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Introduction

The drought is omnipresent in the newspapers, it
is on everyone’s lips: California is stricken with a severe
drought that started 4 years ago. Climatologists talk
about an “historic drought”. The reality is more emotional
on the ground where farmers fight to survive by drilling
more wells. Last summer Governor Jerry Brown signed
into law a new Sustainable Groundwater Management
Act (SGMA). A new set of water restrictions in 2015,
cutting California public water use by 25%, has grown
the divide between urban areas and rural areas. The
measures implemented last spring are criticized with
violence. People feel that the normal citizen is more
affected than the biggest water users in California: the
energy (fracking) and agriculture sectors. In particular,
farmers in Central Valley are pointed for growing
various crops that require a large amount of water such
as almond, rice and alfalfa in a semi-desert
environment. Some outraged citizens highlight the fact
that agriculture represents more than 80% of total
water usage in California for only 2% of its economy.
Dead trees in an abandoned almond
orchard in California (Huffington post)

Political signs along the highways in
California (zengardners.com)

Against this accusation, some elected officials
and farmers presented different figures to educate the
general public (Ross, California Agriculture: It’s worth
the water, LA Times, 2015). California is the major
agricultural producer in the US and its production is
critical for the nation’s food security. It is the world first
producer of almonds which represent a $6 billion
exportation every year. Furthermore, half of the surface
water in California has been allocated to environmental
purposes. Environmental lobbies have fought over the
years in Sacramento to protect wild life and fisheries.
Only 40% of the fresh water reserves would actually be
used for farming.

I attended the first hackathon in April 2015 in Coalinga, where software developers
from the Bay Area met with farmers from the Central Valley.
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The sign on the right was exposed at Harris Ranch in
Coalinga. Harris Ranch is the largest beef producer on the
West Coast and also has a large farming operations including
almonds and pistachios. Harris Ranch’s restaurant is the
main stop between Los Angeles and San Francisco. The sign
aims to raise public awareness on the realities that farmers
face.
Reducing water usage in agriculture remains a
necessity in California to deal with increasing food demand
as the population continues to grow, and to preserve a scarce
resource. Reservoirs are currently at an historical low. Many
experts feel that assigning water quota is not the appropriate
response. Stuart Woolf, the CEO of Woolf Farming
Enterprises located near Harris Ranch called for looking at
the economic impact of each gallon used in California. Wateruse efficiency (WUE) is one of the metric currently studied to
evaluate farm performance in water usage. WUE is a
measure of the marketable crop production per unit of water
used. WUE has already been considered in other countries
where water resources are limited or drought events
frequent. Australia and Spain for example have already lead
very complete studies on the matter. Israel also came with
the “more crop per drop” farm model 50 years ago with the
first drip irrigation system.

Sign exposed at Harris Ranch

PowWow Energy is a start-up created in 2013 with a
first popular product based on the water-energy nexus to
detect pump anomalies or leaks in irrigation systems. Their
A depleted reservoir (inhabitat.com)
activity is now being extended to precision agriculture,
providing irrigation scheduling thanks to a grant from the California Energy Commission.
PowWow is customer satisfaction oriented and tries to reconcile environmental constraints
with the farmers’ best interest. That means maintaining or increasing yield thanks to
irrigation management and field uniformity improvement. The new service is called
Irrigation Advisor. PowWow signed his first almond fields in California a few months before
my internship started. The missions untrusted by PowWow were: to assess if and how the
Irrigation Advisor service was useful to farmers, and to give recommendations on its
improvement through the study of a specific almond field called AKE-D. This study was made
possible by the collaboration of Nichols Farms, a very progressive farm in the Central Valley.
In this report, I will first summarize the state of the art on irrigation efficiency and
yield improvement in almonds. Then I will present PowWow’s diagnosis of AKE-D field and
detail the factors that affect AKE-D field uniformity and health. Finally, I will focus on the
field improvement between 2014 and 2015 that can be attributed to the Irrigation Advisor
service and discuss water-use efficiency improvement.
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I.

Improve almond yield through
irrigation management

How are yield and water connected?
Water is involved in several reactions and biological phenomena allowing plants to
grow: it is involved in cells turgidity and in the formation of organic compounds during
photosynthesis. In fruit trees carbohydrates produced during photosynthesis are translocated
from the leaves (source) and used for fruit production (sink) and in other reactions such as
respiration. Fruit quantity and quality depend on this source-sink relationship. Yield is thus
a function of canopy development.
However plants lose water during the transpiration process allowing photosynthesis.
Loss of water during transpiration is physiologically necessary for plant growth and health.
It is needed for temperature control: the release of water vapor allows a decrease of leaf
temperature which is needed to maintain a good photosynthetic activity. The gas exchange
through stomata leads to a loss of H2O
Atmosphere
but allows the inflow of CO2 required in
photosynthesis reaction. When water
vapor goes to the atmosphere through
transpiration, the water content in
Leaf
leaves decreases and leaves water
potential decreases. This tension will be
“conducted” to the rest of the plant until
Roots
the roots (see picture 1). The negative
water potential gradient causes water to
move from the soil upward to the plant
through xylem. This suction also allow
plants to absorb necessary nutrients
from the soil.

Soil
Picture 1: water movement in the soil-plantatmosphere continuum according to decreasing
water potential. (www.futura-sciences.com)

1. Yield affecting factors in California are often water-related
Tree health and thus growth can be affected by environmental effects. These effects
are called stresses. There are two types of stress: biotic and abiotic.
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-

Abiotic stresses
heat
drought
salinity
nutrient deficiency
flood
strong wind
cold temperatures

-

Biotic stresses
Pests attack
Diseases

In California the most common stresses are water-related.


Drought stress: water absorption by roots is limited because of a lack of water in soil.
Both suction and osmosis mechanisms are restricted.



Heat stress: high water demand from the atmosphere and a high stomatal conductance
lead to a high transpiration rate which is greater than the absorption rate.



Salinity stress: water absorption by roots is limited because of a high ions and solutes
concentration in soil solution that increases the osmotic retention force.

Flood stress is due to a lack of oxygen when water is filling all the pores of the soil and
saturates it. It prevents the roots from doing the respiration. Wind stress is due to the drying
effect of strong wind. Wind effect and pests damages are enhanced by drought stress. And
finally obstacles to water absorption by roots penalize nutrient absorption similarly.

a. Sources of stress
Some stresses can be managed or avoided, depending on the underlying factors.
Weather

Heat, drought, cold temperature, strong wind.
 Cannot be avoided. Some practices can reduce
the damages.

Field physical properties

Soil composition and pH might lead to salinity and nutrient
deficiency. Slope leads to drought or flood.
 Could partially be rectified with agricultural
practices and time.

Management

Poor
distribution
uniformity
(irrigation
system
maintenance and type), inappropriate irrigation and
fertilization schedules might lead to drought, salinity,
nutrient deficiency and flood.
 Can be handled by the farmers.
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b. Low uniformity as a cause of inefficient use of resources
Heat is the same everywhere but soil texture might not be. Wind aside, poor trees’
health uniformity highlights stresses induced by non-homogeneous properties of the field or
bad irrigation system maintenance. Uniformity issues can be addressed at short or long
terms. Texture variability, slope, pH variability and salinity could be balanced by a made to
measure irrigation schedule if the affected area can be delimited. Improving the uniformity
of the field by getting stressed areas closer to healthy areas is a great first step in optimizing
the input/yield ratio.
Furthermore, water management impacts almond harvest management. By adjusting
the level of water stress before harvest, farmers are able to bring harvest date forward. A
vigorous tree will not carry ripe fruits and will be shaken later. Heterogeneous field means
several shakes during harvest. A one-shake harvest is time and resources saving for the
growers. PowWow’s objective for almond fields is to reduce labor and improve the use of water
by helping farmers reach a one-shake harvest.

2. Water management evaluation: Irrigation Efficiency and
Water-Use Efficiency
a. Water applied versus water used by crops at different scales
In literature more than one definition of irrigation efficiency (IE) can be found. At this
time of political concern on water resources, irrigation efficiency is one of the irrigation
performance measure used to evaluate water losses in the agricultural process. Irrigation
efficiency as defined by the American Society of Civil Engineer's On-Farm Irrigation
Committee (Bart et al., 1997) is the ratio of the volume of water beneficially used by plants
by the total volume of water applied.
IE =

water beneficially used by plants
total water applied

What “beneficial water” includes is not a consensus. The rigorous definition includes all the
water required for any agricultural practices that improve plant health. Water beneficially
used by plants covers evapotranspiration (ET), frost protection and even salinity
management. When other practices are negligible, water beneficially used can be simplified
as ET.
The FAO took on a wider definition called scheme irrigation efficiency, incorporating
the efficiency of water transport from the source to the field. Losses occurring during
transport through evaporation from the canal or leaks in pipes are measured by the
conveyance efficiency (ec). Ec depends primarily on canal length and pipes age. Water losses
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between the application in the field and plant absorption are measured by the application
efficiency (ea) which mainly measures water losses through deep percolation or run off. IE is
the product of conveyance and application efficiencies.
ec =

water arriving on the field
total water from the source

; ea =

water in the root zone
water applied on the field

IE = 100 x ec x ea
The first definition of IE is closer to the FAO definition of ea than scheme irrigation efficiency.
Ea is more a measure of which part of the volume applied is actually available for plant and
ASCE definition is more a measure of which part is actually used by plants. Thus ea seems
to be related to soil properties and IE is related to crop physiological needs. These are
different scales to look at when talking about optimizing irrigation efficiency. This is also
discussed in Burt et al ASCE publication.




Application efficiency is what farmers want to optimize at individual irrigations scale.
Irrigation efficiency (ASCE definition) is what farmers want to optimize at an entire
season scale.
Scheme irrigation efficiency is what would need to be optimized from an
environmental perspective.

IMPROVE APPLICATION EFFICIENCY
A good irrigation system such as drip system is helpful to control the amount of water
applied and its uniformity in the field. However one thing I learnt from local agronomists’
expertise is that optimizing water availability for plants (or volume in the root zone)
requires an understanding of soils properties and how to adapt irrigation frequency and
duration accordingly. Depending on the soil texture and structure, water storage and
infiltration properties are different from one soil to another. Basically, sandy soils have a
high infiltration rate and do not store a lot of water. It is favorable to water and nutrients
leaching under the root zone. Frequent and small applications are recommended. On the
other hand heavy clay soils have a low infiltration rate and high storage capacity. It is
favorable to run off. Big amounts applied at a low frequency are recommended. Soil-water
relationship is detailed in-depth in the second part of this report. PowWow is currently
integrating this knowledge in the Irrigation Advisor’s recommendations to farmers.

