
HORTSCIENCE 51(7):935–940. 2016.

Evapotranspiration-based Irrigation
Scheduling of Head Lettuce
and Broccoli
Lee F. Johnson1

Division of Science and Environmental Policy, California State University,
Monterey Bay, Seaside, CA 93955; and Earth Science Division, NASA Ames
Research Center, Moffett Field, CA 94035

Michael Cahn
University of California Cooperative Extension, Salinas, CA 93901

Frank Martin
U.S. Department of Agriculture, Agricultural Research Service, Salinas, CA
93905

Forrest Melton
Division of Science and Environmental Policy, California State University,
Monterey Bay, Seaside, CA 93955; and Earth Science Division, NASA Ames
Research Center, Moffett Field, CA 94035

Sharon Benzen
U.S. Department of Agriculture, Agricultural Research Service, Salinas, CA
93905

Barry Farrara
University of California Cooperative Extension, Salinas, CA 93901

Kirk Post
Division of Science and Environmental Policy, California State University,
Monterey Bay, Seaside, CA 93955

Additional index words. irrigation management, fractional cover, crop coefficients, Lactuca
sativa, Brassica oleracea

Abstract. Estimation of crop evapotranspiration supports efficient irrigation water manage-
ment, which in turn supports water conservation, mitigation of groundwater depletion/
degradation, energy savings, and crop quality maintenance. Past research in California has
revealed strong relationships between fraction of the ground covered by photosynthetically
active vegetation (Fc), crop coefficients (Kc), and evapotranspiration (ET) of cool-season
vegetables and other specialty crops. Replicated irrigation trials for iceberg lettuce and
broccoli were performed during 2012 and 2013 at the USDAAgricultural Research Station in
Salinas, CA. The main objective was to compare crop yield and quality from ET-based
irrigation scheduling with industry standard practice. Sprinkler irrigation was used to
germinate and establish the crops, followed by surface drip irrigation during the treatment
period. Each experiment compared three irrigation treatment schedules replicated five times
in a randomized block design. Two decision-support models were evaluated as follows: 1) an
FAO-56-based algorithm embedded in NASA’s prototype Satellite Information Management
System (SIMS) based on observed Fc, and 2) CropManage (CM), an online database-driven
irrigation scheduling tool based on modeled Fc. Both methods used daily reference ETo data
from theCalifornia IrrigationManagement Irrigation System (CIMIS) to translateKc to crop
ET, with a target of 100% replacement of water use during the drip irrigation phase. A third
treatment followed an irrigation schedule representing grower standard practice (SP) at 150%
to 175%ETreplacement during the drip irrigation phase. No significant treatment differences
were seen in lettuce head weight or total biomass. Marketable yields of lettuce (near
45.4 Mg·haL1) and broccoli (near 17.4 Mg·haL1) were in-line with industry averages during
both years and all treatments. During 2012, CMyieldwas below lettuce SP, and above broccoli
SP, while in 2013 no treatment differences were detected for either crop. No significant
differences were detected between SIMS and SP yields during any trial.

California’s central coast is the leading
region of cool-season vegetable production
in the United States, with Monterey County
alone supplying about half of the U.S. lettuce

and broccoli production, valued in excess of
$1.5 billion (Monterey County Crop Report,
2013). These specialty crops are typically
well watered to minimize crop stress, meet

market quality standards, and attain econom-
ically viable yields. Under these standard
conditions, high crop transpiration rates are
maintained by limited soil drying between
wetting events. Vegetable and other specialty
crop producers on the Central Coast are under
regulatory pressure to reduce nitrate loading
to groundwater, which occurs partly as a re-
sult of irrigation and resultant leaching of
nitrate through the soil profile. In addition,
agricultural overdraft has contributed to sea-
water intrusion into the coastal aquifer.
Growers may need to improve both irrigation
and nitrogen management of their crops to
help address these water quality issues (Cahn
et al., 2014).

A need exists for low-cost management
strategies including use of irrigation sched-
uling technologies that incorporate informa-
tion on meteorological conditions and crop
growth stage. The CIMIS, operated by the
California Department of Water Resources,
operates a network of stations that provide
weather data and daily estimates of grass
reference ET (ETo) in most agricultural
regions of California (Pruitt et al., 1987;
Temesgen et al., 2005). Users may access
data from the nearest station or from Spatial
CIMIS, which provides daily gridded ETo at
a 2-km spatial resolution statewide (Hart
et al., 2009). ETo inherently accounts for
the major meteorological factors affecting
crop ET: solar radiation, air temperature,
relative humidity, and wind speed.

