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Abstract. Water shortages and poor water quality are critical issues in many areas of the world. With rapid increases in
population and shortage of water supplies in urban areas, use of alternative water sources such as municipal reclaimed
water and other sources of non-potable waters for irrigating landscapes is inevitable. A potential concern is the elevated salt
levels in these alternative waters. This article briefly summarizes general information regarding alternative water sources
and general responses of landscape plants to salinity stress. Methodology of screening and evaluating salt tolerance of
landscape plants are discussed. Recent research results on salt tolerance of landscape plants and their physiological
responses to salinity stress are reviewed. Like agricultural crops, a wide range of salt tolerance among landscape plants has
been found. In addition to plant species, dominant salt type, substrate, irrigation method and management, and
environmental conditions also affect plant responses to salinity stress. A number of mechanisms of salinity tolerance have
been observed among landscape species, including restriction of ion uptake, selective ion uptake, and tolerance to high
internal concentrations of sodium and/or chloride.

With rapidly increasing populations and
industrialization in many parts of the world,
the demand for fresh water supply is increasing
but the availability of fresh water is diminish-
ing. Seeking alternative water sources for irri-
gating field crops and landscapes is an option
to save fresh water for other purposes. The
availability of reclaimed water (treated mu-
nicipal wastewater) may increase with urban
population growth (Qian et al., 2005). Many
municipalities in the southwest have encour-
aged the use of reclaimed water for landscape
irrigation, because municipal water consum-
ption increases two- to twofold in summer
months compared with the winter season
(Kjelgren et al., 2000). The increased water
use is largely for landscape irrigation. There-
fore, irrigating landscapes with reclaimed
water can conserve tremendous amounts of
fresh water. Reclaimed water and other non-
potable waters have been used for decades for
irrigating field crops and landscapes such as
golf courses, landscapes, and parks in many
areas of the United States (Dobrowolski et al.,
2008; Morgan et al., 2008) and other countries
(Pasternak and Malach, 1994; Safi et al., 2007;
Tanwar, 2003). Reclaimed water contains some
nutrients essential for plant growth and there-
fore it may be possible to reduce fertilizer
application when reclaimed water is used. A
potential problem of using reclaimed water
is elevated salt levels, which are detrimental
to sensitive plants if not managed properly.
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Therefore, identifying salt-sensitive plant
species and categorizing salt tolerance of
commonly used landscape plants may aid
the selection of appropriate species for land-
scapes where alternative sources of water are
used for irrigation.

GENERAL INFORMATION ON
ALTERNATIVE WATER SOURCES

The types of available alternative or non-
potable water sources vary with regions or even
locations. Generally, municipal reclaimed water
is the main alternative water. In some places,
groundwater or sallow aquifer saline water
and agricultural drainage water are available
(Boland, 2008; Duncan et al., 2009). The
salinity and composition of these alternative
waters vary with locations and sources.

Reclaimed water is defined as domestic or
municipal wastewater that has received sec-
ondary treatment. Reclaimed water is also
improperly called by other terms, including
recycled water, urban wastewater, urban water
reuse, and urban effluent (Duncan et al., 2009).
These latter terms actually denote urban water
sources that have not been treated and include
storm water and rain water. Reclaimed water is
also different from gray water, which is un-
treated, non-toilet, and household water, in-
cluding water from sinks, showers, and baths.
The salinity of reclaimed water measured as
electrical conductivity, which varies depend-
ing on the water source and treatment pro-
cesses, ranged from 1.0 to 1.9 dS-m™" (Schuch,
2005; Wu et al., 2001). The chemical compo-
sition in reclaimed water varies with treatment
processes, source waters, location, and time of
year. Although some water reclamation treat-
ment facilities offer periodic laboratory test
results, the data are often incomplete for as-
sessing irrigation quality because they are
oriented to the “human impact factor” and less

to the performance of plants that would be
irrigated (Duncan et al., 2009). The main
chemical compounds of horticultural interest
in reclaimed water, after going through all
treatment processes, are nitrogen, phosphorus,
potassium, calcium, magnesium (Mg), sodium
(Na), chloride (Cl), bicarbonate, and sulfate
(SO4) (Duncan et al., 2009; Farnham et al.,
1985; Wu et al., 2001).

