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SUMMARY. Because salts in irrigation water decrease plant growth, we wanted to
develop a quick and easy method for evaluating salt tolerance that could be used in
the greenhouse. Using plastic containers with lids, sea salt, and rooted cuttings, we
monitored changes in plant quality, growth, and leaf water potential as electrical
conductivity (EC) and sodium (Na) levels increased. In the first of two experiments,
we compared sea hibiscus (Hibiscus tilliaceus) leaf water potential and plant quality
in solutions with an EC of 0, 2.1, 4.2, 6.1, or 8.2 dS�m–1 (0, 240, 420, 610, or 1010
mg�L–1 Na). After 14 days, sea hibiscus quality in solutions with an EC of 6.1 or 8.2
dS�m–1 was less than plants in solutions of 0, 2.1, or 4.2 dS�m–1. There was no
difference in quality among plants in 0, 2.1, or 4.2 dS�m–1 solutions. To test this
method, in Expt. 2, we compared coleus (Coleus ·hybridus), copperleaf (Acalypha
wilkesiana), ficus (Ficus benjamina), jasmine (Jasminium multiflorum), and
plumbago (Plumbago auriculata) plant quality and growth in solutions with an EC
of 0, 1.3, 2.1, 4.2, 5.6, or 6.1 dS�m–1 (0, 170, 240, 420, 520, or 610 mg�L–1 Na).
Coleus quality declined at an EC greater than 1.3 dS�m–1, whereas jasmine and
plumbago quality declined at an EC greater than 2.1 dS�m–1 Copperleaf and ficus
declined at an EC greater than 4.2 dS�m–1. Plant response did vary with low to
medium salt-tolerant plants tolerating at an EC up to 1.3 and 170 mg�L–1 Na,
whereas plants with a greater salt tolerance tolerated at EC and Na values up to 4.2
dS�m–1 and 420mg�m–1Na, respectively. The use of this method benefits growers by
determining upper EC and Na limits when faced with poor-quality water resulting
from saltwater intrusion or when using reclaimed wastewater with greater EC and
Na levels.

M
ost recommendations about
salt tolerance state that
plants have low, medium,

or high salt tolerance. Salt tolerance
can be assessed in terms of plant
growth rate, which is appropriate for
many plant species (Munns, 2002).
We expect to observe a decrease in
growth and yield when roots are ex-
posed to high salt levels, because the
water potential is reduced in the soil,
leading to a reduction in water uptake

by the roots (Boursiac et al., 2005).
Under normal growing conditions,
the water potential in root cells is less
than in the outer environment, and
water moves into the roots (Luu and
Maurel 2005; Tournaire-Roux et al.,
2003). However, when the salt con-
centration is greater outside the plant
root than some arbitrary value, salt
stress occurs.

Most salt stress in nature is a re-
sult of the presence of Na salts (Levitt,
1980). Some water sources may have
high Na levels resulting from to salt-
water intrusion, the use of reclaimed
wastewater, or seasonal variation
from snowmelt products. Well water
in Massachusetts’ greenhouses had

Na levels ranging from 1 to 544
mg�L–1 whereas Na levels in wastewa-
ter range from 124 to 384 mg�L–1

(Karleskint et al., 2011). Wastewater
effects on field, forage, wetland, for-
est, and ornamental crops have been
the subject of many investigations,
with varied plant response resulting
from differences in the salt tolerance
of the plants investigated (Brister
and Schultz, 1981; Day et al., 1981;
Fitzpatrick, 1985; Fitzpatrick et al.,
1986; Yeager et al., 2009).

Because plant response mecha-
nisms involved in salt tolerance are
complicated, there is no standard
method for evaluating salt tolerance.
One method for measuring salt toler-
ance is to correlate changes in yield
associated with soil EC levels. Other
methods monitor changes in osmotic
potential in the leaves or the uptake and
translocation of Na in the plants (Levitt,
1980; Niu and Cabrera, 2010). How-
ever, these methods may be challenging
to implement in a greenhouse setting
because of the lack of resources or the
need for specialized equipment.