Though ETo can help estimate crop water
requirements, several barriers appear to limit
full integration of ETo data into irrigation
management practices. Effective use of ETo
requires additional calculations to account
for factors including crop type, development
stage, and site-specific factors, which can be
challenging for users to integrate into their
daily farm operations. Pretabulated Kc,
which relate typical crop water use to ETo
as a function of crop stage, can be used to
perform an approximate corrections (Allen
et al., 2007; Hatfield and Fuchs, 1990). While
useful, these simplified guideline values are
not available for all crops or crop varieties,
nor are they applicable to all management
practices and site-specific conditions. Lacking
accessible decision support tools with demon-
strated performance, producers may apply
more water than needed to attain viable eco-
nomic yields. Development of convenient,
user-friendly decision support tools that pro-
vide customized field information may there-
fore serve to increase adoption of ET-based
practices for on-farm irrigation scheduling.

Two recent decision-support models, both
incorporating CIMIS ETo, were tested in
replicated large-plot trials. Both models use
crop fractional cover (Fc), or the proportion
of the field covered by photosynthetically
active vegetation, to derive crop coefficients
that are customized to actual growing condi-
tions. Fc is a prime determinant of surface
albedo and absorption of solar radiation by
the crop canopy, and exerts a direct influence
on energy exchange at the land surface that
drives the evapotranspiration process (Allen
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et al., 1998). As such, estimates of Fc can
provide a basis for Kc and crop ET (ETc)
monitored in vegetables (Bryla et al., 2010;
Gallardo et al., 1996; Goorahoo et al., 2014;
Grattan et al., 1998) and other crops (Allen
et al., 2007; Allen and Pereira, 2009).

The first model tested was the CM irriga-
tion scheduling tool previously developed by
U.C. Cooperative Extension (Cahn et al.,
2013, 2014). CM combines crop coefficients
and evaporation coefficients with CIMIS ETo
to develop irrigation schedules meeting daily
crop water requirements of lettuce, broccoli,
and other cool-season vegetables. As well,
CM integrates a nitrogen management com-
ponent as described by Bottoms et al. (2012)
and Cahn et al. (2014). The model assumes
crops are well watered (experience no water
stress), transpiration is a direct function of Fc,
and ETc can be explained strictly in terms of
either plant transpiration or soil evaporation
on a given day. Fc is estimated based on
empirical data collected from commercial
vegetable fields. While CM was previously
tested and demonstrated on nonreplicated
plots in commercial fields, this project pre-
sented an opportunity to further evaluate
model performance in a well-controlled set-
ting with replicated treatments.

The second model tested was NASA’s
prototype SIMS, developed in collaboration
with California State University (Melton
et al., 2012). SIMS combines public Earth-
observation satellite imagery with FAO-56-
based calculations (Allen et al., 1998; Allen
and Pereira, 2009) and CIMIS ETo (Johnson
et al., 2010, 2011; Melton et al., 2012).
Satellite data are used to estimate Fc (Johnson
and Trout, 2012), which is then converted
to basal crop coefficients (Kcb) and basal
ETc. The basal coefficients describe plant
transpiration plus diffuse soil evaporation.
The experiments described here offered an
opportunity to examine the efficacy of the
SIMS Fc-Kcb conversion with respect to
yield response.

Both models are currently available to the
user community. CM is a comprehensive
model that makes specific recommendations
on both irrigation and fertilizer application on
a per-field basis. The CM model currently
operates only on well-watered vegetables
and berries common to Salinas Valley, while
expansion to other crops and regions is under
development. The SIMS model provides ET

estimates to facilitate crop water use for
current or retrospective evaluation. Unlike
CM, SIMS makes no specific recommenda-
tion on irrigation amount, but the user may
download and sum daily data over a time
period of interest. Information on irrigation
schedule, as available to the model through
these experiments, is needed to fully evaluate
fields with significant bare-soil evaporation
component or crop water stress. Implemented
as a satellite-based system, SIMS output is
spatially explicit and currently covers most
irrigated land in California. Ongoing work
involves development of web data services
and an application program interface to in-
tegrate satellite-derived output from SIMS
with CM. Such data sharing is intended to
leverage the strengths of both tools for
estimation of ET and irrigation requirements
across a wide range of crop types, growing
conditions, and agronomic practices.