In practice, irrigation efficiency is rarely computed in farms. It has been done in some
studies for example in Pakistan to assess groundwater irrigation efficiency in cotton
cultivation farms (Watto and Mugera, 2014). Distribution Uniformity (DU) is more often
computed on the field. DU is the measure of how uniformly water is applied to the field. If
DU is low, the farmer has to apply more water to the field if he wants all the areas to get the
required amount of water. A high DU is necessary but not sufficient to a good irrigation
efficiency.
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In California irrigation efficiency is already high. Most of the farms have modern
facilities and drip systems. In average drip systems’ application efficiency is estimated by the
FAO at 90% against 75% for sprinkler systems and 60% for flood and furrow irrigation
systems. Drip systems apply very accurate amount of water and allow very few losses of
water and an optimized irrigation schedule for the plant growth. However, irrigation
efficiency depends on farmers’ management and discipline.

b. Crop response to applied water
Irrigation efficiency evaluates the percentage of water that is used for plant growth
or lost. Water used by plant or ET is actually hard to measure on the field. Another way to
evaluate water management is to look at the crop production from water consumption. The
agricultural and economical perspectives are integrated in the water-use efficiency notion.
Water-use efficiency has several definitions too in the literature (Tallec et al, 2012).
The more common is related to the leaf physiology and describes transpiration efficiency:
WUE =

CO2 assimilated
transpiration

This WUE is related to stomatal opening and conductance, variety and plant metabolism. It
can vary within a day as a reaction to drought stress for example. When roots send drought
signal to the rest of the plant, stomata close. The photosynthetic assimilation of the CO2
already in the leaves keeps going while maintaining the water content. WUE thus increases
temporarily. This parameter is studied to understand drought resistance, transpiration
efficiency and other physiological characteristics of crops and varietals.
At the tree scale this definition is translated by the ratio of biomass over water used.
Depending on how one wants to make figures meaningful, biomass can be either total aerial
biomass or yield. Water used by plants is quantified by evapotranspiration ET and the
definition focus on the physiological ability of plants to produce biomass per unit of water
evapotranspired. The following definition of WUE is an expression of the marketable
production per unit of water used:
WUE =

yield
ET

The weakness of this definition for PowWow activity is the difficulty of measuring ET in a
field without the experimental sensors used in research institutions. Estimations exist but
for well-developed canopies, which is not always the case. The strength of aerial imagery used
by PowWow is to detect areas of trees that are not growing properly compared to other parts
of a field. Furthermore, even if this WUE could be used as an indirect indicator of water
management, it does not allow to detect excess of water in the field or losses. Thus it might
not fulfill its role from a water resources preservation point of view.
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“Water used” can also be considered from the resources perspective instead of the
plant perspective. In this case water used becomes water applied to the field. Irrigation
Water-Use Efficiency is the ratio of yield by water applied to the field.
IWUE =

yield
water applied

=

yield
irrigation+rain

From the previous definitions and simplifications, I think it is relevant to relate WUE and
IE as following:
IWUE =

yield
water applied

=

yield
ET

x

ET
water applied

= WUE x IE

IWUE has the same assets as WUE but also incorporates a water management factor. If ET
is measured or estimated, irrigation efficiency could be estimated as a ratio between 0 and 1.
If IE is superior to 1 it means additional soil moisture was available in the soil and used by
the plants during evapotranspiration. IWUE is a metric that allows to evaluate the
marketable production per unit of water applied. It will obviously depend on precipitation
from one year to another but in drought period rain events might be limited.

Both IE and IWUE as defined above are results known at the end of the season, a
posteriori. They cannot be tracked during the season. It can be compared on a yearly basis.

3. Irrigation management through the season in almond orchards
A lot of studies have been done on irrigation efficiencies optimization, especially to
face drought events (for example, Troy Peters work from WSU). Here we focus on what
farmers can modify within a couple of years with minimal investment. As mentioned before,
irrigation optimization is not about technology anymore but management and regulations.

a. The importance of irrigation schedule
On the day scale, we saw that water management is improved by optimizing
application efficiency. Ea depends on the frequency and duration of water application
determined from crops needs and soil properties. But at the season scale water management
is improved through appropriate schedules.
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In non-limiting soil moisture conditions trees use an amount of water equal to ET. By
gradually applying an amount of water close to the amount lost during evapotranspiration
trees should not suffer from stress. This is in theory an upper limit as soil might contain some
initial moisture without irrigation. If a schedule is based on ET replacement, more water will
be applied during summer when the atmospheric demand is high and the canopy large. This
does not take into account the amount of water in soil profile. Other schedules are not based
on ET replacement but on soil moisture content. The principle of following any schedule is to
apply an appropriate amount of water when it is needed (and insufficient) before the plant
starts to show high stress. Water absorption is then efficient and synchronized with trees
growth and fruits production. More details on schedules can be found on the UC Drought
Management website. Schedules are meant to be adapted to crops physiology and quality
requirements.

Figure 1: Almond tree phenological stages and sensitivity to drought stress
(The seasonal patterns of almond production, the Almond doctor)

In almond orchards, drought stress should be avoided during specific periods when it is very
likely to affect significantly yield. These periods are called sensitive periods. The two most
sensitive periods are nut filling during spring and bud differentiation during fall. However,
drought stress in other periods could also have an impact on tree development (root system)
or fruit quality, which impacts yield. Figure 1 summarizes almond trees’ phenological stages.
Sensitive periods are indicated in red.
When resources are predicted to be insufficient, Regulated Deficit Irrigation (RDI)
and Strategic Deficit Irrigation are accepted among California academic circle (Stewart et al,
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2011). In RDI only a percentage of ET requirement is applied during the less sensitive
periods. RDI minimizes the damage of water deficit on plant health and yield. See appendix
I examples of RDI schedules for almond orchards. RDI is popular in vineyard since a managed
water stress improves fruits quality. It has been shown for almond orchards that SDI, which
consists in a consistent reduction of ET during the season, has smaller impact on canopy
growth and thus on yield (Goldhamer et al, 2005)

b. A long-term management
Orchards yield improvement have to be considered over the years and not just during
one growing season. Severely reduced canopies cannot produce as many fruits as grown trees
after one year of good irrigation. It is almost impossible for orchards to fully recover from
damaged roots or bad root system structure. An inappropriate application frequency or
schedule in young orchards will lead to smaller and less vigorous trees (Fereres et al, 1981).
In almond orchards, it is generally admitted that a one-time severe drought stress affects the
yield for at least one or two following years (Doll, The Almond Doctor, 2014). Trees under
repeated stresses will adapt their physiology by reducing their growth pace.
Following the results of 2014 in the field I am studying in this report, the technology
manager chose the ET replacement schedule (see next chapter). This schedule is supposed to
allow trees to have an optimized evapotranspiration and thus to stay vigorous. I have been
asked to evaluate how they put it into practice and how it improved the field health and yield.
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II. AKE-D: Diagnosis of a nonuniform almond field

Picture 2: location of AKE-D field
in the Central Valley (Google map)

AKE-D is a 205.5 acres (83.1 ha) almond field located in the
South of Central Valley in California (see picture 2). These
almond trees are just mature: they have been planted in
2009. The whole AKE ranch is cultivated by Nichols Farms.
It has been included in the Irrigation Advisor program
aiming to give recommendation based on ET and irrigation
data and from aerial imagery. AKE ranch is constituted of
almonds and pistachios orchards, all of them showing a lot
of intra-variability. The farmer does not consider that these
fields’ productivity is currently optimized.

1. Synopsis of AKE-D issues in 2014: first dialogue between Nichols
Farms and PowWow
Normalized Difference Vegetation Index technology is used in precision agriculture
by an increasing number of companies to provide spatial information about fields.
P RINCIPLE OF NDVI I MAGERY AND ITS RELAT IONSHIP WITH VIGOR
NDVI imagery has been successfully used for various studies on land cover classification,
ecosystem carbon fixation, biomass monitoring and photosynthetic activity (The Lanscape
Toolbox, last updated in 2013). This index is based on live green plants property to absorb
or reflect different wavelengths in the light spectrum. Plants leaves absorb solar radiation
and convert it into energy dedicated to the photosynthesis. Leaves cells strongly absorb
visible light. Because it damages cell structure leaves mesophyll reflect near-infrared
light. Near-infrared and visible reflectance (NIR and VIS) is the ratio of reflected
radiation over incoming radiation. By construction, NDVI value fluctuates between -1 and
1, values under 0 are non-plant. NDVI is defined as:



NDVI =

NIR−VIS
NIR+VIS

NIR is related to the Leaf Area Index which is the one-sided green leaf area per ground
area and to water content in leaves (canopy density and cells turgidity).
VIS decreases with photosynthetic activity and canopy density.

11

For healthy and growing plants NIR is high and VIS is low. NDVI gets close to 1 and is
usually represented by green pixels. For unhealthy vegetation, NIR is lower (low water
content) and VIS is higher (low photosynthetic activity). NDVI gets closer to 0 and is
usually represented by yellow pixels, red color being used for soil and non-plant elements.
Vigor corresponds to the pace of growth and is defined at the tree scale. More precisely, it
is the dynamic ability to grow with the given resources. This notion is well defined by
Jean-Luc Regnard, researcher specialized in Horticulture, Irrigation, Water Management
and Agricultural Plant Science at Montpellier SupAgro. It can be improved by agricultural
practices, unlike vitality which is a genetic property. It is tricky to have a measurable
criterion of vigor. NDVI shows the vegetative growth, not the fructification growth at least
not directly. It is still important to note that fruit trees use a large part of the biomass for
fruits production. NDVI variation is not consistent along the growing season. It depends
on the phenological stages of plants. With one image, NDVI only indicates the current
ability of plants to grow: does it look healthy or not. By looking at the evolution of NDVI
month after month, one can get an idea of the actual vigor of the trees.

a. Irrigation in 2014 based on Stem Water Potential (SWP) measurements
In almond fields it is a usual practice to track the stress status of the trees thanks to
pressure chamber. This tool allows to measure plant water potential, indicating the gap
between the transpiration demand from the atmospheric and the ability of roots to absorb
this water from the soil. The negative tension measured is used as a decision-making tool in
irrigation management. Farmers try to prevent the water potential to decrease below a
certain level that could damage the plant and reduce yield. The desirable level depends on
the stage of development of the tree. It is recognized that SWP is a reliable tool to measure
almond tree water stress (Shackel, 2010).
In 2014, AKE ranch stress level has been monitored with SWP measurements. It was
a very experimental process. In pistachios there is no clear consensus on how SWP measures
plant stress. For almonds guidelines have been established by UC Davis experts. See
appendix II guidelines for almond SWP management. Picture 3 shows AKE ranch with July
2014 NDVI images. AKE-D is the field on the left. In 2014 four sites have been chosen to
monitor stress in AKE-D field. The spots indicates the assumed location of SWP
measurements and their intensity in July: yellow is medium stress and red is high stress
according to UC Davis scale for almonds. However provided data are inconsistent. According
to Nichols Farms Technology Manager at least one of the spots did not remain at the same
location. Staff on the field are not sure they actually applied the same protocol either. Last
year measurements started in late April and the frequency of measurements varied during
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P
A

SWP measurements
shifted to the South
during the season to
better match with
the green area
delimitation

A
P

the season: from a two-week interval to
a one-day interval. These elements
together make the analysis of stress
evolution from SWP dubious. The
process was so experimental they were
not sure about how to irrigate to
maintain a desirable SWP level. All of
these barriers made them slow to catch
on regarding water stress.

