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SuMMmARy. Multiple stresses almost al-
ways have synergistic effects on plants.
In citrus, there are direct and indirect
interactions between salinity and oth-
er physical abiotic stresses like poor
soil drainage, drought, irradiance, leaf
temperature, and atmospheric evapo-
rative demand. In addition, salinity
interacts with biotic pests and diseases
including root rot (Phytophthora spp.),
nematodes, and mycorrhizae. Im-
proving tree water relations through
optimum irrigation/drainage manage-
ment, maintaining nutrient balances,
and decreasing evaporative demand
can alleviate salt injury and decrease
toxic ion accumulation. Irrigation
with high salinity water not only can
have direct effects on root pathogens,
but salinity can also predispose citrus
rootstocks to attack by root rot and
nematodes. Rootstocks known to be
tolerant to root rot and nematode
pests can become more susceptible
when irrigated with high salinity
water. In addition, nematodes and
mycorrhizae can affect the salt toler-
ance of citrus roots and may increase
chloride (CI") uptake. Not all effects
of salinity are negative, however, as
moderate salinity stress can reduce
physiological activity and growth, al-
lowing citrus seedlings to survive cold
stress, and can even enhance flowering
after the salinity stress is relieved.

alinity stress rarely occurs when
all other environmental factorsare
at optimum levels. For example,
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salinity stress often occurs with poor
soil drainage and /or high temperature
stress. There are direct interactions
between salinity, leaf water relations,
irradiance, leaf temperature, and at-
mospheric evaporative demand that
are impossible to separate in the field.
Physiological mechanisms underlying
environmental interactions with salin-
ity can only be studied in controlled
environments where individual stresses
and their two-way interactions can be
described. Such studies may provide
insights into cultural practices or envi-
ronmental conditions that canimprove
production under salinity stress. There
are few studies on interactions between
salinity and biotic stresses since con-
trolled environment studies on salinity
are most often carried outin a pest-free
environment so that potentially com-
plicating interactions between biotic
stresses and salinity can be avoided. As
part ofa workshop entitled “Response
of Citrus to Salinity,” this report will
focus on interactions between salinity
stress and physical and biotic stresses
in citrus. This short review has been
derived from a recent extensive review
(Levy and Syvertsen, 2004) and will
focus on interactions of salinity stress
with high temperature, evaporative
demand, elevated carbon dioxide
(CO,), drought/osmotic stress, and
nutritional imbalancesalong with salin-
ity stress effects on fungal diseases and
pests thatattack citrus roots. Although
salinity is not beneficial for citrus in
the long run, short-term potential
benefits of moderate salinity will also
be discussed.

Salinity interactions with abiotic

physical environmental factors
HIGH TEMPERATURE AND EVAPO-
RATIVE DEMAND. Multiple stresses
almost always have synergistic effects
on plants. Citrus leaves growing in full
sun can experience midday tempera-
tures that exceed air temperature by as
much as 9 °C (16.2 °F) (Syvertsen and
Albrigo, 1980). Leaf temperatures up
to 45 °C (113.0 °F) not only enhance
respiratory rates and exceed optimum
temperature for photosynthesis, but
also lead to large vapor pressure dif-
ferences (VPD) between leaves and air.
Transpirational water use is driven by
VPD, so large VPDs can result in very
low water use efficiency (WUE). Citrus
leaf' stomata are sensitive to evaporative
demand, however, so a large VPD can
reduce stomatal conductance (g ) and

s

net assimilation of CO, (A,) (Jifon
and Syvertsen, 2003a). Decreasing
VPD by lowering leaf temperature or
increasing humidity can increase g,
Aco,, and WUE without increasing
total water use. Since CI” carried in the
transpiration stream remains in leaves
after water evaporates, leaf Cl-accumu-
lation has been linked to water use in
citrus rootstocks (Moya et al., 2003).
Misting leaves with high quality water
can improve salinity tolerance and
decrease accumulation of toxic ions
in tomato (Lycopersicon esculentum)
plants (Romero-Aranda et al., 2002).
Since salinity stress is usually greater
for sun-exposed than for shaded leaves,
additional shade may improve salinity
tolerance. Artificial shade screens (Jifon
and Syvertsen, 2001) or foliar sprays
of kaolin clay particle film (Jifon and
Syvertsen, 2003b) during the warmest
season reduced citrus leaf temperature
and improved WUE. Properly timed
artificial shade, therefore, may decrease
salt stress.