The project goal was to evaluate ET-
based irrigation scheduling of cool-season
vegetables using CM and SIMS models and
CIMIS ETo values in replicated trials. Re-
lationships between applied water and crop
yieldswere evaluated. Cropswere grown using
standard regional production, cultivation, and
harvest practices.

Materials and Methods

Replicated field trials in iceberg lettuce
(Lactuca sativa) and broccoli (Brassica
oleracea) were performed during 2012 and
2013 at the USDAAgricultural Field Station
near Salinas, CA (36.6�N, –121.5�W) (Table 1).
Separate 0.57 ha fields located on a Chualar
sandy loam soil were used for the lettuce and
broccoli trials, with the crops direct seeded
in two seedlines per bed. The seedlines were
separated by 30 cm, with 1 m bed spacing. All
trials were germinated and established using
sprinkler irrigation. In Salinas Valley, typically
100–120 mm of sprinkler irrigation is required
to saturate the soil and promote uniform stands.
Lettuce was thinned to 20–30 cm plant spacing
along the row� 3weeks after seeding. Broccoli
crops were seeded at 13 cm spacing and were
not thinned after establishment. Experimental
irrigation treatments were imposed by surface
drip irrigation after crop establishment. Single
drip lines were placed equidistant between
seedlines on the bed surface. Drip emitters were
spaced 30 cm apart and had a discharge rate of
1 L per hour per emitter at 55 kPa. Treatments
were grower standard practice (T1-SP), crop ET
replacement based on SIMS (T2-SIMS), and
crop ET replacement based on CM (T3-CM)
recommendation. Irrigation treatments were
randomly assigned to plots following a complete
block design with five replicates per treatment.
For all trials except Broccoli-2013, replicated
plot size was eight beds by 41 m. Plots for
Broccoli-2013 were reduced to six beds by
either 37 or 49 m to negate an area of bird-
related damage to emergent plants. All crops
were grown in compliance with local commer-
cial agronomic and cultivation practices.

An irrigation manifold with flowmeters
was used to independently control water

applications to each experimental treatment.
The irrigation interval was generally every
3–4 d. For each drip irrigation event, applied
water for T1-SP was specified as a multiple
of the applied water on T3-CM. The multi-
ple was 1.5 for lettuce and 1.75 for broccoli.
These values were specified a priori to
generate T1-SP seasonal irrigation totals
near the midpoint of typical applied water
totals for each crop as reported by UC-ANR
(2010, 2011) as follows. For lettuce, typical
application is 300–450 mm by drip (includ-
ing sprinkler establishment) in the Central
Coast. For broccoli, the reported total is
450–760 mm by sprinkler, as use of drip
for this crop is uncommon on the Central
Coast during summer due to perceived
difficulty of achieving quality standards un-
der high evaporative demand conditions.
Subsequent monitoring of 10 commercial
broccoli fields under sprinkler and drip
irrigation during 2012–13 revealed average
applied water of 600 mm, which was near
the midpoint of the UC-ANR range (Cahn,
unpublished data). Drip totals for broccoli
exceeded 760 mm in two fields (Cahn et al.,
2014).

Upon crop establishment, Fc was mea-
sured every 3 to 4 d through maximum foliar
expansion in T2-SIMS to support ET calcu-
lations, with periodic measurements taken in
T1-SP and T3-CM for comparison purposes.
In early growing stages, when plants were
discrete (<30 cm diameter for post-thinned
lettuce, <13 cm for broccoli), Fc was esti-
mated on the basis of plant size measure-
ments taken by meter stick. Thereafter, as
neighboring plants began to merge, Fc esti-
mates were based on nadir-view photographs
taken with a multispectral Agricultural Dig-
ital Camera (TetraCam Inc., Chatsworth,
CA) positioned level to the ground at �3 m
elevation. Each photograph was processed
with PixelWrench� canopy segmentation
software to separate vegetation pixels from
soil substrate by an iterative supervised
classification process based on the spectral
response in the red and near infrared wave-
lengths. Soil nitrogen status was monitored
with soil nitrate Quick Test strips, and standard
fertility practices were followed (UC-ANR
2010, 2011).