METHODS OF SCREENING SALT
TOLERANCE FOR LANDSCAPE
PLANTS

Greenhouse studies. Compared with field
trials, greenhouse studies for screening salt
tolerance are less labor-intensive, less costly,
and the environmental conditions can be more
easily controlled. Salt treatments in green-
house studies are usually created by adding
salts to irrigation water to mimic a composition
of a target saline water source or saline soil. A
large number of salinity studies have used
NaCl as the sole salinizing agent (Cassaniti
et al., 2009; Eom et al., 2007; Fostad and
Pedersen, 2000; Marosz, 2004; Wahome,
2003; Wueetal., 2001). However, composition
of salts in water and salt-affected soils varies
throughout the world (Carter and Grieve,
2006; Grattan and Grieve, 1999). Saline solu-
tions with a single salt may result in mis-
leading and erroneous interpretations about
plant response to salinity (Carter and Grieve,
2006; Grattan and Grieve, 1999). In our
studies, NaCl + CaCl, (2:1 m ratio) or NaCl +
CaCl, + MgSOy (87:8:5 by weight) have been
added to tap water or nutrient solutions to
mimic the major ion composition of local
poor-quality reclaimed waters. A wide range
of salinity levels, depending on the estimated
salt tolerance of selected species being tested,
are prepared to distinguish the differences in
plant response to increasing salinity. Even
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when salinity levels of irrigation water are
kept the same, the maintenance of constant
root zone salinity levels is difficult, and
equally challenging is its measurement be-
cause of the strong influence of soil moisture
content (Marosz, 2004; Tanji, 2002). The con-
centration of dissolved salts does not change
in direct proportion to changes in soil mois-
ture content as a result of solubility, cation
exchange, and ion association issues.

Salinity is a dynamic property in the root
zone resulting from evapoconcentration of the
soil solution, water extraction, selective plant
uptake from plant roots, and replenishment by
irrigation or rainfall (Tanji, 2002). Salt accu-
mulation in substrates is also influenced by
plant taxa and genotypes, substrate physical—
chemical properties, plant water use, irrigation
frequency, and drainage and/or leaching frac-
tion (Bernstein et al., 2006; Niu and Rodriguez,
2006a, 2006b). To prevent salt accumulation,
increasing leaching fraction and using porous,
well-drained substrates are effective approaches.
However, high leaching fraction leads to low
irrigation efficiencies (Niu et al., 2007b).

Outdoor container and field studies. En-
vironmental conditions such as temperature,
light intensity, humidity, and wind speed can
considerably affect plant response to salinity
(Fox et al., 2005; Niu et al., 2007a; Zollinger
et al., 2007). Therefore, salt tolerance of
plants from greenhouse studies provides a rel-
ative order of salt tolerance among tested
plant species. The absolute salt tolerance in
outdoor conditions for landscape plants can
be determined on a limited number of plants
with known salt tolerance under greenhouse
environment. For field studies, soils will be
salinized after a salt tolerance study and thus
will require replacement before reutilization
in subsequent experiments in the same field.
In our research, raised beds have been used
and soils in the beds are replaced before each
experiment (Niu et al., 2007a). Treatments
were created similarly to greenhouse studies
by adding salts at various ratios to irrigation
water to create various salinity levels. Like
greenhouse container studies, salt accumulation
in the field varied among beds and locations
within the same bed as a result of differences in
water use of the plants and microenvironment.
Outdoor studies using containers can provide
outdoor environmental conditions while elim-
inating the variation among adjacent plots and
easing the control and disposal of salinized
substrates or soils. In reality, selection of
method for screening salt tolerance often de-
pends on target plant species, seasons, and
availability of resources.

GENERAL RESPONSES OF
LANDSCAPE PLANTS TO SALINITY

Salt tolerance of a plant is defined as the
ability to withstand the effects of high salinity
without significant adverse effects such as
growth or yield reduction or foliar salt dam-
age (Grieve et al., 2008). Salinity reduces the
ability of plants to take up water, and this
quickly causes reductions in growth rate along
with a suite of metabolic changes identical
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to those caused by water stress (Marschner,
1995; Munns, 2002). For landscape plants, the
typical symptoms of initial salt injury are
stunted growth and foliar damage, including
leaf necrosis, marginal leaf burn, and pre-
mature leaf drop (Bernstein et al., 1972). As
salt stress becomes severe, leaves are gener-
ally negatively impacted, resulting in fewer
green leaves. For flowering woody shrubs and
trees, buds may fail to open or grow and
branches may die in salt-stressed shrubs and
trees (Azza Mazher et al., 2007). Salt injury
symptoms are more evident under hot, dry,
and windy conditions than in a cool, humid
environment (Fox et al.,, 2005; Niu et al.,
2007a; Wu et al., 2001). Salt tolerance of
a plant varies largely with species or even
cultivar within a species (Cabrera, 2009; Niu
etal., 2007a). The actual response of a plant to
salinity is often affected by climate conditions,
type of substrate or soil, irrigation manage-
ment, and plant growth stage. For each salinity
level, it is possible to select a number of
landscape plants whose aesthetic values are
not or are only slightly affected (Bernstein
et al.,, 1972). Obviously, as salinity levels
increase, the number of plants that can tolerate
the salt stress becomes smaller.

