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Development of water use data Development of water use data 

Sustained deficit irrigation (3 rates) Sustained deficit irrigation (3 rates) 

Simulated one yr. drought with 16Simulated one yr. drought with 16””

Irrigation schedulingIrrigation scheduling

Hedgerow vs Standard; ETc, Kc Hedgerow vs Standard; ETc, Kc 

Decline and recovery over 5 yrs.  Decline and recovery over 5 yrs.  

Response and recovery over 2 yrs.Response and recovery over 2 yrs.

Past, present, futurePast, present, future
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Cultural Item Hedgerow Standard
Hedgerow-
Standard

($/acre) ($/acre) ($/acre)
Trees 1576 788 788
Harvesting 400 240 160
Planting 180 90 90
Training/Pruning 270 468 -198
Water* 74

Subtotal 914
Crop Revenue 8706 7579 1127

Net 213

* Assumes $30/AF with Hedgerow using 2.48 AF more than Standard.

Accounting Through Year 7Accounting Through Year 7



Water Productivity (lb/acWater Productivity (lb/ac--ft)ft)



Evapotranspiration (ETc)Evapotranspiration (ETc)

Crop Coefficient (Kc) Crop Coefficient (Kc) ==

Reference Crop Water Use (ETo)Reference Crop Water Use (ETo)



Crop 
Coefficient

(Kc)
Mar 16-31 0.10
Apr 0.61
May 0.83
Jun 0.97
Jul 1.14
Aug 1.14
Sept 1.03
Oct 0.70
Nov 1-15 0.28

Mature Walnut Crop CoefficientsMature Walnut Crop Coefficients



What happens when you stressWhat happens when you stress
a walnut tree for water?a walnut tree for water?



Atmosphere
CO2

O2H2O

6 CO2+12 H2O
Light

C6H12O6+6 O2+6 H2O

(Sugar)



y = 0.136x - 4.43
R2 = 0.752
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Sustained deficit irrigation (3 rates); Sustained deficit irrigation (3 rates); 
response to 3 yrs. and recoveryresponse to 3 yrs. and recovery

Irrigated cv. Irrigated cv. ‘‘ChicoChico’’ at 33, 67, andat 33, 67, and
100% ETc for 3 yrs.  Mean applied100% ETc for 3 yrs.  Mean applied
water 14, 28, and 42 inches.  water 14, 28, and 42 inches.  

Three yr. stress study followed byThree yr. stress study followed by
return to full irrigation.return to full irrigation.





33% ETc



66% ETc



100% ETc









Simulated drought with 16 inchesSimulated drought with 16 inches
applied for a single season, followedapplied for a single season, followed
by full irrigation.by full irrigation.



Yield 
Dry In-
Shell 
Nuts Fruit Load

Single 
Fruit 

Weight
Kernel 

Content
Shaded     
Area

(lb/acre) (nuts/tree) (gm) (%) (%)
Drought 4410 2263 9.23 48.8 58.1
Control 4032 2381 8.15 47.2 45.1

Single Drought Year (16 inch) StudySingle Drought Year (16 inch) Study

NSDNSD NSDNSD NSDNSD NSDNSD **

**
NSDNSD

Statistically different at the 5% confidence level.Statistically different at the 5% confidence level.

Not statistically different at the 5% confidence level.Not statistically different at the 5% confidence level.



Yield 
Dry In-
Shell 
Nuts Fruit Load

Single 
Fruit 

Weight
Kernel 

Content
(lb/acre) (nuts/tree) (gm) (%)

Drought 1152 444 12.6 45.3
Control 5328 2378 11.0 47.9

1st Recovery Yr. following Single Season Drought1st Recovery Yr. following Single Season Drought

**

** Statistically different at the 5% confidence level.Statistically different at the 5% confidence level.

******



Yield 
Dry In-
Shell 
Nuts Fruit Load

Single 
Fruit 

Weight
Kernel 

Content
(lb/acre) (nuts/tree) (gm) (%)

Drought 7758 5018 7.8 49.5
Control 7033 4100 8.6 47.9

NSDNSD NSDNSD NSDNSD NSDNSD

NSDNSD Not statistically different at the 5% confidence level.Not statistically different at the 5% confidence level.

2st Recovery Yr. following Single Season Drought2st Recovery Yr. following Single Season Drought



Is there a safe way to reduceIs there a safe way to reduce
the consumptive use of waterthe consumptive use of water
in walnut orchards?in walnut orchards?







Scheduling ConceptsScheduling Concepts

1)1) Soil/Plant based monitoring.Soil/Plant based monitoring.
2)2) Water budget.Water budget.