The Technology Manager noticed
the current management was leading to
A: almond orchards
unhealthy areas in the ranch. Because of
P: pistachios orchards
the significant size of the fields, aerial
imagery
can help farmers visualize the
Picture 3: Average SWP at each spot on AKE ranch
damages distribution. He thus decided to
displayed on PowWow July NDVI images
use Landsat resources to get his own
NDVI images. From the ranch images he realized the extent of the damages and discussed it
with PowWow within the Irrigation Advisor project.

b. PowWow’s preliminary contribution
PowWow and Nichols Farms were working together on the hydraulic pumps use on
the ranch. Following farmers’ observation in 2014, PowWow provided and examined monthly
aerial pictures during the growing season (April – September) from GeoG2. Images were
calibrated by PowWow to remove the atmospheric disturbances, camera angle effect and
several other factors of variability in the measured reflectance. The resulting images have a
better quality and resolution than the ones obtained by Landsat.

First assessment: Water applied is far from ETc requirement
Crop evapotranspiration (ETc) is a reference increasingly used by farmers in
irrigation management. Each CIMIS (California Irrigation Management Information
System) station has all required meteorological data to compute a local reference evapotranspiration for grass (ET0) from the Penman-Monteith equation. For a given ranch, CIMIS
has a spatial service that provides an estimation of ET0 by interpolation from three stations
around the area of interest. To this ET0 a crop coefficient Kc is applied. This crop coefficient
varies during the season, in relation with canopy development. The Kc for almond has been
defined and updated several times. Currently the most up-to-date almond Kc table has been
determined by Sanden (2007) and Goldhamer (2012). Methodology is explained by Doll in
Irrigation Module of California Almond Sustainability Manual (2010). See appendix III the
Kc table for young and mature trees in Kern County used by PowWow. ETc estimated by
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multiplying ET0 and Kc is an upper limit of real evapotranspiration. Especially under
drought conditions crops are not growing under non-limiting soil moisture and canopy
development might be slower than expected.
By comparing 2014 irrigation schedule provided by Nichols Farms Technology Manager and
the ETc curve it has been concluded that the field has been under-irrigated. Figure 2 shows
a particularly big gap
during spring and early
summer.
Vertical blue bars are the
weekly inches applied.
Grey line shows the ETc
requirements and orange
line is the RDI curve.

Figure 2: Water applied versus ETc schedule in 2014 for AKE-D
(PowWow)

N.B: the field is flooded
during winter in order to
fill the soil profile.

The overall under-irrigation in AKE-D lead to the stressed yellow zones visible on the aerial
images. The drought highlighted field variability by showing different response of trees to
identical weather and irrigation conditions. The Technology Manager agreed on ETc being a
good irrigation guideline and SWP measurement a tool to verify the tree is not stressed.

Second assessment: lack of uniformity

April

May

June

July

August

September

Picture 4: Evolution of AKE-D NDVI images during 2014 growing season (GeoG2 and PowWow)

Picture 4 shows the NDVI images of AKE-D field for 2014. The field uniformity is
obviously getting lower during summer, with contrasted yellow and greener areas. PowWow
computed a uniformity score of the field from the NDVI data. PowWow first defined blocks
that match with the irrigation layout (see appendix IV). The Irrigation Manager can control
the irrigation runtime separately for these blocks. AKE-D has 16 independent irrigation
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blocks. The NDVI matrix is divided according to them (see Figure 3). For each of them, the
average NDVI is computed. The uniformity is calculated using the low ¼ method:
Uniformity =

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑁𝐷𝑉𝐼 𝑖𝑛 𝑡ℎ𝑒 𝑙𝑜𝑤𝑒𝑠𝑡 1/4
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑁𝐷𝑉𝐼 𝑖𝑛 𝑎𝑙𝑙 𝑏𝑙𝑜𝑐𝑘𝑠

Figure 3: AKE-D irrigation layout and cutting of the NDVI matrix (PowWow)

The evolution of AKE-D uniformity in 2014 is summarized in table 1 below:
uniformity

April
87%

May
87%

June
75%

July
77%

August
81%

September
82%

Table 1: 2014 monthly uniformity results for AKE-D field (PowWow)

Based on a reference almond field chosen by the farmer, it has been determined that
uniformity should be approximately at 90% to achieve a one-shake harvest. Very poor
uniformity before harvest last year lead to several shakes and a lot of damaged trees.

N.B: This computation method is working for variability that is not related to leaks or poor
irrigation uniformity. Otherwise the blocks might be symmetric and uniformity
overestimated.
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2. PowWow’s diagnosis of field variability from images and
exchanges with farmers
From June 2014 NDVI image – the more contrasted one –
PowWow was able to identify three stress patterns (see Picture
5). By looking at their shape and discussing it with Nichols
Farms team, a diagnosis has been established on AKE-D
variability.

Picture 5: Stress patterns on
June NDVI image (PowWow)

Pattern 1: Soil type variability
Because of its random shape, the first pattern in North
West part of the field seems to be soil related. According to
the USDA soil map, there are indeed two different soil types
in AKE-D field (see picture 6). The delimitation is not
matching the exact shape of the stressed zone but is located
in the good area.

Picture 6: Two soil types in
AKE-D (USDA soil map)

Pattern 2: irrigation uniformity
Because of the vertical shape of this pattern, PowWow first thought pattern 2 was
irrigation related. It could have been related to a drip lines dysfunction on the West part of
the field. Nichols Farms Technology Manager
came back with another answer (Picture 7).
This variability would actually be related to the
flood events occurring in February and March
before the growing season. The flood is done
from East to West and the infiltration of water
follows the same gradient: less water reaches
Picture 7: Illustration of the water gradient
the West part of the field.
in flood irrigation (Nichols Farms)
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Pattern 3: alkalinity variability
By talking with the farmers, it appeared that this area was already known to be more
alkaline than the rest of the field. Alkalinity has an impact on nutrients availability in the
soil. The imagery helped to locate precisely the area. This zone has been treated for a couple
of years and they expect improvement this year.
In addition to this diagnosis, the Technology Manager explained that the North West
area is particularly damaged because of mites attack. Mites are carried by the wind every
year. The more stressed the tree, the more damaged. The North West showing very small
canopies and bare ground was thus under multiple sources of stress. To help growers get
closer to one-shake harvest, PowWow gave recommendations to improve the field:
compensate for the variability factors and use an irrigation schedule based on ETc.

3. In-depth analysis of field variability
The first part of my internship was to complete the diagnosis of AKE-D variability.
This part aims to examine all the factors involved in the low uniformity of the field. Three of
them are studied here: texture variability, pH variability and wind direction.
We assumed that the stress detected in NDVI images in North West area and South
area is water related. I first tried to understand how water movement and storage are
different for each soil type in AKE-D and how it affects plant growth and nutrients
absorption. To do so I used USDA (US Department of Agriculture) and NRCS (Natural
Resources Conservation Service) soil maps and data. I also used results of a soil test done in
2008 before almond trees were planted. The parameters measured in the soil test can be
separately or together to conclude on texture, structure and fertility. Measurements have
been done at four depths: 0-6in, 6-18in, 18-30in and 30-48in. Root zone for almond trees is
considered to be 3 to 4 feet deep1. The soil analysis is visible in appendix V.

a. Soil texture variability: can it explain the stress in North West area?
Soil maps only identify two soil types as previously shown in picture 1 North West
area called soil A in this study versus the rest of the field called soil B.

1

Conversion: 1 ft = 12 in, 1 in = 2.54 cm
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Figure 4: Soil texture in the 65 inches profile in North
West and the rest of the field (USDA soil map)

Picture 8: Samples location during the
soil test in AKE-D (Nichols Farms)

Figure 4 is a representation I made of soil profile from USDA texture information. It
does not show the difference we were expecting since the Technology Manager confirmed the
soil test revealed soil texture differences. The samples analyzed during the soil test were
located as in Picture 8. In AKE-D North, sample 1 should be representative of soil B and
sample 2 should be representative of soil A.
I used various sources to analyze the texture from the soil test results. Among them,
the work of Peacock and Christensen (UC Davis), Walworth (University of Arizona
Cooperative Extension, 2011), Gavlak et al (Colorado State University, 2005) and Spargo
(University of Massachusetts Amherst, 2013). Table 2 describes the parameters used to
conclude on texture.

Table 2: Texture indicators.
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SOME IMPORTANT CONCEPTS ON THE SOIL-WATER RELATIONSHIP


Saturation, Field capacity FC (the maximum amount of water a soil can hold) and
Permanent Wilting Point PWP (the amount of water under which the plant is not able
to absorb the water) are determined by soil texture and porosity. The percentage of
clay, silt, sand and organic matters define the water holding capacity WHC. The
smaller the particles, the higher WHC.



Soil texture determines the infiltration rate. The sandier the soil, the higher the
infiltration rate. On the contrary, the higher the percentage of clay the lower the
infiltration rate. The percolation rate controls the infiltration rate (see picture 9)

Infiltration
Percolation

Picture 9: Soil infiltration (Western Washington University)

Mitchell work on soil infiltration and a video posted by Soil &a Water lab in 2013 helped
me model water movement in soils.


The primary force that moves water in the soil is capillarity. The water moves
preferentially through small pores. Horizontal and vertical movements have
approximately the same speed. When the soil gets saturated water fills the big pores
but is not held as strongly in them. The gravity is then the main force that moves
water. Water goes downward during the drainage until water content reaches soil FC.



Stored water is not entirely available for plant. The smaller the pores the higher WHC
but the higher the attraction tying water to soil particles. A bigger amount of water is
needed to make it available for plants. This is also valid for nutrients.

