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SUMMARY. University of California (UC) researchers have been involved in research
and extension pertaining to measuring evapotranspiration (ET) rates and de-
termining the minimum irrigation requirements of landscape plants for more than
30 years. Early work included the design and implementation of the California
IrrigationManagement Information System (CIMIS) weather station network and
determining crop coefficients for warm and cool season turfgrasses based on
historical ET and CIMIS data. Other researchers determined the minimum
irrigation requirements for several species of established landscape trees, shrubs,
and groundcovers in diverse climate zones throughout the state. In addition, the
WaterUseClassification of Landscape Species (WUCOLS) systemwas developed by
UC personnel in the early 1990s which, to date, has classified more than 3500
landscape species into very low, low, moderate, and high water-use categories based
on observation and personal experience by industry experts and UC personnel.
Future work in the area of landscape water use and conservation will include
updating WUCOLS as more data from replicated trials become available. New
research at UC Riverside aims to improve irrigation efficiency (IE) through
precision irrigation using smart controllers, remote sensing, and geospatial analysis
under controlled conditions. Irrigation training and certification for public and
private landscape managers must remain a priority because, even with advanced
smart controller technologies, water savings will not occur with poorly designed
and functioning irrigation systems.

B
etween 40% and 70% of water
used in urban settings in the
United States is applied to

landscape plantings (Cabrera et al.,
2013; Haley et al., 2007; Kjelgren
et al., 2000; St. Hilaire et al., 2008).
Water conservation in urban land-
scapes in California is especially im-
portant because of a limited water
supply, cyclical droughts, population
increases, and a water distribution
problem requiring transporting large
volumes of water from Northern to
Southern California. The population
of California is expected to increase
from 39 to 60 million by 2050 (Dieter
andMaupin, 2017). Since 2005, nearly
half of the population growth in the
state has occurred in inland Southern
California and the Central Valley be-
cause of less expensive and more plen-
tiful land than along the coast (Hanak
andDavis, 2006). In addition, because
inland landscapes tend to be larger and

ET rates higher than those in coastal
areas, more water is required for their
irrigation.

Climate change poses additional
challenges to urban landscapes as
rising temperatures coupled with lim-
ited water exacerbates the need to
increase and diversify the palette of
trees and other ornamentals adapt-
able to harsh urban conditions (Bohn
et al., 2018; Hanak and Lund, 2008).
Furthermore, Fall 2011 through Fall
2015 was the driest 4-year period in
recorded history in California since
the beginning of weather tracking in
1895, exacerbated with record high
temperatures in 2014 and2015 (Hanak
et al., 2015). Although precipitation
in 2016 and 2017 rose to near-average
levels inmuchof northernCalifornia, all
of central and southern California con-
tinue to experience moderate or severe
drought as of 10Mar. 2018 (Fenimore,
2018).

An increase in California’s popula-
tion coupled with a multiyear drought
in the1980s requiringgreater landscape
water conservation led to the enactment
of the California Assembly Bill 325
(Water Conservation in Landscaping
Act), which became effective in 1993.
The act required the California Depart-
ment of Water Resources (CDWR) to
develop a Model Water Efficient Land-
scapeOrdinance (MWELO), intended
to increase water conservation in urban
landscapes. This included reducing
water waste in landscape plantings
and listing landscape plants within
WUCOLS water-use categories to
supplement the small number of ac-
tual plants whose water use had been
measured in field studies, a lengthy
and resource-intensive process.

The assumed a leadership role in
WUCOLS, bringing together 36 ex-
perts from the landscape industry
who categorized thousands of plants
in six climate zones (north central
valley, central valley, south coastal,
south inland valley, high and inter-
mediate desert, and low desert) as
very low, low, moderate, or high
water users. Since the inception of
WUCOLS, additional species were
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added and, when deemed necessary,
plants were recategorized (Costello
and Jones, 2014; Costello et al.,
1991, 2000). Presently, WUCOLS
includes more than 3500 plants cate-
gorized in its searchable database
(Costello and Jones, 2014).