Erevatep CO,. Rapidly grow-
ing plants almost always use more
water than slower growing plants. In
citrus, many vigorous rootstocks that
produce fast-growing trees also tend
to have poor salt tolerance (Castle et
al., 1993). In addition, Cl~ absorption
in the relatively salt sensitive Carrizo
citrange (Citrus sinensis X Poncirus
trifolinta) and in the more salt-tolerant
Cleopatra mandarin ( C. reticulata) has
been linked to their water use (Moya
et al, 2003). Thus, there can be a
link between high water use and low
salinity tolerance. Growing plants at
elevated CO, usually increases growth
and A,, but at the same time high
CO, decreases stomatal conductance
and water use. Thus, elevated CO,
almost always leads to higher WUE as
it disconnects rapid tree growth from
high water use. Growing citrus under
conditions of elevated CO,, therefore,
offers a tool to study mechanisms
of salinity tolerance. If salt uptake
is coupled with water uptake, then
leaves grown at elevated CO, should
have lower salt concentrations than
leaves grown atambient CO, (Balland
Munns, 1992). On the other hand, if
ion accumulation is related to growth,
then growing plants in elevated CO,
should increase ion accumulation. In
greenhouse studies of salinity tolerance
of citrus rootstock seedlings, Rangpur
lime (C. reticulnta) and Cleopatra man-
darin were less affected by salinity stress
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than were sour orange ( C. aurantinm)
and sweet orange (C. sinensis) (J. Sy-
vertsen and J. Grosser, unpublished).
Asexpected, all citrus rootstock species
studied increased growth and WUE
in response to elevated CO, that was
twice ambient. Generally, the salinity-
induced accumulation of sodium (Na*)
in leaves was less when seedlings were
grown at elevated CO, than at ambi-
ent CO,, implying that the lower Na*
accumulation was linked to increased
WUE. Na* accumulation, however,
was unaffected by elevated CO, in
relatively salt-tolerant Rangpur lime.
Rangpur lime also had the lowest leaf
Cl” concentrations and leat Cl~ was
unaffected by growingin elevated CO,
in Rangpur lime. The accumulation of
leaf CI" in salinized sour orange was
greateratelevated CO, than atambient
CO,,implicatingalink between growth
and CI” accumulation in leaves. Leaf
CI concentrations in Cleopatra man-
darin, however, were less at elevated
CO, thanatambient conditions. Thus,
the decrease in Cl” accumulation at el-
evated CO, in Cleopatra mandarin was
related to theincreasein WUE, whereas
the increase in leaf Cl in sour orange
was not. Contrasting patterns of Na*
and CI” imply these ions accumulate
by different transport pathways and
relationships between ion accumula-
tion and water use differ in different
Citrus species.

DROUGHT, OSMOTIC STRESS, AND
TOXIC ION ACCUMULATION. Salinity af-
fects citrus in two ways: osmotic stress
and toxic ion stress. Dissolved salts
exert an osmotic effect that reduces
the availability of free (unbound) water
through physical processes. This situa-
tionis analogous to drought stress that
lowers leat water potential. Growth
and yield of all plants is reduced by
decreased leaf water potential (Maas,
1986). The effect of osmotic stress is
different when stress increases gradu-
ally, allowing the plant to adjust, com-
pared to the situation when osmotic
stress in the soil solution increases
abruptly (Levy and Syvertsen, 2004).
When salinity stress is gradual, salt-
tolerant rootstocks, which limit the
translocation of the toxic ions Cl-and
Na* into the leaves, will acclimate to
osmotic stress in the root zone by clos-
ing stomata and reducing transpiration
(Nieves et al., 1991; Syvertsen and
Smith, 1983). In contrast, osmotic
shock can occur from a rapid increase
in salinity of the soil solution, such as
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results from excessive fertilization or
when a light rain leaches accumulated
salts into the root zone (Levy and
Syvertsen, 2004). Osmotic shock, in-
duced either byasudden saltincrease or
severe droughtstress, increased abscisic
acid (ABA), ethylene production, and
leaf'abscission (Gomez-Cadenas etal.,
1998). Following such a shock, the
lamina (leaf blade) typically separates
at the abscission zone between the
lamina and the petiole. The petiole
may remain green and attached to the
stem for some time. After such events,
leaf analysis of the abscised leaves may
not reveal an increase in ClI~ or Na*
content. It is possible that the transi-
tory ethylene rises are first induced by
the osmotic component of salinity and
then by CI" accumulation. The addi-
tion of ABA to the nutrient solution
before exposure to salt stress, reduced
cthylene release and leaf abscission. In
non-salinized plants, ABA reduced g
and A.,, whereas in salinized plants
the ABA treatment slightly increased
net gas exchange. These results sug-
gest a protective role for ABA in citrus
under salinity stress (Gomez-Cadenas
etal., 2002).