We questioned whether we
could design a quick and easy test to
screen plants based on EC and Na
levels in solution that would confirm
observational data classifying plants as
low, medium, or high salt-tolerant.
We monitored changes in leaf water
potential and plant quality of sea
hibiscus, a high salt-tolerant plant,
exposed to increasing EC and Na
levels. Because measuring water po-
tential is impractical for a grower, for
additional testing we compared plant
quality and growth of low to medium
salt-tolerant plants—specifically, co-
leus, copperleaf, ficus, jasmine, and
plumbago—in solutions exposed to
increasing EC and Na levels.

Material and methods

EXPT. 1. Rooted cuttings of sea
hibiscus were placed randomly
into individual 42-fl oz containers

Units
To convert U.S. to SI,
multiply by U.S. unit SI unit

To convert SI to U.S.,
multiply by

100 bar kPa 0.01
29.5735 fl oz mL 0.0338
0.0929 ft2 m2 10.7639
3.7854 gal L 0.2642
1 mmho/cm dS�m–1 1

28.3495 oz g 0.0353
1 ppm mg�L–1 1
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(Gladware� Tall Entr�ee; Glad Prod-
ucts Co., Oakland, CA). One cutting
was supported through a hole cut in
the center of each lid placed on the
container. Each container was filled
with 1 L deionized water with 0, 1, 2,
3, or 4 g sea salt (All-Purpose Sea Salt;
Morton Salt, Chicago, IL) to create
an ECof 0, 2.1, 4.2, 6.1, or 8.2 dS�m–1

(Na concentration of 0, 240, 420,
610, or 1010 mg�L–1). No additional
nutrients were added. EC was mea-
sured using a combination pH/EC

probe (Accumet AP8P portable pH/
conductivity meter; Fisher Scientific,
Waltham, MA). Na was measured
using a specific ion probe (Accumet
XL250; Fisher Scientific). Each treat-
ment was replicated five times. Cool
white fluorescent lights [Twister Mini
23 W (100-W) bulbs; Phillips Light-
ing North American Corp., Somerset,
NJ] were placed on the counter to
provide 96 mmol�m–2�s–1 of supple-
mental light (Quantum Meter;
Apogee Instruments, Logan, UT)

for 12 h/d for 14 d. Temperature
was maintained at 21 �C in the labo-
ratory and around plants. After 14 d,
plant quality was rated on a scale of 1
to 5 with 5 = plants not wilted and no
visible necrosis; 4 = plants with slight
wilting, no necrosis; 3 = plants wilted
with necrosis; 2 = wilted plants with
significant necrosis; and 1 = plants
dead.

Leaf water potential was mea-
sured at 0, 6, 24, 48, or 72 h after
being placed into saline solutions.
One leaf from the top of each plant
was sampled at 8:00 AM and was
placed in a pressure chamber (model
3000 pressure extractor PV200/
300158; Soilmoisture Equipment
Corp., Santa Barbara, CA) that used
compressed nitrogen (N2) gas with
a maximum pressure of 40 bars.

EXPT. 2. Rooted cuttings of co-
leus, copper leaf, ficus, jasmine, and
plumbago were placed into 42-fl oz
containers as described in Expt. 1. Sea
salt—0, 0.5, 1, 2, 2.5, or 3 g—was
added to 1 L deionized water to
create solutions with an EC of 0.0,
1.3, 2.1, 4.2, 5.6, or 6.1 dS�m–1 (Na
concentration of 0, 170, 240, 420,
520, or 610 mg�L–1). There were 10
replicates per treatment of each plant.
After 14 d, we rated plant quality on
a scale of 1 to 5. Shoots and roots
were harvested and placed in a forced-
air oven set at 90 �C until a constant
weight was achieved to determine dry
weight.