Irrigating landscape plants less
than their ET rate is an effective
water-saving strategy that has become
common in arid states under condi-
tions of drought and water restric-
tions. Because landscape plants are
planted for their ornamental value
rather than for producing crops that
require large amounts of water at
certain life cycle stages, significant
water savings can be realized through
this practice (Costello et al., 2000;
Hartin et al., 1993, 2015). Fortu-
nately, many landscape plants retain
acceptable health and appearance
when subjected to deficit irrigation
(Hartin et al., 1993, 2015; Kjelgren
et al., 2000; Montague et al., 2004,
2007; Pittenger et al., 2001, 2002,
2009; Sun et al., 2012).

As previously mentioned, deter-
mining the minimum irrigation re-
quirements for the thousands of
native and introduced landscape plant
species growing in arid climates is
a formidable task. Adding to the
burden are landscape areas (LAs) that
contain plantings of multiple species,
planting densities, and microclimates
that comprise the vast majority of
these landscapes (Nouri et al., 2012,
2016; St. Hilaire et al., 2008). The
common agronomic practice of de-
termining crop coefficient (Kc) values
that relate the water requirement of a
specific crop to reference ET illustrated
by Eq. [1] is inadequate for correctly
estimating irrigation requirements of
these complex mixed landscapes (Allen
et al., 1998; Nouri et al., 2012; Snyder
and Eching, 2006).

ETc = ETo 3Kc ½1�

In Eq. [1], ETc is the water require-
ment of a specific crop, ETo is the
reference ET (ET of a healthy, well-
watered cool season turfgrass), and Kc

is a coefficient for a specific crop.
Turfgrass researchers (Gibeault

et al., 1985; Harivandi et al., 2009)
determined that monocultures of
warm and cool season turfgrass plant-
ings that conform to Kc standards
under California conditions have Kc

values of 0.6 and 0.8, respectively,

and often perform adequately at
somewhat lower values situationally.
A lawn watering guide for the general
public based on these Kc values, a dis-
tribution uniformity (DU) of 80%,
and historical ETo data were also de-
veloped (Hartin et al., 2001). Other
work determined that bermudagrasses
(Cynodon sp.) and seashore paspalum
(Paspalum vaginatum) outperformed
several other turfgrasses and alterna-
tive groundcovers under deficit irri-
gation (Gibeault et al., 1989) and
quantified the performance of several
turfgrass cultivars under varying irri-
gation regimes and mowing heights
(Richie et al., 2002).

Many UC researchers have con-
ducted studies on the health, perfor-
mance, and aesthetics of non-turfgrass
landscape plantings under minimal
irrigation conditions. Methods include
measuring the performance of mono-
cultures of landscape plants through
species evaluations under varying levels
of ETo and developing WUCOLS for
landscapes with mixed species, densi-
ties, and microclimates (Costello and
Jones, 2014; Costello et al., 1991,
2000). Additional studies have in-
creased the adoption of technologies
and practices that reduce water waste
in turfgrass and non-turfgrass land-
scapes, and improve DUs and IE of
sprinkler-irrigated landscapes through
intense on-site training (Hartin and
McArthur, 2007; Hartin et al., 2017;
Reid et al., 2017).

A summary and brief review of
these UC-led studies follows.

EVAPOTRANSPIRATION ADJUSTMENT

FACTOR (ETAF) STUDY. California
implemented water conservation legis-
lation that required reductions in urban
and agricultural water usage (CDWR,
2009) and added additional water-use
constraints for urban landscapes in
2010. A major element of this legis-
lation was the establishment of the
CaliforniaMWELO,which requires the
implementation of water budgets based
on ETo, an ETAF, and LA in square
feet. Amaximum applied water allow-
ance for each site is then calculated,
using a 0.62 factor to convert inches
to gallons as shown in Eq. [2]:

MAWA = ETo 3ETAF3LA30:62 ½2�

The ETo values are estimated at more
than 120 CIMIS weather station
sites throughout the state which mea-
sure and record temperature, solar

radiation, wind speed, and relative
humidity hourly with free online ac-
cess to real-time and historical re-
cords. An ETAF further adjusts the
ETo based on a plant factor (PF) and
IE as follows:

ETAF = PF4 IE ½3�

Plant factors categorize landscape
water use of individual species based
on high, moderate, low, and very
low categories from the WUCOLS
database.