ETc   =   Kc   x   EToETc   =   Kc   x   ETo
OrchardOrchard
Water Water 
UseUse

= CropCrop
CoefficientCoefficient

ReferenceReference
CropCrop

Water Water 
UseUse

x

Water BudgetWater Budget



Reference Crop Water Use (ETo)Reference Crop Water Use (ETo)

1)1) Real time.Real time.
2)2) Long term, historical values.Long term, historical values.

www.cimis.water.ca.gov





Irrigation Scheduling ExampleIrrigation Scheduling Example

Crop:Crop: Walnut (mature)Walnut (mature)
Location:Location: PortervillePorterville
Tree Spacing:Tree Spacing: 22 x 22 ft (90 trees/ac)22 x 22 ft (90 trees/ac)
Irrigation:Irrigation: Microsprinkler (11 gal/hr)Microsprinkler (11 gal/hr)

Two per tree (22 gal/tree/hr)Two per tree (22 gal/tree/hr)
Application Efficiency:Application Efficiency: 90%90%



BiMonthly 
ETo

(inches)
Mar 16-31 1.9
Apr 5.5
May 7.2
Jun 8.0
Jul 8.4
Aug 7.5
Sept 5.6
Oct 3.9
Nov 1-15 0.9

Total

* Assumes 22 x 22 ft tree spacing; 90 trees/acre

Developing a Walnut Irrigation Schedule; PortervilleDeveloping a Walnut Irrigation Schedule; Porterville



BiMonthly 
ETo

Crop 
Coefficient

(inches) (Kc)
Mar 16-31 1.9 0.10
Apr 5.5 0.61
May 7.2 0.83
Jun 8.0 0.97
Jul 8.4 1.14
Aug 7.5 1.14
Sept 5.6 1.03
Oct 3.9 0.70
Nov 1-15 0.9 0.28

Total

* Assumes 22 x 22 ft tree spacing; 90 trees/acre

Developing a Walnut Irrigation Schedule; PortervilleDeveloping a Walnut Irrigation Schedule; Porterville



BiMonthly 
ETo

Crop 
Coefficient

ETc In 
Period

(inches) (Kc) (inches)
Mar 16-31 1.9 0.10 0.2
Apr 5.5 0.61 3.4
May 7.2 0.83 6.0
Jun 8.0 0.97 7.8
Jul 8.4 1.14 9.6
Aug 7.5 1.14 8.6
Sept 5.6 1.03 5.8
Oct 3.9 0.70 2.7
Nov 1-15 0.9 0.28 0.3

Total 44.2

* Assumes 22 x 22 ft tree spacing; 90 trees/acre

Developing a Walnut Irrigation Schedule; PortervilleDeveloping a Walnut Irrigation Schedule; Porterville



BiMonthly 
ETo

Crop 
Coefficient

ETc In 
Period ETc Daily

(inches) (Kc) (inches) (inch/day)
Mar 16-31 1.9 0.10 0.2 0.01
Apr 5.5 0.61 3.4 0.11
May 7.2 0.83 6.0 0.19
Jun 8.0 0.97 7.8 0.26
Jul 8.4 1.14 9.6 0.31
Aug 7.5 1.14 8.6 0.28
Sept 5.6 1.03 5.8 0.19
Oct 3.9 0.70 2.7 0.09
Nov 1-15 0.9 0.28 0.3 0.02

Total 44.2

* Assumes 22 x 22 ft tree spacing; 90 trees/acre

Developing a Walnut Irrigation Schedule; PortervilleDeveloping a Walnut Irrigation Schedule; Porterville



Converting depth to volume unitsConverting depth to volume units

g/tree/d g/tree/d == in/day x (tree spacing) x 0.622in/day x (tree spacing) x 0.622

== 0.31 in/day x (22 x 22 ft) x 0.6220.31 in/day x (22 x 22 ft) x 0.622

== 93 gal/tree/day93 gal/tree/day

Example for peak demandExample for peak demand



BiMonthly 
ETo

Crop 
Coefficient

ETc In 
Period ETc Daily ETc* Per Tree

(inches) (Kc) (inches) (inch/day) (gal/tree/day)
Mar 16-31 1.9 0.10 0.2 0.01 4
Apr 5.5 0.61 3.4 0.11 34
May 7.2 0.83 6.0 0.19 58
Jun 8.0 0.97 7.8 0.26 78
Jul 8.4 1.14 9.6 0.31 93
Aug 7.5 1.14 8.6 0.28 83
Sept 5.6 1.03 5.8 0.19 58
Oct 3.9 0.70 2.7 0.09 27
Nov 1-15 0.9 0.28 0.3 0.02 5

Total 44.2

* Assumes 22 x 22 ft tree spacing; 90 trees/acre

Developing a Walnut Irrigation Schedule; PortervilleDeveloping a Walnut Irrigation Schedule; Porterville



Gross Applied Water RequiredGross Applied Water Required

93 gal/tree/day93 gal/tree/day

EvapotranspirationEvapotranspiration
Application EfficiencyApplication Efficiency

0.900.90
= 103 gal/tree/day103 gal/tree/day

Example for peak demandExample for peak demand



Actual ETc
Applied 
Water*

(gal/tree/day) (gal/tree/day)
Mar 16-31 4 4
Apr 34 37
May 58 64
Jun 78 87
Jul 93 103
Aug 83 92
Sept 58 64
Oct 27 29
Nov 1-15 5 6

Total

* Assumes system application efficiency = 90%

Developing a Walnut Irrigation Schedule; PortervilleDeveloping a Walnut Irrigation Schedule; Porterville