CropManage. For a given day during the
growth cycle, CM calculated Fc as:

Fc = Cmax=ð1 + exp A + Bð
· DAP Maxday= ÞÞ 100= [1]

where Cmax is expected maximum canopy
cover in percentage terms, A and B are fitted
parameters that are specific to crop type and
planting configuration, DAP is the number of

Table 1. Irrigation trial summary calendar.

Expt. Seeded Harvested
Total
days

Lettuce-2012 1 May 11 July 71
Lettuce-2013 30 Apr. 8 July 69
Broccoli-2012 25 July 19–29 Oct.z 93
Broccoli-2013 23 July 23 Oct.–4 Nov.z 104
zSeries of three cuttings.
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days after planting, and Maxday is total days
between planting and harvest. The equation
follows Eq. [4] of Gallardo et al. (1996), but
uses day count rather than normalized cumu-
lative ETo. Nominal coefficient values for
various crops and planting configurations
were derived by prior measurements made
periodically with a ground-based Agricultural
Digital Camera (TetraCam Inc.) during the
crop cycle in several commercial fields (Cahn
et al., 2014). Coefficient values for {Cmax, A,
B, Maxday} were {83, 6.78, –11.61, 71} for
the lettuce trial, and {98, 5.57, –12.21, 86} for
broccoli. Weather variations due to seasonal
or interannual variability can be accounted
for by adjusting Maxday to expand or
contract the growth curve to better match
observed crop development. Most commer-
cial vegetable growers know the number of
days between planting and harvest of the
varieties that they produce for different
times of the year.

A daily transpiration coefficient (T), rep-
resenting the transpiration component of
ETc, was derived from canopy cover, as:

T = –0:39Fc2 + 1:5Fc [2]

Eq. [2] was derived from Eq. [5] of
Gallardo et al. (1996). The Gallardo equation
relates groundcover to daily radiation inter-
ception, which is strongly related to Kc. The
original Gallardo coefficients were empiri-
cally modified through subsequent commer-
cial field trials (Cahn, unpublished data) to
more reliably meet industry standard yields.
The approach of estimating Kc directly from
canopy cover is broadly consistent with
findings of Grattan et al. (1998).

A daily soil evaporation coefficient (Ke)
was derived to represent the evaporation
component of ETc. For sprinkler irrigation
and rainfall, which wet the entire field sur-
face, values for Ke were set to 1.0 on the day
of event, 0.4 the following day, 0.05 two days
after event, and zero thereafter. For drip
irrigation, which wets only�30% of the field
surface, values for Ke were set to 0.3 on day
of event, 0.1 the following day, 0.05 two days
after event, and zero thereafter. These Ke
values were empirically determined by com-
paring ETo with soil moisture drawdown
estimated by gravimetric measurement of
water content in soil cores taken from the
top 15 cm and at 30-cm intervals to a depth of
105 cm following bare-soil wetting events
(after Gallardo et al., 1996).

For cool-season vegetables established by
sprinkler and then converted to drip, ETc is
dominated by soil evaporation initially, when
cover and transpiration are low or zero, and
thereafter by transpiration. Thus, as a simpli-
fication, CM sets daily Kc to the greater of T
and Ke:

Kc = max T;Ke½ � [3]

Satellite Information Management System.
Ground measurements were used for Fc mon-
itoring as plot sizes were smaller than typical
fields and hence did not support satellite
observation. For both crops, Fc was converted

to Kcb by a generic equation for annual crops
(Melton et al., 2012):

Kcb = –0:4766Fc2 + 1:4048Fc + 0:15 [4]

This equation was derived by indepen-
dently applying the density coefficient ap-
proach of Allen et al. (2007) and Allen and
Pereira (2009) through an Fc range of 0.1–0.9
for small (low stature) vegetables and other
major crop classes listed in FAO-56 (Allen
et al., 1998). Crop heights were derived as
a function of Fc applied to maximum class
height (hmax), which was calculated by aver-
aging maximum heights for all individual
crops per FAO-56 class. A linear relationship
between Fc and crop height, with hmax oc-
curring at 70% cover, was assumed.