A basic knowledge of these properties is necessary to optimize irrigation application
efficiency.
Available water in the first 3 feet for both soils is available in NRCS data. Available
water is computed from WHC and takes into account factors like salinity. Soil A (North West)
available water would be 5.17in in against 6.37in for soil B. The difference, just like USDA
texture information, is not clear enough to explain the stress contrast.
According to soil test results (see figure 5), CEC of both soils until 4 feet deep are
compatible with typical loam CEC. However soil B seems to have a horizon richer in clay
particles on top of a sandier layer. Soil A seems to have a coarser horizons on top of a richer
in clay horizon. NRCS data tend to confirm it.
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CEC Soil A

CEC Soil B

Figure 5: Cation Exchange Capacity (meq/100g) at different depths for each soil type. Dark
green refers to high clay content soil according to table 1

The figure above shows the position of the finest layer in the profiles. Surface layer until 30in
has a high WHC in soil B whereas the layer with the highest WHC is located under 18in in
soil A. Most of trees active roots are located in the top 20in of soil. A difference in water
content at this depth could lead to an important difference for root absorption.
ROOTS ORGANIZATION (Colorado

State University Extension, 2014)

Perennial woody roots grow horizontally, mostly in the top 18-24 inches of soil (Picture 10).
These large roots conduct water and nutrients, store them and have a function of anchorage.
Feeder roots are smaller roots growing upward from the perennial roots, near the surface
where they can absorb water and nutrients. They can die from saturation in deeper layers
where there is no oxygen. They constitute the major portion of the root system’s surface area.
Feeder roots die and are replaced on a regular basis. They are very sensitive to drought and
die or become inactive in case of water deficit (Douglas, 2005)

Water availability is actually the junction
between:



The amount of water physical properties of
the soil allow to provide in each horizon
The ability of roots to absorb this amount of
water in each horizon
Picture 10: Tree’s roots organization in the
soil (University of Minnesota Extension).

A parameter ignored in the previous part is the horizontal movement of water. Schwankl
et al (1999) demonstrated that micro sprinklers, by wetting a larger area than drip, boost
tree growth and yield for a sandy loam soil above a restricting clay layer. Water uptake occurs
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first in the surface horizon close to the tree. As this water gets depleted, the tree uses water
further and deeper.
AKE-D is irrigated by a drip system. But horizontal movement of water could be
affected by soil texture.
Hypothesis: In soil A, the water goes faster in deeper horizon whereas in soil B the water
moves both horizontally and vertically. Feeder roots in soil A are not able to absorb as much
water as in soil B since the surface is drier. Furthermore if a low amount of water is applied,
even the water under 18 inches is held so tight to the soil that it would not be available for
plant.
Both of the soil profiles show layers. Regardless their order within the soil profile
layers tend to limit downward (vertical) movement of water. Wetting patterns in layered soils
have been compared (Jiu-sheng et al, 2007): sandy loam over sandy layers (LS), sandy over
sandy loam layers (SL) sandy soil (S) and sandy loam (L). This study demonstrated that:


For LS soil (comparable to soil B): the saturated entry zone is greater under the drip than
in L soil. The wetting front stops at the interface between the layers. The zone of greater
water content is the top layer L.



For SL soil (comparable to soil A): no change in infiltration rate as the water front crossed
the interface. The saturated entry zone is not different from the S one. The zone of greater
water content is just below the interface.

Horizontal movement of water is more pronounced in LS soils and vertical movement of water
is more pronounced is SL soils. However for 10L applied, the difference in surface radius
(1,97in) is less significant than in depth (6.3in). Figure 6 below is an illustration I made of
the assumed difference in water movement and storage in soil A and B. This is an
exaggerated example which does not model Nichols Farm practices. Irrigation of layered soils
is discussed by Kopec from the University of Arizona (2015).

21

Soil A

Soil B

Figure 6: Water movement and storage in two layered soils

LIMIT OF THE HYPOTHESIS
By looking at the Saturation Percentage (SP) from the soil test results shown in Figure
7, it is questionable to assimilate water movement in Jiu-sheng et al study to water
movement in AKE-D soils. Indeed soil A’s layers are not clearly delimited. Furthermore the
small difference between A’s and B’s top horizon SP does not strengthen the vertical versus
horizontal movement theory.
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Significant?
CEC Soil B

CEC Soil A

Significant?

Figure 7: CEC (meq/100g) and SP (%) in A and B profile
Brown nuances show characteristic SP values for different texture
according to table 2.

Pedotransfer functions allow to estimate physical properties of the soil such as water holding
capacity, field capacity and saturation from the particles composition of the soil. The
percentage of sand, clay and organic matter are provided by NRCS data (see appendix VI the
data for the main type of soil in each area). I used them in the Soil-Plant-Atmosphere-Water
model also called SPAW model, downloaded from the USDA Agricultural Research Service
(last updated in 2007). See appendix VII soil characteristics predicted with the SPAW model
for soil B subsoil parameter. It appears that the soil composition at different depth and in
different soils does not lead to a significant difference in soil properties. The biggest difference
which is between soil A surface and Soil B subsoil only leads to a 0.06 in/ft difference in
available water.

STRENGTHS OF THE HYPOTHESIS

The Technology Manager confirmed the
model matches what he can see on the field: a
horizontal movement in the middle area (soil B)
and a vertical movement in North West area
(soil A).
Other parameters in soil test results can be
analyzed. Figure 8 shows NO3- distribution in
the profiles. Because NO3- is very mobile with
water, it seems that water movement is more
downward oriented in soil A surface layer than
in soil B.

NO3- soil B

NO3- soil A

Figure 8: NO3- concentration (ppm) in A and
B soil profile (Nichols Farms)
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USDA information on horizons also
helped refine the model and provided
an additional explanation. Figure 9
shows the horizons as indicated in the
USDA nomenclature. The meaning of
each letter is detailed on USDA
description of soils. The surface
horizon “Ap” is thicker in soil A than
in soil B. Texture is generally coarser
in surface horizon. The “t” letter on the
contrary indicates the presence of clay
minerals. Water would move vertically
Figure 9: Horizons name in A and B soil profile (USDA)
under 14in deep in soil A. In soil B low
percolation rate under 6in through the clay layer would saturate the surface horizon and
explain the horizontal movement farmers observe from the ground. If “Ap” and “Bt” interface
is a texture transition, water accumulates deeper in soil A than in soil B. It goes back to the
feeder roots position and development.
According to NRCS data, soil B is a “Mollisol” and soil A is an “Inceptisol”. These
orders are defined by the College of Agricultural and Life Science (University of Idaho).
Mollisols are characterized by a fertile surface horizon whereas Inceptisols are generally not
used for agricultural purposes because of the minimal horizon development. The impact of
organic matter on soil properties is not totally understood. Rawls et al (2003) showed that
low organic matter content (which is the case in soil A according to NRCS data) increases
water retention in sandy soils, but decrease water retention in fine texture soils. The
conditions when the soil test occurred are unknown. A high percentage of organic matters
from remaining alfalfa residues might have impacted SP values. In this case, SP is not a
relevant indicator regarding soil-water properties. This also brings the question of fertility.

b. Soil fertility and pH: can it explain the stress in North West area?
The soil test results show nutrients concentration and the relevant threshold for an
agricultural use of lands. Most of the nutrients are deficient in both soils. The primary
nutrients (N, P, K) are deficient, which is predictable in cultivated fields (plants use a large
amount of them for their growth). Among the secondary nutrients, Mg is low and S is
deficient. Finally, most of the micronutrients are low or deficient. The low ions concentration
explains the low Electrical Conductivity of the soil (see table 3 below). Since both areas on
the field show similar deficiencies, I will assume that the fertilization management plan has
been assessed for the whole field and not adjusted per area. If a difference in nutrients
availability occurred between soil A and soil B, it is thus very likely to be related to the
availability of water in the soil.
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I used various sources such as Jensen work on pH and nutrients availability (2010),
Northeast Region Certified Crop Adviser (NRCCA cals) lessons on nutrients management,
Spectrum Analytic Inc. website and almond fertilizations guidelines from the Fertilizer
Research and Education Program (California Department of Agriculture and Food,
Inspection Services Division) to summarize fertility indicators properties in table 3 below.

Table 3: Fertility indicators

In AKE-D pH is alkaline at all depths in 2008. The soil test also indicates a high
amount of free lime in the profile. Free lime or carbonates (for example CaCO3) have a high
buffering capacity. That means they have the ability to neutralize acids added to the
environment. A soil with a high quantity of carbonates is buffered against a change in pH
(Calvet, 2013). Carbonates are not very soluble at high pH so the 2008 amount in the soil
might not have decreased a lot.
Lime soil B

Lime soil A

The amount of free lime in 2008 seems to be
significantly lower in soil B surface than in soil A
(see figure 10).

Hypothesis: The pH got lower faster in soil B either
by agricultural practices or just as time goes. Soil
B surface horizon has a neutral pH. Phosphorus
and nutrients in general are available for the
feeder roots. Whereas in soil A pH is still alkaline
and P tends to react quickly with Ca and Mg before
Figure 10: Free lime presence in A and B
it is absorbed by roots. The first inches of soil are
profile (Nichols Farms)
important regarding P fertilization efficiency since
P is almost immobile in soil. P was deficient in AKE-D so I assume P fertilization had to be
done. In a nutshell, trees in soil A might have suffered from a lack of P during their growth.
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A deficiency in phosphorus leads to impaired vegetative growth, weak root system, poor
quality and thus low yield.
The other nutrients are applied through the drip system: water accumulating deeper
in soil A probably led to nutrients accumulating there too. The lower CEC in soil A surface
horizon indicates that its potential fertility might be a bit lower than soil B’s. Appropriate
fertilization in soil B leads to nutrients leaching in soil A. That would be particularly true for
potassium and nitrates which move with water.

SOIL STRUCTURE DOES NOT EXPLAIN THE STRESS IN SOIL A
High concentration of Na in the soil solution causes soil dispersion. By fixing clay particles
they disrupt the forces binding them together. Soil dispersion plugs the pores and reduces
permeability, leading to infiltration issue. The soil test shows a quite high concentration
in sodium cation and a fairly low EC.
Exchangeable Sodium Percentage (ESP) and Sodium Absorption Ratio (SAR) are
indicators of sodicity. ESP is provided in the soil test and I computed SAR.
ESP = [Na]/CEC
SAR = [Na]/√([Ca] + [Mg])/2
EC < 4 dS/m + SAR < 5 + ESP < 5  flocculated structure

c. Wind orientation: can it explain the vertical pattern?
Since the stress zone follows the west edge of the field, it could be wind related. Dry
air stresses the first part of the field it hits. Because the Vapor Pressure Deficit decreases
the rest of the field do not suffer as much.
The USDA wind roses (see appendices VIII
and IX) available for Fresno and
Bakersfield Counties (respectively 75km
north and 100km south of the field location)
show that the wind comes mostly from
North West from spring to fall. Picture 11
shows Fresno and Bakersfield wind rose for
June 2003 (most recent data).
Picture 11: Wind roses for Fresno (left) and
Bakersfield (right) in June 2003 (USDA-NRCS)

This hypothesis should not be
eliminated.
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III. Improvement of AKE-D between
2014 and 2015
Have PowWow recommendations been followed and did it improve the
field?