During themid-2000s, theCDWR
funded a UC project to determine the
efficacy of reducing the ETAF from
0.8 to 0.7 without sacrificing land-
scape quality and health. Researchers
and a landscape contractor firm with
certified irrigation auditors hired by the
project selected 30 well-established,
professionally maintained, landscapes
(parks, school districts, golf courses,
and one private residence) in six cli-
mate zones corresponding to the six
WUCOLS zones throughout the state.
The sites contained a variety of plant
species mixes, irrigation technologies
and practices, planting densities, and
microclimates.

Site managers received training
from project personnel regarding
how to schedule irrigations based on
climate and plant water needs using
CIMIS and WUCOLS data. Hands-
on demonstrations of best manage-
ment practices leading to improved
IE and reduced water waste were also
provided. These included determin-
ing sprinkler system precipitation
rates and DU, which measures the
evenness of applied water across the
site; irrigation scheduling; regular
site-inspections to check for equip-
ment failure, head misalignment,
pressure irregularities, breakage, and
other common issues; and proper use
of mulch. Total water use of each site
was measured by water meters (21
sites) or sensors (9 sites) and recorded
monthly for 24 months. The sites
were inspected quarterly by project
personnel who made sprinkler repairs
as needed and evaluated plant health
and canopy coverage. At the end of
the first year, managers of sites that
exceeded an ETAF of 0.7 were asked
to reduce their water budgets to 0.7
the second (final) year. Coinciden-
tally, mandatory emergency water re-
strictions were imposed by the state
during the second year of the study,
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limiting the days and hours in which
landscapes could be irrigated.

Twenty-one of the 30 project
sites met the 0.7 ETAF goal by the
end of the study (Hartin et al., 2017;
Reid et al., 2017). All 14 turfgrass
sites reduced water use by an average
of 19%. Distribution uniformity in-
creased on the turfgrass sites, an av-
erage of 13%. However, even with
a sprinkler system IE of 75% (meeting
statewide standards),whichwas attained
at some turfgrass sites, only six sites
maintained acceptable quality. Cool
season turfgrasses performed theworst,
particularly in hotter inland and desert
areas. Only sites planted with warm
season turfgrass performed adequately
at 50% ETo, consistent with other stud-
ies indicating the higher water require-
ment for cool season grasses (Gibeault
et al., 1985, 1989).

All 24 shrub sites used consider-
ably less water than the turfgrass sites,
although 10 shrub sites increased
water use the second year (ETAFs of
0.58 and 0.61) because of malfunc-
tioning valves at some sites, and man-
agement turnover leading to a lack of
continuity in site maintenance at other
sites. Plant quality was acceptable at
or less than the targeted 0.7 ETAF at
all shrub sites throughout the 2-year
study.

Overall, study results indicate
that landscapes planted in mixtures
of medium, low, and very low water
requiring landscape species that are
drip irrigated and mulched can in-
clude small areas of warm season
sprinkler-irrigated turfgrass and per-
form adequately at 0.70 ETAF. Land-
scapes planted in very low and low
water-requiring species can include
small areas of warm season turfgrass
and function adequately at the cur-
rent 0.55 ETAF. The study also un-
derscores the importance of proper
selection, installation, andmaintenance
of irrigation equipment, including reg-
ular equipment inspection and catch-
ment tests to improve DU on turfgrass
sites. The large amount of water waste
that occurred on many of the study
sites before intervention in the second
year is not uncommon on large land-
scape sites. Findings are consistent with
those from other studies showing that,
in some cases, more water is wasted
from equipment malfunctions and
poor DUs than is potentially saved
from proper plant selection and irriga-
tion scheduling based on the climate

and species (Baum et al., 2003; Hartin
and McArthur, 2007; Hartin et al.,
2017; Reid et al., 2017).