High salinity induces a series of metabolic
dysfunctions in landscape plants, including
absorption of excessive minerals, nutrient
imbalance, photosynthesis inhibition, enzy-
matic activity, protein and nucleic metabo-
lism, and respiration (Azza Mazher et al.,
2007; Marschner, 1995; Munns and Tester,
2008). The extent of adverse impact of
salinity on the previously mentioned physio-
logical processes depends on salinity levels
and exposure period.

QUANTIFYING GROWTH,
PHYSIOLOGICAL AND AESTHETIC
RESPONSES OF LANDSCAPE
PLANTS TO SALINITY

Depending on species or genotype,
growth can be quantified non-destructively
by recording plant height and/or canopy size
periodically. All parts of a plant, including
leaves, stems, roots, and fruits, may be re-
duced in size under saline conditions. Usu-
ally, growth reduction in shoots is greater
than roots (Munns, 2002; Shannon et al.,
1994). For agricultural crop plants, salt tol-
erance is often assessed based on growth or
yield reduction of specific plant parts such as
seeds, roots, fruits, or leaves (Maas, 1990;
Pasternak and Malach, 1994). However, for
landscape plants, aesthetic value is more
important than growth rate (Bernstein et al.,
1972). Therefore, visual quality, although it
can be highly subjective, is an important
parameter for assessing salt tolerance of
landscape plants (Devitt et al., 2005; Fox
et al., 2005; Niu and Rodriguez, 2006a,
2006b; Niu et al., 2007a; Zollinger et al.,
2007). Dry matter accumulation and/or rela-
tive growth rate are commonly used to
evaluate salt tolerance of plants, but this
parameter is not available until plants are
harvested destructively. The timing when

significant differences in foliar damage
symptoms appear is another parameter used
for the assessment of plant salt tolerance. The
earlier the salt injury is exhibited in a plant,
the less is its tolerance to salinity.

In addition to these visible changes reflected
in plant growth/size and foliar damage, plants
also respond to salinity internally, expressed in
changes in physiological and metabolic pro-
cesses. To quantify the physiological responses
to salinity, photosynthesis, leaf conductance,
chlorophyll fluorescence, chlorophyll content,
ion uptake, and accumulation in tissues are
typically measured (Cabrera, 2003; Eom et al.,
2007; Niu and Rodriguez, 2006a; Quist and
Williams, 1999; Wu et al., 2001; Zollinger
et al., 2007; Zribi et al., 2009).

Ion uptake. Plant adaptations to salinity
are of three distinct types: osmotic stress
tolerance, Na or Cl exclusion, and the tolerance
of tissue to accumulated Na or Cl (Munns and
Tester, 2008). Salt-tolerant genotypes usually
have the ability to restrict Na or Cl transport
to shoots. Some tolerant genotypes can toler-
ate high internal Na or CI concentrations. lon
uptake depends on species or genotype, salin-
ity level, and the chemical composition of the
soil solution (Grattan and Grieve, 1999; Niu
and Rodriguez, 2008).