After 2014 results in AKE-D, irrigation management was supposed to change.
PowWow recommendations also meant to improve the field uniformity since poor uniformity
last year led to a difficult harvest. The goal of this analysis is to assess how the change in
irrigation management – if real – improved the status of the field.
To compare the data from one year to another I used a paired Student test (T test).
When the distribution of the differences between the two variables compared does not follow
approximately a normal distribution I used a Wilcoxon signed-rank test to double check the
significance of the results. The hypotheses tested on R at a 0.01 significance level are:
Ho: there is not significant difference between the averages
H1: there is a significant difference between the averages (< or > 0 depending on the
situation)

1. Data acquisition and processing
a. Imagery data
Currently NDVI values are computed for 1/256 of the field
area and not at the tree scale. For a field like AKE-D which is
actually split into AKE-D North and South (see Picture 12), each
NDVI images can be broken down into 512 values. One NDVI value
covers approximately 57 trees in AKE-D North and 29 trees in
AKE-D South.

AKE-D
North

AKE-D
South

Picture 12: AKE-D
shape (USDA map)
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To measure the vigor improvement on the field, I created a database from the 16x16
matrices from April to August 2014 and 2015. During this analysis I had to look at both the
whole field and different
areas in order to conclude on
the impact of the spatial
change in irrigation schedule.
I analyzed in a second step
the evolution of NDVI for
each stress pattern identified
in part II. I identified 7 areas
meant to match what has
already been diagnosed. I
separated them in the
matrices and created 7
databases of different sizes
for each zone with each
month in the two years.
Picture 13 shows the NDVI
values in July 2015 with the
zones delimitation (see colors
legend).
Picture 13: Delimitation of the different zones on the NDVI matrices
Zone 1
Zone 2
Zone 3
Zone 4
Zone 5
Zone 6
Zone 7

vigorous area
pattern 3 (alkaline soil in AKE-D South)
pattern 2 (flood)
vigorous part in North-West zone
pattern 1 (soil A in part II)
part attacked by mites and included in zone 3
intersection between zone 5 and 3 and mites attacks

The limit of these data has already been discussed in part II. Each value includes
several trees and sometimes bare ground. The dark red color of soil lowers the NDVI value.
In stressed zones small canopy’s growth leads to pixels going from dark red to green: the
NDVI variation between the two years is accentuated. Whereas in green area canopy growth
leads to pixels going from green to a darker green. The NDVI difference will not be equal
even if canopy growth was actually the same. This is complicated to measure.

b. Weather data
Weather data used for this study come from two sources, both using CIMIS database.
PowWow’s platform already computes weekly ETc from CIMIS ET0 prediction and an almond
Kc. Local ET0 is obtained through Spatial CIMIS (see part II). More detailed data including
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precipitation, solar radiation, humidity and temperatures are available for past years on UC
Davis’ Integrated Pest Management website. For this study I downloaded the records from
the CIMIS station 169 which is geographically the closest to AKE Ranch.
These data are reliable but not geographically very accurate. ETc computation is an
estimation for healthy trees’ canopy development, which does not apply in some part of the
field. It cannot replace the real ET evapotranspired by the trees.

c. Field data: yield and irrigation
Because of high incomes related to almonds production, information about yield and
agricultural practices are very confidential and sensitive. At Nichols Farms, internal tensions
also exist. The Technology Manager cannot fully control the Irrigation Manager’s actions on
the field. The will of keeping fertilization information out of the project have also been
expressed. For 2015 irrigation management, the daily schedule could not be provided. 2014
and 2015 irrigation schedules have thus been compared at the weekly level. The amount of
water provided by flood have not been measured or taken into account in the following
statistical analysis since no figures exist.
Schedules are provided with inches applied in the whole field per week. This is a real
limit to data accuracy and use. The fact that I have no accurate information about runtime
adaptation in different areas prevent me from demonstrating properly that the change in
vigor is related to irrigation management. Some qualitative information from the Technology
Manager helped confirm the conclusions. Details are still missing for the analysis: no start
date of the change, no information on the blocks concerned by the change, no quantification
of the reduction or increase of water applied.

2. Weather and irrigation: has the schedule changed?

Growers are not basing their decision on the ET schedule only. The decision to irrigate
or not also depends on meteorological conditions. Weather conditions have been compared
between 2014 and 2015 in order to determine if the weather was equally favorable to almond
orchards both years. Being aware of weather difference, NDVI differences have been
quantified and irrigation schedules have been compared for the two years.
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a. Weather conditions could be an explanatory variable in field’s
improvement
INITIAL SOIL MOISTURE
When comparing winter precipitation before the irrigation season starts in early
spring, we can observe that the amount of precipitation as well as the frequency of rain events
are higher in 2015 than in 2014. Maximum temperature and solar radiation in January 2014
are a lot higher too. Last year’s precipitation would not allow to compensate for the ETc
during this period. Table 4 and figure 11 illustrate this difference.

Precipitation

Nov/Dec 2014

Jan 2014

Nov/Dec 2015

Jan 2015

Inches
Rain events

0.66
5

0.24
2

2.4
13

0.15
6

Table 4: Precipitation and rain events in winter 2014 and 2015 (CIMIS)

inches of water

Winter Precipitation VS
Potential ETc
3,0
2,0
1,0
0,0
2014

winter precipitation (in)

2015

winter ET (in)

Figure 11: Precipitation versus estimated ETc during
winter 2014 and 2015 (source: CIMIS and PowWow)

Drought does not really affect the tree
during dormancy. However this shows
that the initial soil profile was dry in
2014. The field is flooded before the
growing season, generally in February. It
allows to create a crust on the soil that
facilitates some agricultural practices.
Soil profile is also partially filled during
flood events. But if soil moisture was
higher before flood in 2015 than in 2014,
more water might have been stored this
year and more homogeneously.

EVAPOTRANSPIRATION DURING THE YEAR
In order to incorporate all the weather parameters affecting plant health and growth,
the comparison is done on ETc. ETc is computed for non-limiting water resource.
T tests on 2014 and 2015 weekly ETc did not lead to significant results. Even when
considering only the period between April and October, no difference could be shown. I
assumed the weekly scale was not accurate enough to show weather differences. A T test has
been done on daily ET0 between 2014 and 2015. The result was significant. In average, daily
ET0 in 2014 is higher than daily ET0 in 2015 by 0.0037in. I kept the daily scale and looked at
monthly differences to understand when weather might have impacted almond trees vigor.
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NB: I first used daily ET0 comparison since I do not have daily Kc values. To double check if
the relative high Kc in summer would change the results, I computed the same database for
ETc using the weekly Kc and assuming the daily Kc for a given week is equal to the weekly
Kc. The results were not affected by this transition. Because of random distribution of the
difference, Wilcoxon signed-rank tests were used to validate the results found with T tests.
Table 5 below shows the summary of significant differences between 2014 and 2015.
Negative differences mean that ET0 in 2015 is higher than ET0 in 2014 and positive ones
mean the opposite. September to December period refers to the previous year: I compared
2013 fall to 2014 fall in order to see the impact on post-harvest conditions on the next growing
season.
Results:

Significant
Mean of ET0
difference
Significant
Mean of ET
difference

September

October

November

December

January

May

-0.0087

-0.015

0.009

0.0084

0.027

0.022

-0.0086

-0.0126

0.00654

0.0033

0.0108

0.021

Table 5: ET0 and ETc mean differences for significant months

NB: P-values for May are actually respectively 0.01315 and 0.01137, which is slightly above
the 0.01 significance line I chose but under the 0.05 line usually used.
Except for May, there is no significant difference in ET0 or ETc during the growing season.
The main variations in weather conditions seem to occur during fall and winter.

Interpretation:






Fall: post-harvest water stress can have consequences on next season’s yield. Bud
differentiation occurs during this period and a drought may reduce fruiting spurs
numbers. However we do not have any information about irrigation during 2013 fall so it
is hard to take it into account when comparing 2014 and 2015 yields.
Winter: winter is significantly hotter and dryer in 2014 as we could see by looking at the
meteorological data, especially in January. A hot and dry winter leads to an early bloom.
This has consequences on yield, and shift to an earlier period water needs to support
growth. An early bloom did happen in 2014. We could hypothesize that early bloom and
lower soil moisture at the beginning of the season had an impact on schedule and growth.
May: if not compensated by irrigation, it could impact vegetative growth and nut filling.

If weather conditions had an impact on almond orchards health, it seems to be mostly related
to a difference in soil moisture at the beginning of the season, which might have been
increased at the end of spring with a higher ET demand.
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b. Global improvement of the field’s vigor: better management of heat
T tests showed significant differences between 2014 and 2015 for April, May, June
and July with a P-value largely under 0.01.
Results:
Table 6 summarizes the significant average differences in NDVI. Negative differences
mean NDVI values are higher in 2015 and positive ones mean the opposite.

Mean of the differences
Mean of the difference in
NDVI range

April

May

June

July

11.146
0.04

-3.42
0.01

-24.43
0.095

-33.09
0.13

Table 6: NDVI mean differences between 2014 and 2015 for significant months

Figure 12: Histograms of the NDVI average difference in April, May, June and July

August result was not significant. Figure 12 shows efficiently the evolution of NDVI
difference between 2014 and 2015 during the growing season.

Interpretation:
Vigor improvement of the field really starts in June and is more obvious in July. In
April NDVI values are lower than last year. Growth is likely to be slowed following severe
drought in 2014 and defoliation in some areas of the field. It has also been shown that a tree
under a repeated stress adapts to its environment by having a reduced pace of growth. A
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lower growth in April 2015 could also be due to water stress during spring. Irrigation
schedule will be analyzed later.
Weather conditions being approximately the same during summer, the obvious improvement
of the field vigor in June and July is very likely to be related to a better irrigation
management during heat period. A better water storage at the beginning of the season and
a more appropriate irrigation schedule must be explanatory variables of this improvement.

c. A schedule closer to ET c
A first observation is that 2014 irrigation schedule started the 18th of March whereas
2015 schedule only started on 7th of April. This could be interpreted as an actual consideration
of the early bloom in 2014 and an adapted early schedule. Or it could show that because of a
good soil moisture in winter 2015 there was no need to irrigate as early as last year. It might
also be explained by flood duration but I don’t have enough information to confirm that.
For both years the weekly ETc have been computed to match with the weeks in the irrigation
schedules, and the percentage of ET replacement has been calculated. T tests have been run
from this database.
Results:
No significant difference was found in irrigation amount or ET replacement
percentage at first. However when the same test is run removing the three first weeks in
2014 to make starting date match, differences were significant. Table 7 summarizes the
result. Furthermore one value in the 2015 schedule was incomplete. I predicted the missing
value thanks to a quick linear regression.