These results also underscore the
importance of allowing exemptions
from mandated water budgets for
‘‘special landscape areas’’ which in-
clude recreational turfgrass (sports
fields and parks), edibles, and plants
irrigated with recycled water. Re-
search indicates that living turfgrass
surfaces perform better than synthetic
(artificial) surfaces under recreational
wear, particularly in hotter climates
(Petrass et al., 2014). Artificial sur-
faces also tend to result in more player
injuries (McNitt et al., 2008; Serensits
et al., 2011; Williams and Pulley,
2003). For jurisdictions not allowing
‘‘opt-out’’ clauses for recreational turf-
grass, options to meet reduced water
budgets include decreasing the per-
centage of cool season turfgrass, replac-
ing cool season turfgrass with warm
season turfgrass, and replacing turf-
grass with drip-irrigated ornamentals.

PLANT PERFORMANCE TRIALS

(ETO AND PF). UC researchers veri-
fied that two species of landscape
trees, indian laurel fig (Ficus nitida
‘Green Gem’) and sweetgum (Liq-
uidambar styraciflua), often irrigated
at 60% to 120% ETo, performed op-
timally at 20% and 40% ETo com-
pared with 60%, 80%, and 100% ETo

in a replicated 5-year study during the
6-year drought (1987–92) at the
South Coast Research and Extension
Center in Irvine, CA (Hartin et al.,
1993). A third tree in the study, holly
oak (Quercus ilex), performed signif-
icantly better at 20% and 40%ETo due
largely to root loss caused by Phytoph-
thora species when trees were irri-
gated at 60%, 80%, and 100% ETo. A
fourth species, carrotwood (Cupa-
niopsis anacardioides), sustained sub-
stantial wind damage and was not
evaluated after the initial year of
planting. Other UC researchers de-
termined that three of six species of
groundcover assessed, dwarf coyote
brush (Baccharis pilularis ‘Twin
Peaks’), hairy dewflower (Drosanthe-
mum hispidum), and english ivy
(Hedera helix ‘Needlepoint’), main-
tained aesthetic acceptability at 20%
ETo. In the same study, blue periwin-
kle (Vinca major) performed ade-
quately at 30% ETo (Pittenger et al.,
2001). Another study found that all
the studied palm species [king palm
(Archontophoenix cunninghamiana),

mediterranean fan palm (Chamaerops
humilis), queen palm (Syagrus roman-
zoffiana), chinese windmill palm (Tra-
chycarpus fortunei), and california fan
palm (Washingtonia filifera)] that re-
ceived 50% ETo, 25% ETo, or no irri-
gation after ample irrigation the first
2 years maintained acceptable visual
quality under the reduced ETo levels
the third year of the study; mediter-
ranean fan and california fan palms
performed nearly optimally with no
irrigation.

Another team of UC researchers
has been conducting 2-year irrigation
trials on a continuing basis at UC
Davis and other sites in several climate
zones throughout the state that have,
to date, determined the minimum
irrigation requirements of more than
150 species of landscape ornamentals
under conditions of full sun or 50%
shade. Plants selected for the trials are
transplanted to the field from con-
tainers in November and irrigated
through the establishment period at
80% to 100% ETo. From April
through October during the second
year of the studies, irrigation was de-
creased to 80%, 60%, 40%, or 20%
ETo in the replicated trials (Oki et al.,
2016; Reid and Oki, 2008, 2013).
Data collected include plant health
and height, width, and length in addi-
tion to esthetic qualities. Results cor-
respond favorably with those from
other UC trials, indicating that several
species of native and climate-adapted
non-native ornamentals perform well
at 20% ETo once established. Exam-
ples include snowy river wattle (Acacia
boormanii); california lilac (Ceanothus
·pallidus ‘Marie Simon’), islandmoun-
tain mahogany (Cercocarpus betuloides
‘Blancheae’), pinemuhly (Muhlenbergia
dubia), blue bedder (Penstemon heter-
ophyllus), tangerine stalked bulbine
(Bulbine frutescens ‘Tiny Tangerine’),
cabbage tree (Cordyline australis ‘Pur-
ple Sensation’), yellow monkeyflower
(Mimulus ‘Curious Georgie Boy’), st.
john’swort (Hypericumandrosaemum
‘Ignite Red’), purple ice plant (Delo-
sperma cooperi), bladderpod (Isomeris
arborea), japanese holly fern (Cyrto-
mium falcatum), walking iris (Neomar-
ica caerulea), california lilac (Ceonothus
‘Concha’), small cape rush (Chondrope-
talum tectorum), and pink australian
fuchsia (Correa pulchella ‘Pink Eyre’)
(Oki et al., 2016; Sisneroz et al.,
2018). In some cases, plants such as
snowy river wattle, california lilac,
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island mountain mahogany, and blue
bedder performed optimally when
irrigated at 20% ETo (Reid and Oki,
2013).