The effect of salinity on plant
growth is not only related to osmotic
effects, but growth reductionsin citrus
also can be related to a gradual accu-
mulation of toxic levels of Cl-, Na*, or
boron (B) in leaves. In most plant spe-
cies, the accumulation of Na* is often a
greater concern than the accumulation
CI". Citrus may be relatively unique in
this respect since Cl~ accumulation in
citrus leaves is often a greater concern
than Na* accumulation. Na* toxicity
can be important in some rootstocks,
however, especially in salinity experi-
ments that do notincorporate sufficient
calcium (Ca*) (Rengel, 1992). Soil Na*
displaces Ca* to potentially deficient
levels as Ca* is required to maintain
cell membrane integrity. One of the
main differences between the effects
of salinity on annual plants and trees is
that the gradual accumulation of toxic
clementsin leaves and other plant parts
in trees can be cumulative over several
years (Shalhevet and Levy, 1990). As
discussed above, these elements are
transported by the transpiration stream
and remainin the plantafter transpired
water has evaporated.

NUTRIENT IMBALANCES. Salin-
ity can cause nutrient imbalances
in several ways. Potassium (K*) can
be leached from the soil exchange

complex if excessive Na* is present,
and Na* may also compete with K* at
the soil-root interface. High nitrate
(NO,) from potassium (K)NO, can
reduce Cl uptake in mature citrus
trees (Levy et al., 2000). Banuls and
Primo-Millo (1992) compared the
effects of increasing concentrations of
soil-applied sodium chloride (NaCl),
potassium chloride (KCl), and sodium
nitrate (NaNO,) on citrus photosyn-
thesis and concluded that NaCl and
KCI increased Cl leaf content and
reduced photosynthesis. NaNO, how-
ever, did not reduce photosynthesis
even though it increased leaf Na* to
very high concentrations. Salinity-in-
duced decreases in photosynthesis are
almost always highly correlated with
increases in leaf Cl- (Romero-Aranda
and Syvertsen, 1996), but concomitant
high concentrations of leaf Na* have
also been related to low gas exchange
rates (Lloyd et al., 1987).

Salinity interactions with

biotic stresses

Much of the work on interactions
between salinity and pathogens has
been done using seedlings in a green-
house, but salinity and phytophthora
frequently have synergistic negative
effects on budded trees in the field.
The scion can affect the susceptibility
of the rootstock to root rot (Shaked et
al., 1984). Salinity stress may inhibit
plant defense mechanisms against phy-
tophthora (Afekand Sztejnberg, 1993)
and decrease root regeneration under
pathogen pressure. In greenhouse ex-
periments, irrigation with high salinity
water predisposed citrus rootstocks to
attack by a group of root pathogens
(Combrink et al., 1996). Rootstock
seedlings of Troyer citrange ( C. sinensis
X Poncirustrifolinta), Carrizo citrange,
Volkamer lemon (C. volkamerianna),
and rough lemon (C. jambhiri) were
most affected by the treatment con-
sisting of three root pathogens in
combination [ Phytophthora spp., Fu-
sariwm solani, and citrus nematode ( 7y-
lenchulus semipenetrans)| under saline
conditions. Growth of these seedlings
was significantly less when subjected to
both the group of pathogens and salin-
ity stress together than when seedlings
were subjected to the pathogens or salt
stressalone. The ability of phytophthora
to tolerate high levels of salinity could
significantly diminish the resistance
of phytophthora-tolerant rootstocks
under saline conditions (Blaker and
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MacDonald, 1986), especially since
saturated soils and salinity stress can
frequently occur together.

NEMATODES. The citrus nematode
can reduce the salt tolerance of citrus
roots and increase Cl™ uptake (Willers
and Holmden, 1980). Leaf CI levels of
severely infected trees varied between
1.75% and 2.00% compared to only
0.50% to 0.90% in less infected trees
under the same conditions. This was
true for salinity-tolerant rootstocks
and for salinity-sensitive rootstocks.
Nematodes increased more than 3-
fold the CI~ concentration in leaves
but decreased the Cl” concentration in
roots (Mashelaand Nthangeni, 2002).
Thus, nematode infection modified the
allocation patterns of Cl” within citrus
trees. Soil salinity apparently caused a
breakdown in root chemical defenses
(Dunn et al., 1998) and increased the
susceptibility of citrus roots to attack
by the citrus nematode (Mashela et
al., 1992b). In addition, intermittent
salinity stress increased the nematode
population densities more than con-
tinuous irrigation with saline water
(Mashela et al., 1992a).