Mean of the difference

Weekly inches applied
0.42

Percentage of ET replacement
25%

Table 7: Mean of the difference in water applied weekly and percentage of ET replaced by irrigation

In average, 0.42 additional inches of water have been applied each week in 2015 than in 2014
and the ET replacement percentage is higher by 25% in average (41% in 2014 and 66% in
2015). The graphs below (figure 13) show the water applied versus the estimated ETc in 2014
and 2015. August is still under-irrigated because of harvest. But the change of schedule is
obvious on 2015 graph.
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Figure 13: Weekly inches of water applied and ETc curve for AKE-D in 2014
and 2015 (Nichols Farms and PowWow)

The correlation between irrigation and ETc has also been studied through the linear
regression model. The linear regression showed a significant relationship between irrigation
and ET for both years. The correlation coefficient is 0.57 for 2015 (with a positive but not
significant intercept) and 0.67 for 2014 (with a negative but not significant intercept). Both
have a low coefficient of determination, 0.29 and 0.22 respectively. The correlation

Figure 14: Residuals vs fitted plot after ANOVA of linear regression model to estimate irrigation
from ETc

coefficients could indicate that irrigation schedule is less correlated to ET this year than last
year. However by looking at the parabola pattern in 2014 residuals vs fitted graph (Figure
14), I conclude that the linear model is not appropriate to estimate irrigation from ET.

I obtained a statistically more accurate model with a higher determination coefficient for
2014 by estimating irrigation from ETc and the squared value of ETc. However in terms of
irrigation management this is not meaningful: the manager did not use the squared ETc.
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Interpretation:
Irrigation management is not determined by ETc variations only. It is the result of a
compromise between several other agricultural practices. It is thus not surprising to have a
low coefficient of determination for the linear regression. 2015 schedule is linearly correlated
to ETc but is also closer to ETc because the global amount of water applied during irrigation
events is significantly higher than the one applied last year. From the beginning of the season
until mid-September, the total amount applied is 1.5 times higher this year than in 2014
(without flood). Following an ET schedule here was more about having the same order or
magnitude in inches applied and inches transpired than about following ETc variations. 2014
schedule is correlated to ETc because they increased the amount of water applied during
summer when ET was very high but the low quantity of water in average did not fit properly
almond trees growth.
The grower did change its irrigation practices and management. Regardless the impact of
winter weather and the change in start date, irrigation schedules analysis indicates very
clearly the change from a Pressure chamber based schedule to an ET based schedule.

3. Has the uniformity improved and how?
We saw before that the overall vigor of the field had improvement between 2014 and
2015. The uniformity score has slightly improved during summer (see Table 8).
uniformity

April

May

June

July

August

September

2014
2015

87%
83%

87%
84%

75%
77%

77%
84%

81%
83%

82%
87%

Table 8: AKE-D uniformity score in 2014 and 2015 (PowWow)

To evaluate how the variability of AKE-D has been compensated, T tests have been
done for each different areas identified earlier.

Results:
T tests showed very significant differences (P values largely under 0.01) for each zone
at almost each month. Negative differences mean that values for 2015 are higher than 2014
and positive ones mean the opposite. The results of the tests are summarized in Table 9:
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Mean of the
difference

Zone 1

Zone 5

Zone 7

Zone 2

Zone 3

April
May
June
July
August

8.98
-2.18
-22.4
-25.57
4.31

18.02
9.67
-16.1
-29.03
Not
significant

8.43
-9.67
-31.06
-50.98
-10.7

13.97
-8.9
-35.11
-49.98
-7.44

8.77
-20.08
-36.48
-52.44
-11.9

Table 9: Means of the monthly NDVI difference for each zone

NB: Zone 6 have been ignored because of the insufficient number of values and zone 4 has
been ignored for now because it is not a stressed zone like the other ones.
For all zones except for zone 5 (different texture), we find the same result as before:
values are lower in April 2015 but the difference gets higher during the growing season until
July, indicating the improvement of the field. The fact that the variation between the two
years is bigger in stressed zones than in the green area does not prove that the management
really took into account the variability (see limits of NDVI images above). Without a tree
scale measure of growth, I cannot conclude for sure that growth was bigger in zone 7 than in
zone 1 for example. The only thing I can conclude is that growth in zone 7 in 2015 was bigger
than in 2014.
We can also notice that all stressed areas have a great increase of NDVI compared to
2014, from May to July except for zone 5. April difference for zone 5 is bigger than in every
other zone. And the recovery during the season is slower than in other stressed areas. From
the images and the average values of NDVI, we know that zone 5 was not even the less
vigorous one, zone 7 was (combo of different texture, flood issue and mites attack). Since zone
4 has been isolated from zone 5, there is no reason why the NDVI difference would artificially
be reduced by canopy coverage as in zone1.
August results are interesting: vigor is lower in green area, unchanged in North West
and improved in other stressed areas.

Interpretation:
We saw that the irrigation schedule is better matching ET requirements. We also
know weather conditions might have provided a higher soil moisture content. From what we
have been told by the farmer, left part of the field received an additional amount of water to
compensate for flood non-uniformity. With more water, the field shows better vigor but zone
5 is improving slower than the rest of the field. This could show a weaker development for
years. Because of layers structure or nutrients availability, root system might not be as
developed as in the rest of the field. Tree health response to a change of irrigation practices
depends on past years damages.
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Zone 2 was not suffering from flood non-uniformity but from an alkalinity problem.
The Technology Manager was hopping to see improvement this year. It seems true until now.
Finally August results are matching the changes in irrigation schedules the
Technology Manager orally told us. He explained the middle area’s (the green area, zone 1)
irrigation runtime had been divided by two during summer in order to reduce vigor and
improve uniformity.
Uniformity has slightly improved thanks to:



A vigor improvement in low moisture zones after flood and alkaline zone
A decrease of vigor in the green area

Uniformity can still be improved:



Soil variability in North West area has not been compensated or it takes more time
During the biggest part of summer, the vigor increased everywhere, green area included

4. A tree-scale tool for an improved diagnosis
When looking at the images recently obtained of the past five years in AKE-D, one
can see that the growth of the trees is not homogeneous on the field since the planting date.
A tree-scale tool could measure the actual growth and vigor of each tree and correlate it to
the different area. It might also allow to better understand the variability of the field and to
track the stress during the season. It is almost impossible to interpret these images without
removing the soil. The color of the soil is not homogeneous either, and it introduces a bias in
the tree growth observation: for example a light soil leads to the illusion that the trees are
smaller and far from each other. The color of the soil is an interesting information since it is
related to the organic matter, the wetness, calcite and iron oxides content etc. However it
does not show other parameters such as pH or salinity.
I did the following short study manually. It led to pertinent information for the
growers. A tree-scale tool would allow these kind of study to be done more efficiently.

A CONSEQUENCE OF LACK OF UNIFORMITY IN ALMOND FIELDS: CERATOCYSTIS CANKER INFECTION AFTER HARVEST
Thanks to images high resolution, dark red spots are visible among other trees in the
orchard. A red color indicates an absence of living plant. This is actually a direct observation
of the ground. Small yellow points inside red areas are young replants (see Picture 14).
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Dead tree
Replants

Picture 14: Zoom on AKE-D North NDVI image in April 2015

AKE-D field has an unusual concentration of dead trees. We have been explained that a
bacteria called canker infects the trees that have been mechanically damaged during harvest.
The shaking causes cracks that are entry points for the bacteria. With poor uniformity,
vigorous trees have to be shaken several times or longer. In theory the probability to damage
them during harvest is higher than other trees in the field.
By comparing the number of dead trees in April 2014 and April 2015 I counted the number
of trees that died after harvest in 2014. In total 302 trees were missing in 2014. 506 trees
were missing at the beginning of the season in 2015. 14 trees have been replanted between
2014 and 2015.
 218 trees died after harvest in 2014.
Knowing the row spacing, the tree spacing and the surface area of the field, I estimated the
total number of trees in the field at 21866. The loss of 1% of the tress might lead to a $10,000
economic loss in 2015.

WHICH AREA IS MORE SENSITIVE TO CANKER INFECTION?
Picture 15 shows the dead trees located manually
on April pictures for both years. I cut the field in
three zones of different vigor.
-

59% of the trees that died after 2014
harvest are located in the green (3) area
against 25% in the yellow (1) area and
16% in North area (2). These numbers are
proportional with the surface of each area
in the field. However, yellow area
percentage is lower than the percentage
of the whole surface area of the field.

Picture 15: AKE-D April NDVI images in 2014
and 2015 with circled dead trees

38

Among the trees dead after 2014 harvest in each area, I counted the ones that were already
yellow in 2014 and the ones that were green and healthy.
-

73% of the trees that died were already yellow in zones 1 (68% in zone 2). Whereas in
the green area only 48% of them were yellow, the 52% remaining being green and
healthy in 2014.

Infection by ceratocystis canker can kill a tree in a couple of years. Assuming that no trees
died from stress (confirmed by the Technology Manager), we could conclude that not only
more trees are infected in green areas but also that these infected trees die faster (in less
than a year). Canker bacteria infects the tree through new xylem. New xylem is only
produced in trees that are currently growing or grew recently: the vigorous ones.
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IV. Results and discussion
1. Assessment on Irrigation Advisor for AKE-D
a. A partial success for AKE-D
The first recommendation from PowWow to Nichols Farms was to adopt an irrigation schedule
based on ETc in 2015. SWP measurements were supposed to be used to monitor the stress but not to make
irrigation decision. This might have been a challenge for the Technology Manager who has to face internal
perplexity or disagreements. The graph showing the water applied and the ETc curve (Figure 13) and the
statistical results show very clearly the transition to an ET schedule. The repercussion on yield is still
unknown. The impact on vigor however has been studied previously and the health of the trees has improved
significantly on AKE-D. Figure 16 below shows a clear improvement on the West half of the field especially
in summer.