Conclusions and ‘‘next steps’’
Althoughmuch has been accom-

plished in the realm of reducing water
usewhilemaintaining acceptable health,
function, and appearance of heteroge-
neous landscape plantings, more work
is necessary to refine current recom-
mendations to industry professionals.
AlthoughUC researchers have, to date,
determined the minimum water re-
quirements of nearly 200 landscape
species in replicated trials, the process
is time-consuming and assessing the
water requirements of the �3250
remaining plants in the WUCOLS
database in a timely way is unrealistic.
Conversely, the use of WUCOLS,
which classifies plants into water-use
categories based on observation and
experience by experts in the field rather
than actual data derived from replicated
trials (in most cases) offers a large da-
tabase. Although not intended to be-
come mandated, dozens of cities and
other jurisdictions now require the use
of WUCOLS for project approval.

More long-term studies under
replicated conditions are needed in
California, and elsewhere, to deter-
mine the reliability of WUCOLS and
PF methods for estimating minimum
irrigation requirements of heteroge-
neous landscape plantings. Although
criticism of the lack of science-based
foundation for WUCOLS exists, few
replicated studies have been conducted
to determine its efficacy. One such
study found WUCOLS to accurately
predict actual water needsmore closely
than two other observation-based ET
estimation methods aimed at estimat-
ing the water requirement of urban
landscapes: a PF technique and a crop
stress factor technique based on guide-
lines from Irrigated PublicOpen Space
(Nouri et al., 2012). Subsequently,
another study comparing WUCOLS
and an enhanced vegetation index
(EVI) remote sensing method with
a detailed soil water balance (SWB)
analysis for 1 year in a heterogeneous
landscape consisting of several plant
species, planting densities, andmicro-
climates found the EVI method to
closely parallel the SWB estimate of
water consumption while WUCOLS
underestimated it (Nouri et al., 2016).
One explanation for varying results is

that although SWB methods may in-
deed closely approximate the water
consumption of a mixed planting un-
der conditions of unlimitedwater, plant
quality, and performance of the same
species under the same conditions may
remain acceptable using theWUCOLS
protocol because WUCOLS catego-
rizes plants based on performance un-
der minimum irrigation rather than
maximum water consumption.

More work on the use of smart
irrigation controllers based on ETo

and soil moisture depletion under dry
California conditions is also impor-
tant. Although several studies mea-
suring the potential water savings of
smart controller technologyhave shown
impressive savings of up to 70% under
controlled conditions, the actual water
reduction under more typical land-
scape conditions (particularly in urban
residential rather than commercial set-
tings) averages less than 10% (Dukes,
2012). A newly implemented study at
UC Riverside led by Amir Haghverdi
that includes four multiyear turf irri-
gation trials will refine best practices
to identify minimum irrigation re-
quirements using smart irrigation
technologies (soil moisture–based and
ET-based), RS and geospatial analysis
under controlled conditionsmonitored
by a network of time-domain reflec-
tometry soil moisture sensors that will
continuously monitor soil water status
within and below the root zone.

Another large water waster con-
tinues to be low sprinkler systemDUs
andwater losses due to poorly designed
irrigation systems, equipment malfunc-
tion, pressure issues, and other failures
that result in the underperformance
of both the sprinkler and drip systems.
Ensuring that irrigation systems are
properly installed and maintained can
lead to more water savings than irri-
gation based on climate and plant
water needs (Hartin and McArthur,
2007; Hartin et al., 2017; Pitts et al.,
1996; Reid et al., 2017).
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