVI 29 April 2009: SmartImage (B,G, NIR only)1 m pixel (Britz Fert. Com.) 

Optimizing N use requires identifying 
and optimizing all production factors: 

Manganese deficient 
section 

Right Source: N Management Alone is Not Enough 



Specie 
Depth of Main Root 

Zone (inches) Reference 

Almond 8-23 Dziljanov and Penkov 1964b 

Apricot 8-16 Ghena and Tercel 1962 

Cherry 4-16 Tamasi 1975 

Peach 0-32 Dziljanov and Penkov 1964b 

Plum 10-24 Tamasi 1973 

Walnut 0-16 Kairov et al. 1977 

(Adapted from: Atkinson, 1980. The Distribution and Effectiveness of 
the Roots of Tree Crops. Horticultural Reviews.) 

Soil and irrigation practices will influence this greatly: 

Right Place: Where Does N Uptake Occur? 



(Olivos, Unpublished) 
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Right Place: Where Does N Uptake Occur? 
Almond Example 

• In almonds, the majority of roots are in the top 18 inches of soil. 

In all crops grown Mediterranean and Arid conditions, uptake occurs from 
the irrigated root zone 



At what point during an irrigation event 
should nitrogen be applied? 

Z

X

0.000 0.016 0.033 0.049 0.065 0.082 0.098 0.115 0.131 0.147 0.164 0.180

Concentration 3 - c3[lb/cm^3], Min=0.000, Max=8.818

Project Patrick_HYDRUS_Drip_lastthreehours - Solute transport with nitrification chain
Results, Concentration 3, Time 43 - 480.0 hours

ppm Nitrate 

2 4 6 8 10 12 14 16 18 20 22 

Z

X 

0.000 0.016 0.033 0.049 0.065 0.082 0.098 0.115 0.131 0.147 0.164 0.180

Concentration 3 - c3[lb/cm 3̂], Min=0.000, Max=0.702

Project Patrick_HYDRUS_Fanjet_2threehours - Solute transport with nitrification chain
Results, Concentration 3, Time 43 - 480.0 hours

60” 

60” 
Nitrate accumulated below 
effective root zone. 

18 “ Effective Root Zone 

Right Place: Impact of Fertigation Timing on 
Nitrate Uptake 

(Kandelous, Unpublished) 



The fate of 8 different 3-hour fertilizer injection events (day 0) timed at 
different parts of a 24 hour 1.5” irrigation event. Nitrate location in the soil 
profile at 21 days after the fertigation, prior to the subsequent fertigation. 
The later the application the greater the recovery of N. 

(Kandelous, Unpublished) 

Right Place: Fertigation Timing and Nitrate Uptake 

High residual 
nitrate deep in 
root zone 

60” 



Right Place & Rate: 
Yield is not uniform in any field. 

If managed as a single plot– larger fields will always be less nutrient efficient than smaller fields. 

Opportunity: Improved fertigation systems (by cultivar, soil type) 
Precision Applications. 

Yield of 16040 trees Pistachio trees (80 acre) 



NUE: Nitrogen Use Efficiency 
The highest NUE is achieved by the best 

combination of right rate, right time, right place and 
right source. 

• Understanding the dynamics of nitrogen in the 
soil and the plant (Modules 2, 3 and 5) 

• Choosing right rate, right timing, right placement 
(all modules) and right fertilizer source (Module 
2, 3 and 4) 

• Managing water properly (Module 6) 
• Nutrient Budgeting (Module 5) 
• Crop specific optimization (Module 7) 



Contributing partners: 

University of California 

University of California 
Agriculture and Natural Resources 
web: ucanr.edu 
Twitter: @ucanr 

California Institute for Water Resources 
University of California 
Agriculture and Natural Resources 
web: ciwr.ucanr.edu 
Twitter: @ucanrwater 

California Department of Food & Agriculture (CDFA) 
Fertilizer Research and Education Program 
web: www.cdfa.ca.gov 
Twitter: @CDFAnews 