Niu and Rodriguez (2006a) studied dif-
ferences in overall salt tolerance and Na or Cl
tolerance among eight herbaceous species
irrigated with saline solutions at four salinity
levels. Four species died by the middle of the
12-week experiment. Among the surviving
four species, the ion accumulation in shoots
and roots differed (Fig. 1). Both Na and Cl in
shoots and roots generally increased with
salinity of irrigation water in all species but
were different among species. For example,
Gazania rigen had the highest Na concentra-
tion in shoots [39 mg-g! dry weight (DW)]
but Delosperma cooperi had the highest Na
concentration in roots (22 mg-g! DW). Shoot
Cl was highest in D. cooperi and G. rigen and
even in the control plants. The CI concentra-
tion was five to 10 times higher in D. cooperi
and G. rigen than the other two species in
all treatments. Regardless of the high Na or
ClI concentrations, no visual salt injury was
observed in G. rigen and D. cooperi, indi-
cating that these two species were tolerant to
high internal Na or CI concentrations. Com-
pared with G. rigen, D. cooperi had a higher
ability to exclude Na from shoots, which is
an important mechanism of salt tolerance. In
a 15-week salinity study, significant differ-
ences in ion accumulation were found be-
tween two azalea (Rhododendron) hybrids
(Cabrera, 2003). The hybrid ‘Delaware Val-
ley White’, which was more negatively af-
fected by salinity stress (both in growth and
quality), accumulated exceedingly higher
levels of Cl and Na (up to 3.33% and 5.65
mg-g”' DW, respectively) than in the more
salt-tolerant ‘Red Hershey’ (up to 1.31%
and 0.46 mg-g' DW, respectively). Another
15-week salinity study with crape myrtles
(Lagerstroemia spp. L.) showed differences
in Na and Cl accumulation in leaf tissues be-
ing lower in those cultivars that were deemed
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Fig. 1. Shoot and root ion concentrations of Gazania rigens, Delosperma cooperi, Teucrium chamaedrys,
and Ceratostigma plumbaginoides at the end of a 12-week experiment as affected by irrigation water
salinity [electrical conductivity (EC)]. Control, EC 3, EC 6, and EC 12 represent EC of 0.8, 3.2, 6.4,
and 12 dS-m™, respectively. Means (bars) followed by the same letters are not significantly different
tested by Student-Newman-Keuls multiple comparison at P = 0.05. Note: Ceratostigma plumbagi-

noides plants did not survive at EC 12 dS-m™".

more salt-tolerant on the basis of lesser foliar
salt damage (Cabrera, 2009).

Salt composition affects the response of
landscape plants to salinity. Growth and ion
uptake of four rose rootstocks responded to
salinity and dominant salt type differently
(Niu and Rodriguez, 2008). Rosa Xfortuniana
was the most tolerant rootstock when irri-
gated with a saline solution dominated by
sulfate followed by R. ‘Dr. Huey’, R. multi-
flora, and R. odorata in descending order.
However, R. Xfortuniana was the least toler-
ant rootstock when chloride was dominant in
the saline solutions, R. odorata was the second
least tolerant, and ‘Dr. Huey’ was the most
tolerant. Rosa Xfortuniana and ‘Dr. Huey’ had
a higher restriction ability of Na uptake than
the other two rootstocks.

Leaf gas exchange. The most dramatic
and readily measurable whole plant response
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to salinity is a decrease in stomatal aperture
(Munns and Tester, 2008). Rates of photo-
synthesis per unit leaf area in salt-treated
plants are often unchanged, although stoma-
tal conductance (gg) is reduced (James et al.,
2002). Net photosynthetic rate of four rose
rootstocks (Rosa Xfortuniana, R. multiflora,
R. odorata, and R. hybrida ‘Dr. Huey’),
which were irrigated with saline solutions
up to 8.0 dS-m™!, were unaffected (Niu, un-
published data), possibly because the healthy,
young leaves were selected. The effect of
salinity on photosynthesis and gs depends
on species and salinity level. For example,
Ziziphus nummularia had greater reduction
in photosynthesis and gg than Z. rotundifolia
(Meena et al., 2003). For salt-sensitive green
ash (Fraxinus pennsylvanica), both gg and net
photosynthesis decreased significantly when
the seedlings were subjected to salt stress

ranging from seawater concentration to one-
tenth the concentration of seawater (Pezeshki
and Chambers, 1986). Conversely, for halo-
phyte Salvadora persica, net photosynthesis,
gs, and transpiration rate were not reduced by
salinity stress at 200 mm NaCl compared with
the control without NaCl (Maggio et al.,
2000). Net photosynthesis, gg, and transpira-
tion rates of Phillyrea latifolia grown at
various salinity concentrations were mark-
edly decreased and the differences of these
rates between the control and salinity treat-
ments became larger over time (Tattini et al.,
2002). Summarizing this, the effect of salin-
ity on leaf gas exchange depends on many
factors such as leaf age, the level of salinity,
and duration of salinity stress exposure in
addition to species and genotype.