Ke was calculated by the standard FAO-
56 method on day of wetting to account for
stage-1 evaporation, and set to zero on other
days. An observed value of 0.3 was used for
fraction of surface wetted by drip irrigation
(fw), and the surface fraction that was both
exposed and wetted (few) was calculated as:

f ew = min 1 – Fc; 1 – 0:67Fcð Þfwð Þ½ � [5]

The final SIMS crop coefficient was de-
rived after the FAO-56 dual crop coefficient
formulation (Allen et al., 1998) as:

Kc = Kcb + Ke [6]

Irrigation depth. Both models monitored
daily crop ET as:

ETc = ETo · Kc [7]

For a given irrigation event, daily ETc
was summed to derive cumulative ETc
(
P

ETc) since last irrigation. Final irrigation
water depths (mm) for the CM and SIMS
treatments were derived as:

I = SETc=DU – P [8]

where DU was estimated irrigation sys-
tem distribution uniformity, and was used to
help ensure that adequate water was supplied
to parts of the field with the lowest applica-
tion amount. For this study, a DU value of 0.9
was used for lettuce, and 0.85 for broccoli.
Both values are within the typical range for
drip irrigation systems as deployed in the
Salinas region. The lower DU value was used
for broccoli to account for additional drip
tape wear expected with the longer crop
cycle, relative to lettuce. P is precipitation,
which was negligible during all trials.

Lettuce-2012. Iceberg lettuce (Gabilan
var.) was seeded on 1 May. ETo data were
measured by the nearest CIMIS station (no.
89), which was situated�2.4 km southeast of
the field trial. The crop was thinned on DAP
24 and surface drip irrigation was initiated on
DAP 28. Head weights, total and harvestable
plant populations, biomass yields, and carton
yields were measured on DAP 70. Forty
heads were randomly selected and harvested
from a 30 m section of the center 4 beds
within each plot. Heads were immediately
weighed, trimmed to market specifications by
removing exterior leaves, then reweighed.
Biomass yield was estimated as the product

of untrimmed head weight and total plant
population. Marketable carton yield was
estimated as the product of trimmed head
weight and marketable plant population. On
DAP 71, a commercial cooperator harvested
to determine cored-for-region (CFR) yield,
which is intended for the fresh-cut industry as
distinct from a shredded or chopped product.
The CFR harvest process involved removing
the central core and part of the outer portion
of each head. Heads with obvious defects
(immature, disease/bird damage, growth de-
fects) were not picked. The center six beds of
each plot were harvested to fill one bin with
a volume of 1.2 m3. Each bin was weighed
and the corresponding harvested area was
recorded.

During both years, subsamples of harvested
CFR product from T1-SP and T2-SIMS were
cooled to 1 �C, then processed and packaged at
a commercial facility. The product was then
stored at 4 �C for 17 d, and professional
evaluations were conducted for sensory attri-
butes (flavor, texture, aroma, visual appear-
ance) and shelf life performance based on
physiological, processing, and postharvest stor-
age defects including ‘‘tip burn,’’ large pieces
(‘‘chunks’’), decay, browning, vascular discol-
oration, and translucency. Since the water
regime for T3-CM was similar to T2-SIMS,
the CM treatment was excluded from post-
harvest evaluation.

Lettuce-2013. Iceberg lettuce (Telluride
var.) was seeded on 30 Apr. The field was
the same as was used in 2012, though the
treatments were rerandomized in the blocks.
The crop was thinned on DAP 22 and con-
verted to surface drip on DAP 29. Reference
ETo was reported by CIMIS station no. 214,
which replaced station no. 89 on 17 May
2013 and was situated 1 km northeast of the
field trial. Head weights, total biomass, and
carton yields were estimated on DAP 64, by
methods described for 2012. The field was
harvested for CFR product by a commercial
cooperator on DAP 69, per 2012 methods.

Broccoli-2012. Broccoli (Patron var.) was
seeded on 25 July and surface drip was
initiated on DAP 30. Daily reference ETo
was monitored by nearby CIMIS station no.
89 until DAP 60 when it was retired from
service, and Spatial CIMIS was used there-
after. Harvest involved three manual cuttings
performed by a commercial cooperator fol-
lowing standard practices. The first cutting
(DAP 86) included only plants that matured
to crown-sized heads (10–18 cm diameter,
10–13 cm length), the second cutting (DAP
90) was a mix of crowns and bunch-sized
(6–10 cm diameter, 18–20 cm length) heads,
the third cutting (DAP 93) was only bunch-
size heads. The harvest area comprised the
center 30mof themiddle of each plot. Average
crown and bunch-sized head weights of plots
were determined from a random sample of
50 heads. Head quality was evaluated on-site
for common defects including hollow-stem,
excessive branching, over-maturity, pest dam-
age, cat eye, and brown bead.