Data from Expts. 1 and 2 were
analyzed separately. In Expt. 1, leaf
water potential was analyzed using
analysis of variance (ANOVA)
[PROC GLM (SAS version 9.2; SAS
Institute, Cary, NC)] with factors for
replication, time, and treatment (salt
level). Plant quality for both experi-
ments and shoot dry weight, root dry
weight, and shoot:root ratio in Expt.
2 were analyzed using ANOVA with
comparisons between salt treatments
performed using Tukey-Kramer’s
test. Both experiments were repeated
to verify results. Because the results
were not different between the re-
peats of each experiment, the data
were pooled.

Results and discussion

EXPT. 1. Placing sea hibiscus
cuttings into solutions with an EC
greater than 4.2 dS�m–1 (>420mg�L–1

Na) resulted in decreased leaf water
potential and plant quality (Figs. 1

Fig. 1. Change in leaf water potential of sea hibiscus over 72 h for plants grown in
deionized water with salt added to create an electrical conductivity (EC) of 0, 2.1,
4.2, 6.1, or 8.2 dS�m–1 (0, 240, 420, 510, or 1010 mg�L–1 sodium). Values are
the average of five replicates. Vertical bars represent the SE of five measurements.
1 dS�m–1 = 1 mmho/cm, 1 mg�L–1 = 1 ppm, 1 bar = 100 kPa.

Fig. 2. Final plant quality rating of sea hibiscus after 14 d grown in deionized
water with salt added to create an electrical conductivity (EC) of 0, 2.1, 4.2, 6.1 or
8.2 dS�m–1 (0, 240, 420, 510, or 1010 mg�L–1 sodium). Quality was rated on
a scale of 5 to 1, with 5 = plants not wilted and no visible necrosis; 4 = plants with
slight wilting, no necrosis; 3 = plants wilted with necrosis; 2 = wilted plants with
significant necrosis; and 1 = plants dead. Values are the average of five replicates.
Vertical bars represent the SE of five measurements. 1 dS�m–1 = 1 mmho/cm,
1 mg�L–1 = 1 ppm.
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and 2). Sea hibiscus leaf water poten-
tial of plants in all solutions decreased
during the first 24 h after being placed
in solution (Fig. 1). After 48 h, sea
hibiscus plants in solutions with an
EC of 2.1 and 4.2 dS�m–1 (240 and
420 mg�L–1 Na) started to adjust and
were not significantly different from
the water potential of plants grown in
0 dS�m–1. The leaf water potential of
plants grown in solutions of EC 6.1
and 8.1 dS�m–1 (Na of 610 and 1010

mg�L–1) continued to decrease (Fig.
1). After 72 h, the leaf water potential
of plants in 6.1 and 8.2 dS�m–1 was
less than plants grown in 0, 2.1, or 4.2
dS�m–1 (Fig. 1). After 14 d, sea hibis-
cus plants in solutions with an EC of
6.1 or 8.2 dS�m–1 had reduced qual-
ity, showing signs of wilting and
necrosis (Fig. 2). However, there
was no difference in plant quality for
plants grown in solutions with an EC
of 0, 2.1, or 4.2 dS�m–1.

Because sea hibiscus has been
classified as a high salt-tolerant plant
(Broschat and Meerow, 1996), we
suspect that other salt tolerance
mechanisms such as the accumulation
of inorganic ions (Na) in the vacuole
(Kamel, 2008) or the accumulation of
compatible organic solutes, such as
amino acids (e.g., proline), soluble
sugars (e.g., sucrose), polyols (e.g.,
mannitol), and betaines (e.g., glycine
betaine), in the cytoplasm may be
involved in restoring osmotic balance
inside the cells of sea hibiscus plants
grown in solutions with an EC of 2.1
and 4.2 dS�m–1. For example, halo-
phytes have been reported to absorb
large amounts of salt from the exter-
nal solution, achieving greater os-
motic concentration inside the cell
than outside the cell to restore os-
motic balance (Flowers and Colmer
2008; Levitt, 1980; Parida and Das
2005).