MrycorrHIZAE. Citrus is very
dependent on vesicular arbuscular
mycorrhizae (VAM) colonization,
especially under conditions of low
soil phosphorus (P) concentration or
sterilized soils (Krikun and Levy, 1980).
VAM can increase P and plant growth
particularly in arid soils (Jeftries et al.,
2002) or under saline conditions and
thus alleviate salinity stress. However,
VAM throughout the root system can
also increase the concentrations of
CI" in leaves and roots of sweet orange
and sour orange seedlings irrigated
with high salinity water (Graham and
Syvertsen, 1989). This increase could
not be attributed to increased tran-
spiration in the VAM plants. Salinized
VAM plants of Carrizo citrange and
sour orange accumulated more CI™ in
leaves than non-mycorrhizal plants
but CI" was higher in non-mycorrhi-
zal roots of sweet orange and Carrizo
citrange thanin VAM roots (Hartmond
et al., 1987). On the other hand, leaf
Na* concentrations were not aftected
by VAM. Natural VAM in relatively
saline soils may be sensitive to salinity
and its population decreased with in-
creased soil salinity (Levy etal., 1983).
VAM strains that originated in soils of
different salinities may differ in this
respect (Copemanetal., 1996; Juniper
and Abbott, 1993).

102

WORKSHOP

Potential benefits of moderate
salinity

Other than the benefits from
moderate applications of fertilizer
salts, salinity is usually not beneficial
for citrus in the long run. Since citrus
can tolerate moderate salinity and
produce profitable yield using proper
cultural practicesand tolerant cultivars,
there may be some short-term benefits
from salinity including chilling /freez-
ing tolerance, reduced water use and
increase flowering.

Drought stress can substitute
for cool wintertime temperatures to
enhance cold hardiness (Yelenosky,
1979). Apparent drought stress from
moderate salinity at levels of 30 to 60
mol-m™~ of NaCl applied for 2 months,
reduced growth and total plant transpi-
ration but enhanced cold hardiness of
sweet orange and Cleopatra mandarin
seedlings (Syvertsen and Yelenosky,
1988) even though osmotic potential
and leaf proline concentration did not
change significantly. Thus, controlled
salinity stress under greenhouse con-
ditions can substitute for cool tem-
perature-induced freeze tolerance in
seedlings by reducing physiological
activity and growth. This phenomenon
may be a matter of degree, however,
since young grapefruit (C. paradisi)
trees on different rootstocks with high
ClI” content were more susceptible
to freeze injury than those with low
CI" (Peynado, 1982).

Du Plessis (1985) suggested that
reduced transpiration caused by salin-
ity stress could potentially be a benefit
for reducing the accumulation of soil
salinity since the lower water uptake
should increase the leaching fraction.
This implies that an increase in the
leaching fraction occurs when irrigat-
ing with saline water scheduled at the
same frequency as non-saline water.
However, soil salinity usually increases
proportionally to the salinity in the
irrigation water and thereby reduces
growth and yield.

Just as drought stress can substi-
tute for cool wintertime temperatures
to enhance flower induction (Nir et
al., 1972; Southwick and Davenport,
1986), it is possible that moderate
salinity stress will also increase flow-
ering. In a warm, wet climate with
inadequate chilling or drought stress to
maximize flower induction, controlled
salinization might offer a substitute
to induce flowering in citrus. Such a

practice is used to induce flowering of
litchee (Litchi chinensis) in Thailand
(E. Tomer, personal communication)
and low levels of salinity can increase
flowering in several cultivars of avo-
cado (Persea spp.) (Downton, 1978)
and pear (Pyrus spp.) (Okubo et al.,
2000) trees. If moderately saline irri-
gation water could be applied during
induction followed by adequate rainfall
or good qualityirrigation water during
fruit set, yields might be increased.
The successtul economic use of such
a practice, however, remains to be
tested.

Conclusions

There are many things citrus
growers can do to ameliorate problems
associated with salinity stress—from
choosing the best rootstock and scion
cultivars to appropriately managing
irrigation and fertilizer application
methods (Levy and Syvertsen, 2004).
Salinity tolerance is a whole plant
phenomenon that requires an ap-
preciation of citrus rootstock/scion
interactionsin the field. Such relation-
ships are complicated by interactions
between salinity with other physical
environmental factors and also with
biotic pests and diseases. There are
direct and indirect interactions be-
tween salinity, leaf water relations,
pests and diseases that almost always
have synergistic effects on citrus. To
help citrus growers cope with salinity
problems, researchers should study
the underlying mechanisms of salinity
tolerance and understand the mode
of interaction with biotic stresses.
An understanding of mechanisms of
salinity tolerance will also benefit re-
searchers developing new rootstocks
with improved salinity tolerance. Not
all effects of salinity are negative, how-
ever, as moderate short-term osmotic
stress can reduce physiological activity
and growth allowing citrus seedlings
to survive cold stress, reduce water
use and increase flowering.
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