Broccoli-2013. Broccoli (Patron var.) was
seeded on 23 July. The field was the same as
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was used in 2012, though the treatments were
rerandomized in the blocks. The field was
converted to surface drip on DAP 31. Refer-
ence ETo was monitored by CIMIS station
no. 214. Harvest involved three cuttings
performed by a commercial cooperator fol-
lowing standard practices of 2012. The first
cutting (DAP 92) was for crowns only, the
second and third cuttings (DAP 97, 104) was
a mix of crown and bunch. The harvest area
was the center 20 m of the middle four beds
of each plot. Average head weight, quality,
and defects were evaluated during each
cutting as described for 2012.

Statistical analysis. The general linear
means procedures of the Statistical Analysis
System (SAS) were used to statistically
evaluate differences in yield and quality
among irrigation treatments at a significance
level of P < 0.05. Quality data for CFR
lettuce were log transformed for statistical
analysis. Multiple means comparisons were
performed when main effects were found to

be statistically significant using a protected
Fisher’s test, two tailed (P < 0.05).

Results and Discussion

Lettuce. During 2012, drip irrigation to-
tals were 280 mm for T1-SP, 168 mm for T2-
SIMS, and 183 mm for T3-CM. In addition,
112 mm of sprinkler irrigation was applied
per treatment during germination and estab-
lishment (Table 2). No significant differences
were found among treatments with respect to
head weight, biomass yield, or marketable
yield for carton lettuce (Table 3). No statis-
tical difference was found between CFR
yields of T1-SP (47.7 Mg·ha–1) and T2-
SIMS (45.7 Mg·ha–1), while lower yield in
T3-CM (42.4 Mg·ha–1) was statistically sig-
nificant. Field surveys indicated that T3-CM
suffered a higher incidence of bird damage.
Considering this factor, and that the T2-SIMS
yield was achieved with less water, it is
probable that the lower T3-CM yield was

the result of factors other than water shortage.
All CFR yields exceeded the local industry
average of 41.5 Mg·ha–1 (Fresh Express, per-
sonal communication). Shelf life and quality
of the CFR product, assessed by a commercial
collaborator, were not statistically different
among treatments (data not shown).

In 2013, drip irrigation totals were 254mm
for T1-SP, 180 mm for T2-SIMS, and
170 mm for T3-CM (Table 2). An addi-
tional 104 mm was applied by sprinkler.
No significant differences were observed
among treatments for head weight, biomass
yield, or marketable yield for carton lettuce
(Table 3). As well, no significant differences
in CFR yields were found. As in 2012, all
CFR yields exceeded the local-industry av-
erage, and no significant differences were
found regarding quality and shelf life of
CFR product (data not shown). In both
years, the T2-SIMS and T3-CM irrigation
totals (sprinkler plus drip) agreed well with
Bryla et al. (2010), who reported 275 mm
consumptive use for head lettuce on a weighing
lysimeter in San JoaquinValley during autumn.

Broccoli. Drip irrigation totals in 2012
were 394 mm for T1-SP, 249 mm for T2-
SIMS, and 236 mm for T3-CM, plus 124 mm
per treatment by sprinkler. Drip irrigation
totals in 2013 were 470 mm for T1-SP,
290 mm for T2-SIMS, and 272 mm for T3-
CM (Table 4), with an additional 119 mm by
sprinkler. For both years, all marketable
yields were near 17.9 Mg·ha–1, which is the
statewide industry average (UC-ANR, 2010).
T3-CM had significantly higher total market-
able yield than T1-SP in 2012, while yields
were not significantly different in 2013 (Ta-
ble 5). In 2012, no statistically significant
difference was observed among defect rates
for bunch, which ranged from 5.2% to 6.6%.
In 2013, branchiness was significantly higher
for T1-SP and T3-CM compared with T2-
SIMS, and was the main defect observed. T1-
SP had a significantly higher defect rate for
crown (8.8% vs. 4.2% for T2-SIMS and 5.5%
for T3-CM; data not shown). The T2-SIMS
and T3-CM drip totals for both years were
above that of Bryla et al. (2010), who
reported consumption of 220 mm (198
by subsurface drip irrigation, 22 mm rain)
in San Joaquin Valley following crop

Table 2. Drip irrigation events and applied water totals (mm) for lettuce trials.