California Association of Pest Control Advisers 
(CAPCA) 
web: capca.com 

Nitrogen	Management 	Training 
for Certified Crop Advisers 

Course materials available at: 
ciwr.ucanr.edu/NitrogenManagement 

https://capca.com
https://ciwr.ucanr.edu
https://ucanr.edu
https://ciwr.ucanr.edu/NitrogenManagement
https://www.cdfa.ca.gov
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	The 4 R’s are specific to ever individual crop/field and every year. 
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	Plant Nutrient Demand 

	Muhammad, PhD Dissertation. 2013 
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	N uptake by cantaloupe: 
	▪

	3 high-yield hybrid cantaloupe fields 
	Figure
	N uptake follows the same pattern 
	N uptake follows the same pattern 

	N uptake by processing tomato: 
	▪

	Data from four high-yield fields 
	Figure
	Right Timing: Plant Nutrient Demand 
	Figure
	Demand for N is Largely Driven by Biomass accumulation 
	Nutrient demand per time is related to growth rate;  fast growth requires a high rate of N uptake and assimilation 
	Fernandez et al., Foliar Fertilization, Scientific Principles and Field Practices, 2013 
	Figure
	Knowledge of Nutrient Accumulation Patterns 
	Consideration of all Nitrogen Sources 
	• 
	• 
	• 
	irrigation 

	• 
	• 
	residual N 

	• 
	• 
	manures 


	Realistic yield estimation and in-season adjustments for seasonal conditions. 
	Fernandez et al., Foliar Fertilization, Scientific Principles and Field Practices, 2013 
	Current N fertilization rates often exceed N demand: 
	Current N fertilization rates often exceed N demand: 

	Typical range (lb N / acre) seasonal N application 
	Table
	TR
	Total crop N uptake 
	Total crop N uptake 

	N removal in harvest 
	N removal in harvest 


	Lettuce 
	Lettuce 
	Lettuce 

	120-200 
	120-200 

	110-140 
	110-140 

	60-80 
	60-80 


	Broccoli 
	Broccoli 
	Broccoli 
	Broccoli 


	150-250 
	150-250 

	200-300 
	200-300 

	60-90 
	60-90 


	Celery 
	Celery 
	Celery 
	Celery 


	200-300 
	200-300 

	180-240 
	180-240 

	120-160 
	120-160 


	Spinach 
	Spinach 
	Spinach 
	Spinach 


	120-180 
	120-180 

	80-110 
	80-110 

	60-80 
	60-80 


	Strawberry 
	Strawberry 
	Strawberry 
	Strawberry 


	160-260 
	160-260 

	180-200 
	180-200 

	70-100 
	70-100 



	Crop uptake dynamics and fertilizer timing 
	Crop uptake dynamics and fertilizer timing 

	Iowa S. Univ., Special Report, 2008 Example: Corn • Most crop nutrient uptake and dry matter accumulation follows S shaped or sigmoid patterns 
	Fruiting crops have a characteristic pattern of N partitioning 
	Fruiting crops have a characteristic pattern of N partitioning 

	▪
	▪
	▪
	▪

	N partitioning by processing tomato: 
	N partitioning by processing tomato: 
	Figure
	General rule: 
	▪
	▪
	▪
	▪

	Fruit typically represents 50-70% of total crop N uptake 





	Vegetative crops typically harvest Fruiting crops typically harvest near peak N uptake rate after peak N uptake rate 
	Figure
	Figure
	Nitrogen dynamics in Almond 
	Figure
	A to B: In the period from [A] dormancy through 70% leaf out [B], the tree depends entirely upon N that is remobilized from perennial organs (red bars) and essentially no N uptake occurs from the soil. In mature trees about 40 lbs. of stored N is available as storage N [B minus A]. The total N in the entire acre of trees in Jan [A] was 450 lbs. N acre. This N was accumulated over the prior 12 years of growth. 
	B to E: During the period from full leaf expansion until early post-harvest [E], tree N demand is satisfied entirely by soil N uptake with the vast majority of the N being utilized by fruit (yellow bars), illustrating the importance of yield estimation to determine N application. 
	C to E: Tree storage N (red bars) that will be used for the subsequent years’ flowering and early fruit set [A to B] begins to accumulate once kernel fill is complete [C]. From kernel fill [C] until just prior to early leaf senescence [E] N is taken from the soil, once leaf senescence commences [E] N from leaves is used to fill the tree N storage [E to F] and soil uptake ceases. 
	A to F: The total increment in tree N content in permanent tissues (trunk, branches, roots) is about 40 lbs. of N [F minus A]. 
	What about nitrogen content of roots ? 
	▪
	▪
	▪
	▪