* * Assumes application amount = 22 gal/tree/hr



System Operating TimeSystem Operating Time

103 gal/tree/day103 gal/tree/day

Gross Irrigation RequirementGross Irrigation Requirement
Application RateApplication Rate

22 gal/tree/hr22 gal/tree/hr
= 4.7 hr/day4.7 hr/day

Example for peak demandExample for peak demand



Actual ETc
Applied 
Water*

System 
Run 

Time**
(gal/tree/day) (gal/tree/day) (hr/day)

Mar 16-31 4 4 0.2
Apr 34 37 1.7
May 58 64 2.9
Jun 78 87 3.9
Jul 93 103 4.7
Aug 83 92 4.2
Sept 58 64 2.9
Oct 27 29 1.3
Nov 1-15 5 6 0.3

Total 44.2

* Assumes system application efficiency = 90%

Developing a Walnut Irrigation Schedule; PortervilleDeveloping a Walnut Irrigation Schedule; Porterville

* * Assumes application amount = 22 gal/tree/hr



Irrigation FrequencyIrrigation Frequency

4.7 hr/day4.7 hr/day

Required System Operating TimeRequired System Operating Time

24 hr24 hr

Desired System Operating TimeDesired System Operating Time

= 5.1 days5.1 days

Example for peak demandExample for peak demand



Actual ETc
Applied 
Water*

System 
Run 

Time** System Run 
Interval

(gal/tree/day) (gal/tree/day) (hr/day) (days)
Mar 16-31 4 4 0.2 132.9
Apr 34 37 1.7 14.1
May 58 64 2.9 8.2
Jun 78 87 3.9 6.1
Jul 93 103 4.7 5.1
Aug 83 92 4.2 5.7
Sept 58 64 2.9 8.2
Oct 27 29 1.3 17.9
Nov 1-15 5 6 0.3 94.0

Total 44.2

* Assumes system application efficiency = 90%

Developing a Walnut Irrigation Schedule; PortervilleDeveloping a Walnut Irrigation Schedule; Porterville

* * Assumes application amount = 22 gal/tree/hr



Shortcomings of Water BudgetShortcomings of Water Budget

1)1) Accuracy of CIMIS ETo.Accuracy of CIMIS ETo.
2)2) Accuracy of Kc.Accuracy of Kc.
3)3) Applicability of regional data to Applicability of regional data to 

your farm.your farm.
4) Application efficiency estimates.4) Application efficiency estimates.
5) Doesn5) Doesn’’t consider tree spatial variability.t consider tree spatial variability.



Other Scheduling MethodsOther Scheduling Methods

1)1) By handBy hand
2)2) TensiometersTensiometers
3)3) Electrical resistance/capacitanceElectrical resistance/capacitance
4)4) Neutron probeNeutron probe

SoilSoil

PlantPlant 1)1) Pressure chamberPressure chamber

3) Canopy temperature3) Canopy temperature
2) Trunk diameter2) Trunk diameter





1)1) Manually taken; canManually taken; can’’t be automated.t be automated.
2) Requires trips to the field and operator.2) Requires trips to the field and operator.
3) Limited time period to take3) Limited time period to take

measurements; noonmeasurements; noon--2:30 pm.2:30 pm.

Shortcomings of the Pressure ChamberShortcomings of the Pressure Chamber

Thus, canThus, can’’t adequately characterize t adequately characterize 
a field.a field.
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y = -2.30x - 0.168
R2 = 0.741
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1)1) Manually taken; canManually taken; can’’t be automated.t be automated.
2) Requires trips to the field and operator.2) Requires trips to the field and operator.
3) Limited time period to take3) Limited time period to take

measurements; noonmeasurements; noon--2:30 pm.2:30 pm.

Shortcomings of the Pressure ChamberShortcomings of the Pressure Chamber

CanCan’’t adequately characterize t adequately characterize 
a field.a field.





Canopy TemperatureCanopy Temperature

Based on changes due to evaporationBased on changes due to evaporation
at the leaf surface caused by partialat the leaf surface caused by partial
stomatal closure. stomatal closure. 
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Satellites Satellites 

Altitude: 270 miles
Orbit Time: 94 mins
Swath Width: 10 miles
Frequency: 14-16 days

Aster and Quickbird: Aster and Quickbird: 
Commercial operatedCommercial operated
privately.privately.



Aster; Thermal; 90 m pixel

















Thermal Infrared; 1000 ft; 12 inch pixelThermal Infrared; 1000 ft; 12 inch pixel







y = -6.078x + 17.5
R2 = 0.930
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Conclusions

•• Walnut trees have relatively high ETc. Walnut trees have relatively high ETc. 
•• Walnut trees are stress sensitive, especiallyWalnut trees are stress sensitive, especially

vegetative growth and fruiting.vegetative growth and fruiting.
•• There is no good time to stress walnuts.  IfThere is no good time to stress walnuts.  If

it must be done, postharvest likely best.it must be done, postharvest likely best.
•• Many tools for irrigation scheduling.  WeMany tools for irrigation scheduling.  We

suggest starting with Water Budget and suggest starting with Water Budget and 
verifying with soil or plant based methods.verifying with soil or plant based methods.