Trial DAP T1-SP T2-SIMS T3-CM

Lettuce-2012 28z 17 17 18
34 11 10 8
38 11 7 7
42 24 14 15
47 33 19 22
50 20 13 13
55 56 24 36y

59 43 24 25
63 38 22 23
66 25 18 17

Total drip 280 168 183
Grand total incl. sprinklerx 392 280 295
Lettuce-2013 29z 18 20 20

34 12 10 8
38 13 9 9
42 16 12 11
45 18 13 12
48 23 16 15
51 23 16 15
55 31 23 26
59 31 20 18
62 33 21 20
63 18 13 10
64 18 8 26

Total drip 254 180 170
Grand total incl. sprinkler 358 284 274
zFirst drip event about equalized across treatments.
yIncludes extra 13 mm due to operational error.
xPlus 3-mm precipitation.

Table 3. Yields from lettuce trials.

Head wt Plant population Marketable yield

Untrimmed Trimmed Total Marketable Biomass yield Carton pack CFRz commercial

Treatment kg/head Plants/ha Mg·ha–1

2012
T1-SP 1.63 1.16 64,729 63,936 105.5 74.4 47.7 a
T2-SIMS 1.57 1.17 66,555 65,844 104.2 77.1 45.7 a
T3-CM 1.56 1.12 64,050 63,662 99.9 71.7 42.4 b
LSD0.05

y
NS NS NS NS NS NS 2.9

2013
T1-SP 1.24 0.72 66,847 66,056 82.9 47.6 45.9
T2-SIMS 1.22 0.71 68,026 67,299 83.0 47.8 46.4
T3-CM 1.25 0.73 67,766 67,008 84.7 48.9 44.4
LSD0.05 NS NS NS NS NS NS NS

zCommercially harvested, cored for regional specifications.
yCritical value for Fisher’s least significant difference pairwise test at the P < 0.05 level. Significant differences are shown by a,b. NS means are not statistically
different at the P < 0.05 level.
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establishment. The T2-SIMS and T3-CM
drip totals agreed somewhat better with
Lopez-Urrea et al. (2009), who found con-
sumptive use of 249 mm (exclusive of soil
evaporation) for sprinkler-irrigated broccoli
in central Spain.

Model comparison. Satisfactory corre-
spondence was seen between measured and
CMmodeled Fc for broccoli in both years and
lettuce in 2013, suggesting that development
rate of these crops is reasonably predictable
under local growing conditions (Fig. 1).

For Lettuce-2012, however, measured cover
lagged predicted by as much as 31% during
the rapid expansion phase, though both ulti-
mately reached about the same maximum
value of �80%. This discrepancy was likely
due to use of the Gabilan variety for this trial.
Fc under the CM model is calibrated to
Telluride and other varieties typically used
in the local area. The Gabilan variety is better
suited to warmer and more southerly loca-
tions, resulting in slower expansion under the
prevailing weather conditions at the field site.
It is recommended that modified coefficients
be developed to reflect the growth pattern of
Gabilan if its use is expanded in the Salinas
region. A complementary option would be to
add a degree-day component to the Fc com-
putation to better account for effects of air
temperature regime on canopy expansion.

Applied water recommendations from the
two models were in good agreement for all
trials (Tables 2 and 4). Drip irrigation totals
for T2-SIMS exceeded T3-CM by 5% to 7%
for Lettuce-2013, Broccoli-2012, and Broccoli-
2013. SIMS is designed to support large-area
satellite-based ET mapping under conditions
where specific crop type, at least for annuals, is
unknown. As such, it uses a Fc-Kcb conversion
(Eq. 4) designed for use on all annual crops, and
this best-fit equation somewhat overestimates
Kc of small vegetables (Melton et al., 2012).
During Lettuce-2012 on the other hand, the
T3-CM drip total exceeded T2-SIMS by 9%.
Thiswas due primarily to CMover-estimation of
Fc due to use of a nonstandard cultivar as noted
above, combined with an experimental error of
+13mm of water applied to T3-CM onDAP 55.