	Root growth somewhat front-loaded, but generally comprises no more than 10 % of total plant N uptake 


	Figure
	Figure
	Courtesy of Tim Hartz 
	Figure
	Google: CDFA FREP CROPS 
	/docs/Guidelines.html 
	http://apps.cdfa.ca.gov/frep 
	http://apps.cdfa.ca.gov/frep 


	Right Rate: Nitrogen in the Soil 
	• 
	• 
	• 
	Specially important for annual crops. 

	• 
	• 
	Soil Nitrate Testing at planting/pre-side dress is a valuable tool. 

	• 
	• 
	The specifics of this is discussed in other modules in this series. 


	Figure
	Figure
	Figure
	Right Rate is Field Specific: 
	Right Rate is Field Specific: 

	Twenty neighboring Almond Orchards Yield varies dramatically and hence N demand varies dramatically. 
	3588 4100 2588 1843 4953 4722 3220 1522 1752 3930 4120 1543 3800 
	5422 3729 2899 3220 4943 3873 4390 
	Nitrogen in Irrigation Water: Free Fertilizer! 
	• 
	• 
	• 
	Formula for Nitrate: Nitrate concentration (ppm) x inches crop irrigation applied x 0.052 

	• 
	• 
	Formula for Nitrate-N: Nitrate-N concentration (ppm) x inches crop irrigation applied x 0.23 


	Field-specific N management : 
	2013 irrigation water NO3-N uptake efficiency trial ▪continuously injected varying levels of NO3-N from 0-40 PPM ▪▪Irrigation water NO3-N 
	measured biomass N at harvest, calculated NO3-N uptake efficiency : 
	Results: 
	▪
	▪
	▪
	▪

	calculated on the basis of crop evapotranspiration (ET), plant uptake of irrigation water NO-N was nearly 100% 
	c
	3



	How can that be? 
	How can that be? 
	How can that be? 

	▪
	▪
	▪
	▪

	Every drop of irrigation water transpired by the crop brought the NO-N to the root surface 
	3


	▪
	▪
	▪

	The field had limited N availability 



	Bottom line: Credit the NO
	Bottom line: Credit the NO
	3
	-N in transpired water. 

	Right Source: Nutrient Balance 
	The efficiency of nitrogen will always depend upon the adequacy of all other essential elements and growth conditions. 
	YIELD LOST YIELD 
	THE LAW OF MINUMUM Justus Von Leibig, 1863 
	If any nutrient is inadequate - Yield is lost AND a response to other elements cannot occur. 
	If any nutrient is oversupplied - Money is wasted 
	Nitrogen Management Alone is Not Enough
	Nitrogen Management Alone is Not Enough
	Kernel Yield lbs/tree 

	125 lb/ac 200 lb/ac 275 lb/ac 350 lb/ac Yield Potential All these trees have enough N yet yield Ranges from 2500 to 5,000 lb/acre! WHY? 66 62 57 53 48 44 40 35 31 26 22 
	Right Source: 
	Right Source: 
	N Management Alone is Not Enough 

	Manganese deficiency can limit crop response to N
	: 

	GNDVI 29 April 2009: SmartImage (B,G, NIR only)1 m pixel (Britz Fert. Com.) Optimizing N use requires identifying and optimizing all production factors: Manganese deficient section 
	Where Does N Uptake Occur? 
	Right Place: 

	Soil and irrigation practices will influence this greatly: 
	Specie 
	Specie 
	Specie 
	Specie 

	Depth of Main Root Zone (inches) 
	Depth of Main Root Zone (inches) 

	Reference 
	Reference 


	Almond 
	Almond 
	Almond 

	8-23 
	8-23 

	Dziljanov and Penkov 1964b 
	Dziljanov and Penkov 1964b 
	Dziljanov and Penkov 1964b 