Figure 16: Representation of AKE-D monthly vigor (NDVI index) per irrigation block in 2014 and 2015

The second objective this year was to improve the uniformity of the field. We can conclude to a
partial success. Indeed the parts that were well understood, the flood impact and the alkalinity, have been
taken care of with an adapted irrigation management from Nichols Farms team. However the uniformity is
still too low to hope for a one-shake harvest. The soil variability is not fully understood. Trees might need
more than a year to catch up with the most vigorous parts of the field. Especially since the growth has been
affected in the first years after the planting. PowWow did a good job in identifying different soils areas but
there is a lack of methodology regarding the recommendation within Irrigation Advisor. Even if the farmers
are aware of this variability it does not mean that they know how to compensate for it. At Nichols Farms,
they chose to stress the vigorous area at the end of summer to get closer to the one-shake harvest rather than
improve the stressed area. This is why a better understanding of the water movement in soils is necessary.
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b. Recommendation on methodology
Regarding PowWow methodology for Irrigation Advisor, I would give the following
recommendations:






Diagnosis: The soil model, which is a part of the Grant project, should be used to explain water
movement in soil. This determines the availability of water applied to the field and the ability of
the roots to absorb it. From the NRCS textural data and the SPAW model, a model for water
movement in soil could be created. For next year, PowWow could use soil probes to test the
accuracy of the soil model created. In AKE-D case I would also recommend a pH test in the North
part of the field. Given the clear color of the soil (indicator of high calcite content) and the soil test
results (high free lime presence) I think it would be wise to verify the impact of pH and not only
texture on trees growth.
Recommendations to farmers: From the diagnosis, PowWow could give the farmers
recommendations on irrigation frequency and duration to improve application efficiency,
especially if there is a problem of soil texture. To do so, PowWow could establish guidelines with
the help of a senior (and local) agronomist. In the case of AKE-D, we could recommend dealing
with soil variability thanks a “medium frequency and medium duration” irrigation management.
Local specialists use Variable Rate Irrigation to handle texture difference in fields (Bassett,
Precision agriculture: Irrigation systems that actually yield benefits, BlueTech Valley, 2015).
Schedule: With this study I have seen that the irrigation schedule depends on the weather and not
only the crop needs estimation. Which might sound obvious but is a difficulty for the Irrigation
Advisor service. PowWow is actually wondering how to incorporate this dimension in the model.
Nichols Farms staff mentioned it would make sense for them to have an estimation of plants’
growth and water needs from growing degree days. However an irrigation schedule is only relevant
if it takes into account the initial soil moisture. This soil moisture at the beginning of the season
will impact the starting date of the schedule or the amount applied the first weeks or months. When
the soil model will be established, I thus recommend PowWow to compute or estimate the amount
of precipitation stored in the soil to determine when to start the irrigation schedule and how. Or
PowWow could let the farmers decide that from what they see on the field and start the schedule
then.

c. Hindrance to the study and suggestions
Some limits are reducing the efficiency of the recommendations PowWow is able to provide to the
customers (and the study I was able to make). On PowWow’s side, we have talked about the NDVI scale.
The tree-scale tool is in progress. I would also mention the fact that the data exchange is not smooth enough
between the customer and PowWow. PowWow should have access to the detailed irrigation schedule every
week to follow farmers’ practices. The pump and energy records might give an indication of the water used
and applied. But information from the farmers are still needed especially if the water is not applied
homogeneously on the field (like in AKE-D this year). When sending the images and a report every month
to the customer, we had no way to see if the growers have been following the ET schedule or if they did
something for other agricultural operations. We had to base or feedback on the images only. It put PowWow
team in a tricky situation when they are likely to say something wrong or incomplete because they do not
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have all the information. PowWow can dangerously and unnecessarily lose credibility. I understand
Irrigation Advisor depends on the dialogue with farmers. However with a growing number of customers,
the communication and data transfer have to be more efficient.
On Nichols Farms side, the data exchange between the different staff members was not easy either.
Using technology and data-based decisions is a transition which takes time. The whole organization and
records had be thought differently and the Technology Manager has already done a big work on that.
Nichols Farms is one of the most progressive farm in the Central Valley. It means that with new customers
perhaps less progressive, the exchange of usable data might take time to institute.
Nichols Farms have their own technical and financial limits too. The Technology Manager
explained us the irrigation system is automatic in AKE-D. It means that if they wanted to adjust the time
for each block according to the soil texture, staff would have to go on the field and manually turn on and
off the valves. Any soil treatment such as compost, sulfur or gypsum are very expensive and labor intensive.
When asked about his plan to deal with soil variability in AKE-D, the Technology Manager answered that
it is still to be discussed but the costs are likely to be higher than the additional income resulting from a
better yield in this area. I brought up the idea of adapting the emitters’ rate in different areas to adjust the
amount of water applied without having staff on the field. I have been explained that it is a really expensive
solution and even adding emitters on the line would not solve the issue since the pump would not deliver
enough water pressure anyway. In a nutshell, the irrigation system has already been thought in an optimized
way and is fixed. The Variable Rate Irrigation is not an option for them.

2. Irrigation Efficiency and Irrigation Water-Use Efficiency in AKE-D
a. A surprisingly high yield in 2014 given the conditions
Unfortunately, the extended harvest do not allow to compare yield in 2014 and 2015 for now. IWUE
can be computed for 2014, using the total of water applied to the field in a year. It would make sense to
sum the water applied from bud differentiation to harvest to match with the plants season. The irrigation
record for 2013 being unavailable, the water applied is computed from bloom to post-harvest in 2014. I will
include precipitation from bud differentiation (2013) to harvest (2014), as it is very likely to have an impact
on 2015 results. Flood events are considered in the calculation. The field was flooded twice in 2014, each
event providing approximately 3 inches of water according the Technology Manager. The result obtained
is:
IWUE = 66.5 lbs/acres per inch applied
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There is no average value to compare this value to in the literature. However we can confirm this value is
quite high on average (and on average of the different varieties). Despite a low water volume applied to the
field, 2014 yield was not bad. I have two explanations for that.
First it has been demonstrated by Shackel et al
(2011) that the yield for the current year is more
correlated to the past season drought stress than the
current season one. In other words the under-irrigation
in 2014 might have more consequences on 2015 yield
than on 2014 one. Picture 15 is taken from Shackel et al
publication on fertigation. It shows that there is a
significant correlation between the previous year SWP
measurement and the current yield that could not be
verified with the current yield SWP.
Second, the warm and sunny winter in 2014
lead to an early bloom and thus water stress but these
conditions are also optimal for the pollination. A sunny
winter leads to a strung-out bloom, instead of a flash
bloom with a cold and foggy winter. Developing
almond nuts after bloom uses a huge part of tree’s
carbohydrate and nutrient reserves. If the nuts are all
growing
at the same time, the tree might compensate by
Picture 15: Correlation between current yield and
shedding some of them. But with a strung-out bloom,
previous year drought stress (Shackel et al, 2011)
flowers come out progressively and bees do not pollinate
them at the same time. The use of reserves will be
phased. More fruits can be brought to maturity (Traynor, 2012). The meteorological data show a significant
difference in solar radiation and temperature between winter 2014 and 2015.
The farmers also adapt to the variability by doing several harvests.
These elements make me doubt about a real improvement of the yield in 2015. Health of the trees
has getting better but under-irrigation has an impact on more than one year. The Technology Manager
qualified himself AKE-D as an “odd field” with an unpredictable yield for 2015. Even if the yield is higher,
we saw that a lot more water has been applied too. The resulting IWUE is likely to decrease instead of
increase as expected.

b. Irrigation Efficiency from Irrigation Water -Use Efficiency
In part I of this report I determined that an estimation of Irrigation Efficiency could be calculated
if ET is known. For AKE-D the estimated ETc would overestimate the real evapotranspiration since a lot
of trees are not growing properly and have smaller canopies. According to Bruce Lampinen from UC Davis,
it is possible to estimate the percentage of Photosynthetically Active Radiation (PAR) absorbed by canopies
in an almond orchard from the yield. David Doll explains how to go from yield to PAR and to PAR from
the percentage of ETc needed for these canopies. Following his method, I found a real ET estimation for
2014:
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ET = 0.64 x ETc = 36.14 inches
This is higher than the total of water applied to the field in 2014. As a consequence IE is superior to 1.
IE = 1.2 = 120%.
This could show that the soil moisture has been underestimated. The trees then would have more water
available than what has been applied. The percentage of PAR absorbed by canopies might also
overestimated because of the surprisingly high yield. This method should not be used to estimate real ET.
This study does not allow to conclude clearly on Irrigation Efficiency.

As part of the Grant project, PowWow aims to improve IWUE by 20% in farms. For almond
orchards and trees in general, WUE has to be considered over the years. An experiment longer than one
year is needed to understand how WUE can increase with irrigation management. In the short-terms, by
switching to an ET based irrigation schedule, Nichols Farms has increased its water consumption. And the
yield will probably not increase as much this year. From a regulation point of view, a decreasing WUE due
to an increase of water application is the opposite of what is asked. PowWow will have 1600 acres available
for a three-year study on WUE. It might help determine if WUE is a good metric regarding the farmers
interest and from a regulation point of view.
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Conclusion

The first part of my work was to go deeper in the diagnosis of AKE-D variability in order to
understand how it can be compensated through irrigation management and to what extent. Using the soil
test results and public data, I was able to find an explanation about the stress observed in the North West
part of the field. Part of it at least seemed to be related to different textures leading to a different water
movement in the soil. From the farmers’ feedback the water movement is indeed vertical in the North West
part and horizontal in the vigorous part. However, I am not able to prove there is a significant texture
difference from the data only. The public data and the soil test show these soils are not the same. But when
I used the textural parameters I had in a soil model provided by USDA-NRCS, they did not result in different
soil characteristics. I found indications to support the hypothesis because I started from the answer validated
by farmers. It was not the other way around. For PowWow it means that making actual recommendations
to farmers from a soil model to deal with soil variability will not be easy.
The second part of my work was to assess whether or not a change in schedule was beneficial for
the field. I could show by comparing the irrigation schedules that the ET schedule has successfully been
implemented by Nichols Farms staff. The overall vigor of the trees also got better this year but I could not
quantify the impact of the schedule separately from the weather conditions impact. Indeed the summer
conditions were approximately the same but the winter weather has been significantly different between
2014 and 2015. The early bloom in 2014 might have stressed the trees at the beginning of the season. The
impact of weather and irrigation could not be studied separately because of insufficient data.
Finally the third part of my work was to track the uniformity improvement during the season and
see if the compensatory measures were effective. The variability due to non-uniform flood during winter
has been well approached. The additional amount of water applied in the West part of field led to a
significant improvement of vigor in this area. The progress in North part is smaller and cannot be related
to a local change in irrigation practices.

For the farmer it is a great achievement. Their objective was to improve the overall vigor and even
if they did not reach the one-shake harvest goal they reduced the number of harvests compared to last year.
For next year the Technology Manager is not sure yet if they are willing to address the soil variability issue.
As mentioned before all the solutions are expensive. However they will continue to follow an ET schedule
and decided to stop flooding the field at the beginning of the season. The flood is usually done to fill the
soil profile and to manage pests’ risk. They are ready to use less efficient way to do it if it can improve the
uniformity of the field and reduce the stress in this area.
From a precision agriculture point of view, this study shows both success and limits. Some real
improvements have been observed on the field, in vigor and uniformity, yield is still to be confirmed.
However, improving uniformity with low investments – which is PowWow service – is going to be
restricted. The existing irrigation system is the first constraint, and the labor cost and time is another one.
It is a good thing to know all the variability in the field. But correcting soil pH or fertility in very precise
locations is too expensive. PowWow has to define the realistic expectations that can be made for Irrigation
Advisor in terms of yield and uniformity improvement.
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ABBREVIATIONS GLOSSARY

CEC: cation exchange capacity. Measure of the ability of soils to hold nutrients (meq/100g).
CIMIS: California Irrigation Management Information System. It provides meteorological
data and estimation of evapotranspiration.
ea: application efficiency. 𝑒𝑎 =
ec: conveyance efficiency. 𝑒𝑐 =

water in the root zone

(percentage).

water applied
water in the field

water taken from the source

(percentage).