Chlorophyll fluorescence and chlorophyll
content (SPAD reading). Chlorophyll fluo-
rescence has been proved to be useful in
salinity tolerance evaluation. The maximal
photochemical efficiency of photosystem II
(PSII), the ratio of variable fluorescence (F,)
to maximal fluorescence (F,,), F,/Fy,, is com-
monly measured to examine damage in the
photosynthetic apparatus caused by salinity
stress (Jimenez et al., 1997; Percival, 2005;
Percival and Fraser, 2001; Sixto et al., 2006).
Percival (2005) concluded that measuring
chlorophyll fluorescence (F,/F,,) of excised,
salt-treated leaves under laboratory conditions
can be used to evaluate salt tolerance without
destroying whole plants. In our studies, we
found that F,/F,, was reduced by elevated
salinities at 3.0 and 6.0 dS-m™" in three rose
rootstocks, but the reduction was small (Niu
et al., 2008). The advantages of using chloro-
phyll fluorescence include the fact that fluo-
rescence measurements use a light portable
piece of equipment, and measurements are
non-destructive and non-invasive. The effec-
tiveness depends on species and salinity levels.
For example, no differences were found in
F,/F,, in tomato leaves treated with salinity up
to 200 mm NaCl in dark-adapted leaves (Zribi
etal., 2009). However, the PSII photochemistry
was modified in salt-affected plants in light-
adapted leaves. Naumann et al. (2008) also
reported that significant differences in light-
adapted fluorescence yield were observed by
Day 3 in Myrica cerifera plants treated with
salinity stress, whereas the dark-adapted fluo-
rescence yield did not show differences be-
tween the salinity treatment and control until
Day 12, which was well after visible signs (Day
5) of stress were apparent.

Salt stress not only causes leaf scorching
and necrosis, but chlorosis as well, because it
has been shown that low to moderate salinity
stimulates chlorophyll degradation, whereas
higher salt concentrations more drastically
affect chlorophyll synthesis (Santos, 2004).
Leaf chlorophyll concentration could be
determined routinely, but destructively, by
chemical analyses. The development of non-
destructive handheld chlorophyll meters pro-
vides for the rapid measurement of a relative
index of chlorophyll content, also called a
leaf greenness index (Monje and Bugbee,
1992), and thus chlorosis. The most common
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chlorophyll meter, Minolta SPAD-502, pro-
vides a relative value of chlorophyll content,
called a SPAD reading (SPAD, an acronym
of Soil and Plant Analyzer Development;
Minolta Camera Co., Osaka, Japan). By
measuring the light transmission at the wave-
lengths of 650 and 940 nm, a SPAD value
ranging from 0 to 100 is generated to estimate
leaf chlorophyll concentration (Markwell
et al., 1995). These readings may be used as
another parameter to screen differences in salt
tolerance of multiple species or genotypes
non-destructively. In a number of herbaceous
and woody landscape plants, we found that
less salt-tolerant species had either reduced
SPAD readings or were significantly reduced
with increasing salinity stress (Cabrera, 2003,
2009; Niu et al., 2007a).

ADDITIONAL SOURCES OF
INFORMATION

The Southern California Salinity Coali-
tion and National Water Research Institute
maintains a web site with comprehensive
literature review information related to salin-
ity management guidelines for landscapes
irrigated with recycled water (reclaimed wa-
ter) (Tanji et al., 2008). This web site pro-
vides a broad range of information, including
water quality of recycled water, management
of root zone salinity, plant selection, and
irrigation system. Wu and Dodge (2005)
compiled salt tolerance information in tables
based on the degree of salt tolerance for over
200 species of trees and palms, shrubs, and
groundcovers. This information was devel-
oped based on a series of experiments con-
ducted in California, which is a useful guide
for plant selection. Grattan and Grieve (1999)
reviewed comprehensively on the relations
between salinity and mineral nutrition of
horticultural crops and addressed the nutrients
individually. The U.S. Salinity Laboratory has
an updated version of a comprehensive bibli-
ography on response of plants to salinity
(http://www.ars.usda.gov/services/docs.htm?
docid=8908), which is open access to the
public according to Grieve et al. (2008).

SUMMARY

Salt tolerance of landscape plants varies
widely with species, environmental condi-
tions, and soil or substrate. Landscape plants,
most of which are non-halophyte, have sim-
ilar mechanisms of salt tolerance to agricul-
tural crops. Elevated salinity in irrigation
water reduces plant size and growth, causes
foliar injury (reducing aesthetic value), and
increases soil salinity. Assessment of salt to-
lerance for landscape plants should be based
primarily on aesthetic value. As a result of the
potential for significant salt accumulation,
site assessment will be necessary to ensure
good drainage when poor-quality water is
used. Applying sufficient volumes of water
to allow for adequate salt leaching and blend-
ing with less saline water can alleviate salt
accumulation and sustain the prolonged use
of alternative water sources for the irrigation
of landscapes.
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