Comparison with standard practice. For
lettuce over both years, T1-SP received an
additional 74–112 mm water, a relative in-
crease of 26% to 40% over the crop cycle, as
compared with T2-SIMS and T3-CM. For
broccoli, additional water on T1-SP ranged
from 145 to 198 mm, an increase of 39% to
51% over T2-SIMS and T3-CM. Despite this
additional irrigation, no statistical yield or
quality difference was observed between T2-
SIMS and T1-SP in any trial. For T3-CM, CFR
yields were significantly lower than T1-SP for
Lettuce-2012, possibly due to higher rates of
bird-related damage rather thanwater reduction,
whereas no difference was seen in biomass or
carton yield. T3-CM yield was significantly

Table 4. Drip irrigation events and applied water totals (mm) for broccoli trials.

Trial DAP T1-SP T2-SIMS T3-CM

Broccoli-2012 30z 14 13 13
34 6 8 4
37 8 12 6
41 19 13 10
44 22 14 14
48 28 20 15
51 19 12 11
55 25 20 21
58 23 13 14
61 24 12 12
65 31 16 16
68 25 14 13
71 25 18 19
74 19 10 11
77 21 11 11
79 9 5 5
83 23 13 13
86 24 13 14
90 13 4 4
93 14 7 10

Total drip 394 249 236
Grand total incl. sprinklery 518 373 360
Broccoli-2013 31z 16 16 16

36 15 14 9
39 10 8 8
43 21 16 12
45 23 15 14
49 24 15 13
52 29 16 15
56 21 13 12
59 24 14 14
62 33 17 17
66 33 20 19
69 25 15 14
72 24 13 14
75 36 21 21
78 30 15 14
80 27 14 15
84 24 14 14
87 20 12 11
91 16 9 9
94 4 3 2
100 16 8 8

Total drip 470 290 272
Grand total incl. sprinklerx 589 409 391
zFirst drip event about equalized across treatments.
yPlus 8 mm precipitation.
xPlus 7-mm precipitation.

Table 5. Yields from broccoli trials. Each trial involved three separate cuttings yielding a mix of commercial products: crown and bunch. Shown are sums from all
cuttings.

Crown yield Marketable crown yield Bunch yield Marketable bunch yield Total yield Total marketable yield

Treatment Mg·ha–1

2012
T1-SP 8.36 7.62 9.97 a 9.28 a 18.33 16.90 a
T2-SIMS 7.62 7.33 10.71 ab 10.08 ab 18.33 17.41 ab
T3-CM 7.95 7.55 11.32 b 10.67 b 19.27 18.22 b
LSD0.05

z
NS NS 1.14 0.53 NS 1.19

2013
T1-SP 9.16 8.63 9.23 8.65 18.40 17.28
T2-SIMS 9.70 9.48 8.09 7.60 17.81 17.05
T3-CM 9.41 8.92 9.32 8.81 18.73 17.70
LSD0.05 NS NS NS NS NS NS

zCritical value for Fisher’s least significant difference pairwise test at the P < 0.05 level. Significant differences are shown by a,b. NS means are not statistically
different at the P < 0.05 level.

HORTSCIENCE VOL. 51(7) JULY 2016 939



above T1-SP for Broccoli-2012. No difference
was seen in T3-CM and T1-SP yield during
trials Lettuce-2013 or Broccoli-2013.

Commercial growers have been reluctant to
use ET-based scheduling methods for cool-
season vegetable crops due to concerns for
potential risks to yield and quality, and because
of the time required to calculate ET replacement
for each field and irrigation event. As a result
of having few convenient options for guiding
irrigations, vegetable growers generally apply
extrawater as amargin of insurance against yield
loss. In this study, two independently developed
models (CM, SIMS) were used in conjunction
with CIMIS ETo to guide irrigation scheduling
of cool-season vegetable crops at full ET re-
placement levels. Both models are designed for
ease-of-use, require no dedicated on-site sensor
installation for routine operation, and thus offer
a convenient and cost-effective way to provide
customized irrigation schedules on large num-
bers of fields. The trials achieved commercial
yields of lettuce and broccoli under full-
replacement irrigation regimes involving applied
water well below that of a standard-practice
treatment. Irrigation in excess of ET replacement

generally did not affect crop yields or quality.
The study incidentally demonstrated the viability
of drip irrigation for support of commercial
broccoli production in the Salinas Valley.
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Fig. 1. Measured percent crop cover (mean, SD) vs. days after planting, per trial. Measurements were taken
regularly in T2-SIMS to develop irrigation requirements, and periodically in T1-SP and T3-CM plots
for comparison purposes. CM modeled predictions shown for reference.
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