ET: evapotranspiration. Total amount of water going from the soil and the plant to the
atmosphere. (inch in this study)
ET0: reference evapotranspiration. Evapotranspiration computed for a reference crop such as
grass by CIMIS stations, using the Penman-Monteith equation (inch in this study).
ETc: crop evapotranspiration. Evapotranspiration estimated for a given crop by the product
of ET0 and a crop coefficient Kc (inch in this study).
IE: irrigation efficiency. 𝐼𝐸 =

water benefically used by plants
water applied

IWUE: irrigation water-use efficiency. 𝑊𝑈𝐸 =

(percentage).

yield
water applied

(lb/acre per inch of water

applied in this study).
LAI: leaf area index. 𝐿𝐴𝐼 =

one−sided green leaf area
ground surface area

(m2/m2)

Kc: crop coefficient. Coefficient applied to a reference evapotranspiration to estimate ETc.
NDVI: normalized difference vegetation index. 𝑁𝐷𝑉𝐼 =

NIR−VIS

. Indicator of plants vigor

NIR+VIS

also used to study other plants properties such as LAI, photosynthetic activity and
biomass.
NIR: near infrared reflectance. Parameter measured by cameras to compute NDVI.
NRCS: Natural Resources Conservation Service
RDI: regulated deficit irrigation. Irrigations schedule with specific periods of time under the
ET requirements to minimize the impact of a water shortage on yield.
SWP: stem water potential. Indicator of the difference between the evaporative demand from
the atmosphere and the ability of roots to absorb water from the soil (bar).
USDA: United States Department of Agriculture
VIS: visible light reflectance. Parameter measured by cameras to compute NDVI.
WHC: water holding capacity. Measure of the ability of soils to hold water (inch/foot in this
study)

APPENDICES

Appendix I: Examples of Regulated Deficit Irrigation schedules for almonds (Goldhamer et
al, 2006).
RDI is expressed as a percentage of ET requirements.

Appendix II: SWP Almond guidelines (Fulton et al, ANR UC Davis)

Appendix III: Kc table for almonds orchards at different ages, Kern County (PowWow)
1st Leaf

Week
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.168
0.244
0.256
0.268
0.288
0.296
0.3
0.324
0.332
0.344
0.36
0.376
0.384
0.392
0.396
0.408
0.42
0.424
0.432
0.432
0.432
0.428
0.428
0.432
0.432
0.428
0.428
0.424
0.416
0.408

2nd Leaf

0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.231
0.3355
0.352
0.3685
0.396
0.407
0.4125
0.4455
0.4565
0.473
0.495
0.517
0.528
0.539
0.5445
0.561
0.5775
0.583
0.594
0.594
0.594
0.5885
0.5885
0.594
0.594
0.5885
0.5885
0.583
0.572
0.561

3rd Leaf

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.315
0.4575
0.48
0.5025
0.54
0.555
0.5625
0.6075
0.6225
0.645
0.675
0.705
0.72
0.735
0.7425
0.765
0.7875
0.795
0.81
0.81
0.81
0.8025
0.8025
0.81
0.81
0.8025
0.8025
0.795
0.78
0.765

4th Leaf

0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.378
0.549
0.576
0.603
0.648
0.666
0.675
0.729
0.747
0.774
0.81
0.846
0.864
0.882
0.891
0.918
0.945
0.954
0.972
0.972
0.972
0.963
0.963
0.972
0.972
0.963
0.963
0.954
0.936
0.918

Mature

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.42
0.61
0.64
0.67
0.72
0.74
0.75
0.81
0.83
0.86
0.9
0.94
0.96
0.98
0.99
1.02
1.05
1.06
1.08
1.08
1.08
1.07
1.07
1.08
1.08
1.07
1.07
1.06
1.04
1.02

39
40
41
42
43
44
45
46
47
48
49
50
51
52

0.388
0.38
0.352
0.352
0.332
0.312
0.284
0.272
0.24
0.2
0.16
0.16
0.16
0.16

0.5335
0.5225
0.484
0.484
0.4565
0.429
0.3905
0.374
0.33
0.275
0.22
0.22
0.22
0.22

0.7275
0.7125
0.66
0.66
0.6225
0.585
0.5325
0.51
0.45
0.375
0.3
0.3
0.3
0.3

0.873
0.855
0.792
0.792
0.747
0.702
0.639
0.612
0.54
0.45
0.36
0.36
0.36
0.36

0.97
0.95
0.88
0.88
0.83
0.78
0.71
0.68
0.6
0.5
0.4
0.4
0.4
0.4

Appendix IV: Irrigation layout of AKE ranch (Nichol’s Farms)

Appendix V: AKE-D soil test results from the 2008 analysis (Nichol’s Farms)

Appendix VI: NRCS data for A and B main soil type (USDA-NRCS)

Soil A main soil type (55%)

Soil B main soil type (85%)

Appendix VII: Soil characteristics estimated with the SPAW model from soil B subsoil
parameters provided by NRCS.

Appendix VIII: Monthly wind roses in Bakersfield County in 2003 (NRCS)
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September

February

March

June

July

October

November

April

August

December

Appendix IX: Monthly wind roses in Fresno County in 2003 (NRCS)

January

February

March

April

August

May

June

July

September
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November
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Summary

California agriculture is facing new challenges. The drought has been striking for
four years now and the water resources are getting scarcer. The agricultural production
in the Central Valley is totally dependent on irrigation. Almonds, one of the major crop in
California, require a large amount of water to grow. That is why PowWow Energy aims to
develop the Irrigation Advisor service which detects uniformity issues thanks to aerial
imagery and suggests innovative irrigation schedules.
After a tough year in 2014, Nichols Farms and PowWow Energy are working
together for the first time. The goal is to improve the uniformity of almond and pistachio
orchards in order to make harvest less difficult and to set a new irrigation schedule up to
manage the trees’ stress. The longer term objective is to increase water-use efficiency,
measured by the yield produced for each unit of water applied. In 2015 the
Technology Manager at Nichols Farms decided to switch to an irrigation schedule based
on replacing the water lost by the trees and the soil during evapotranspiration.
In this study I analyzed the spatial variability factors and the effectiveness of the
compensatory measures on an almond field called AKE-D. Specific adjustments of the
amount of water applied have been implemented locally to compensate for the main
variability factors on this field: heterogeneous soil types by their pH or texture, and
uneven water storage following non uniform floods made on the field at the beginning of
the season. By comparing the trees’ vigor, using a NDVI measure, weather conditions and
irrigation schedules between 2014 and 2015, I could conclude that the uneven water
storage has been effectively compensated and the overall vigor has been improved thanks
to a more adapted irrigation schedule. However the effect of soil texture difference seems
to be harder to correct therefor the farmer decided to stress the vigorous areas of the
field.
Given these results, the Irrigation Advisor service has been useful to the producer.
The imagery technology allowed PowWow Energy to identify some factors of spatial
heterogeneity and to locate them with accuracy. The change of schedule also improved
significantly the health of the orchard. However technical and financial constraints at the
farm level limited the implementation of some recommendations. Further
recommendations must be based on the existing irrigation system and take into account
its capacity and limits. Furthermore since the project is being extended to other customers,
a more rigorous methodology on PowWow Energy’s side would allow an easier diagnosis
and make the data exchange smoother with the farmer.

Résumé

L’agriculture Californienne fait aujourd’hui face à de nouveaux défis : la sécheresse
dure depuis déjà quatre ans et les ressources en eau sont limitées. La production agricole
dans la Central Valley dépend entièrement de l’irrigation. Le maintien de la production
d’amande, gourmande en eau et majoritaire dans cette région, est particulièrement
menacé. C’est dans ce cadre que PowWow Energy souhaite développer un service de
conseil en irrigation repérant les problèmes d’uniformité grâce aux technologies
d’imageries aériennes et proposant des calendriers d’irrigation innovants.
Après une année difficile en 2014, Nichols Farms et PowWow Energy travaillent
ensemble pour la première fois. L’objectif est d’améliorer l’uniformité des champs
d’amandes et de pistaches pour faciliter la récolte et de mettre en place un nouveau
calendrier d’irrigation pour gérer le stress des arbres. A terme la volonté de PowWow
Energy est d’augmenter l’efficience de l’utilisation de l’eau mesurée par le rendement
obtenu par unité d’eau appliquée. C’est ainsi qu’en 2015 le Technology Manager de Nichols
Farms décide d’adopter un calendrier d’irrigation basé sur le remplacement de l’eau
« évapotranspirée » par les arbres et le sol.
Dans cette étude j’analyse les facteurs de variabilité spatiale puis l’efficacité des
mesures compensatoires sur un champ d’amande nommé AKE-D. Des ajustements
localisés de la quantité d’eau appliquée ont été mis en œuvre afin de compenser les
facteurs de variabilité du champ : principalement des sols hétérogènes par leur texture ou
leur pH et des stocks d’eau inégaux suite aux inondations non uniformes du champ
effectuées en début de saison. En comparant la vigueur des arbres grâce à une mesure
NDVI, les conditions météorologiques et les calendriers d’irrigation entre 2014 et 2015, il
m’a été possible de conclure à une compensation effective des stocks d’eau inégaux liés aux
inondations ainsi qu’à une amélioration globale de la vigueur des arbres grâce à un
calendrier d’irrigation plus adapté. En revanche, la différence de texture de sol est plus
difficile à compenser et la solution retenue a été de stresser davantage les zones plus
vigoureuses.
Au vu de ces résultats, le service de conseil en irrigation a été utile au producteur :
l’imagerie a permis d’identifier les causes d’hétérogénéité spatiale et de bien les délimiter,
le changement de calendrier a amélioré la santé des arbres sur ce champ. Cependant, des
contraintes notamment financières et techniques au niveau de l’exploitation agricole
limitent la mise en œuvre d’éventuelles recommandations. Les recommandations doivent
tenir compte du système d’irrigation existant et de ces capacités. D’autre part, une
méthodologie plus rigoureuse permettrait à PowWow dans le cadre de l’expansion du
projet de faciliter le diagnostic et fluidifier l’échange de données avec l’agriculteur.