	Apricot 
	Apricot 
	Apricot 
	Apricot 


	8-16 
	8-16 

	Ghena and Tercel 1962 
	Ghena and Tercel 1962 


	Cherry 
	Cherry 
	Cherry 
	Cherry 


	4-16 
	4-16 

	Tamasi 1975 
	Tamasi 1975 


	Peach 
	Peach 
	Peach 

	0-32 
	0-32 

	Dziljanov and Penkov 1964b 
	Dziljanov and Penkov 1964b 
	Dziljanov and Penkov 1964b 



	Plum 
	Plum 
	Plum 

	10-24 
	10-24 

	Tamasi 1973 
	Tamasi 1973 


	Walnut 
	Walnut 
	Walnut 

	0-16 
	0-16 

	Kairov et al. 1977 
	Kairov et al. 1977 



	(Adapted from: Atkinson, 1980. The Distribution and Effectiveness of the Roots of Tree Crops. Horticultural Reviews.) 
	Right Place: 
	Right Place: 
	Where Does N Uptake Occur? Almond Example 

	In all crops grown Mediterranean and Arid conditions, uptake occurs from the irrigated root zone 
	0-4 4-8 8-12 12-16 16-20 20-24 24-28 28-32 32-36 Depth (inches) 
	In almonds, the majority of roots are in the top 18 inches of soil. 
	•

	(Olivos, Unpublished) 
	Right Place: 
	Right Place: 
	Impact of Fertigation Timing on Nitrate Uptake 

	Figure
	At what point during an irrigation event should nitrogen be applied? 
	0.000 0.016 0.033 0.049 0.065 0.082 0.098 0.115 0.131 0.147 0.164 0.180ppm Nitrate 2 4 6 8 10 12 14 16 18 20 22 X 60” 60” Nitrate accumulated below effective root zone. 18 “ Effective Root Zone (Kandelous, Unpublished) 
	Right Place: 
	Right Place: 
	Fertigation Timing and Nitrate Uptake 

	The fate of 8 different 3-hour fertilizer injection events (day 0) timed at different parts of a 24 hour 1.5” irrigation event. Nitrate location in the soil profile at 21 days after the fertigation, prior to the subsequent fertigation. The later the application the greater the recovery of N. 
	(Kandelous, Unpublished) High residual nitrate deep in root zone 60” 
	Right Place & Rate: Yield is not uniform in any field. 
	Yield of 16040 trees Pistachio trees (80 acre) 
	If managed as a single plot– larger fields will always be less nutrient efficient than smaller fields. 
	Opportunity: Improved fertigation systems (by cultivar, soil type) Precision Applications. 
	Opportunity: Improved fertigation systems (by cultivar, soil type) Precision Applications. 

	NUE: Nitrogen Use Efficiency 
	The highest NUE is achieved by the best combination of right rate, right time, right place and right source. 
	• 
	• 
	• 
	Understanding the dynamics of nitrogen in the soil and the plant (Modules 2, 3 and 5) 

	• 
	• 
	Choosing right rate, right timing, right placement (all modules) and right fertilizer source (Module 2, 3 and 4) 

	• 
	• 
	Managing water properly (Module 6) 

	• 
	• 
	Nutrient Budgeting (Module 5) 

	• 
	• 
	Crop specific optimization (Module 7) 


	Nitrogen.Management .Training 
	University of California 
	for Certified Crop Advisers 

	Course materials available at: 
	ciwr.ucanr.edu/NitrogenManagement 
	ciwr.ucanr.edu/NitrogenManagement 
	ciwr.ucanr.edu/NitrogenManagement 


	Contributing partners: 
	University of California Agriculture and Natural Resources 
	web: 
	ucanr.edu 
	ucanr.edu 

	Twitter: @ucanr 

	Research and Education Program www.cdfa.ca.gov @CDFAnews 
	California Institute for Water Resources University of California Agriculture and Natural Resources 
	web: 
	ciwr.ucanr.edu 
	ciwr.ucanr.edu 

	Twitter: @ucanrwater 

	Figure
	California Association of Pest Control Advisers (CAPCA) 
	web: 
	capca.com 
	capca.com 
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