EXPT. 2. Based on results with
sea hibiscus, plant quality was used as
an indicator of changes in response to
salt stress for low to moderate salt-
tolerant plants. Plant quality, shoot
dry weight, root dry weight, and
shoot:root ratio of coleus, a low salt-
tolerant plant, declined at EC levels
greater than 1.3 dS�m–1 (170 mg�L–1

Na), whereas growth of jasmine (low
salt tolerance) and plumbago (me-
dium salt tolerance) declined at EC
levels greater than 2.1 dS�m–1 (240
mg�L–1 Na) (Tables 1 and 2). How-
ever, growth of copperleaf (medium
salt tolerance) and ficus (medium salt
tolerance) declined at EC levels
greater than 4.2 dS�m–1 (420 mg�L–1

Na). When substrate EC levels
exceeded 2.9 mS�cm–1 and substrate
Na levels were greater than 146 ppm,
greenhouse plants showed toxicity
symptoms (Raudales and Dickson,
2019). Similar results conducted
in compost amended with NaCl
reported petunia (Petunia hybrid
‘Blue Flash’) growth reductions
when Na exceeded 540 mg�L–1 in
the substrate, whereas geranium
(Pelargonium zonale ‘Pulsar Red’)
growth was reduced at a Na level
greater than 780 mg�L–1 in the sub-
strate and primula (Primula obcon-
ica ‘Juno Deeprose’) at a Na level
greater than 140mg�L–1 in the substrate
(Weinhold and Scharpf, 1997). Differ-
ences between our results and these
studies are likely a result of different
plant species and a difference between

Table 1. Final visual plant quality of coleus, copperleaf, ficus, jasmine, and
plumbago plants after 14 d in deionized water with salt added to create solutions
with increasing electrical conductivity (EC) and sodium (Na) concentrations.

Solution EC
(dS�m–1)z

Solution Na
(mg�L–1)z

Plant quality rating (1–5 scale)y

Coleus Copperleaf Ficus Jasmine Plumbago

0.0 0 3.5 ax 3.5 a 4.0 a 3.3 a 4.2 a
1.3 170 3.7 a 3.3 a 3.8 a 3.1 ab 3.3 b
2.1 240 2.6 b 3.7 a 3.6 a 3.0 ab 3.0 b
4.2 420 2.2 b 3.7 a 3.7 a 2.7 bc 2.7 c
5.6 520 1.7 c 1.7 b 1.7 b 2.0 c 2.1 c
6.1 610 1.2 c 1.1 b 1.3 b 2.0 c 2.1 c
z1 dS�m–1 = 1 mmho/cm, 1 mg�L–1 = 1 ppm.
y5 = plants not wilted and no visible necrosis; 4 = plants with slight wilting, no necrosis; 3 = plants wilted with
necrosis; 2 = wilted plants with significant necrosis; 1 = plants dead. Values are averaged for 10 replicates.
xMeans followed by the same lowercase letter within a column are not significantly different by Tukey’s method at
a = 0.05.

Table 2. Final shoot dry weight, root dry weight, and shoot:root ratio of coleus,
copperleaf, ficus, jasmine, and plumbago after 14 d in deionized water with salt
added to create solutions with increasing electrical conductivity (EC) and
sodium (Na) concentrations.

Solution EC
(dS�m–1)z

Solution Na
(mg�L–1)z Coleus Copperleaf Ficus Jasmine Plumbago

Shoot dry wt (g)z

0.0 0 5.38 ay 10.76 a 8.50 a 12.78 a 10.00 a
1.3 170 5.40 a 10.68 a 8.02 a 12.56 a 9.99 a
2.1 240 5.27 b 10.65 a 7.98 a 12.39 a 9.96 a
4.2 420 5.13 bc 10.66 a 7.97 a 10.21 b 9.22 b
5.6 520 5.07 c 8.57 b 6.13 b 10.07 b 9.10 b
6.1 610 4.31 c 8.46 b 6.02 b 9.89 b 9.12 b

Root dry wt (g)z

0.0 0 5.27 a 10.22 a 6.98 a 9.76 a 8.62 a
1.3 170 5.21 a 10.20 a 6.61 a 9.66 a 8.70 a
2.1 240 5.12 b 10.10 a 6.40 a 9.61 a 8.69 a
4.2 420 5.14 b 10.10 a 6.39 a 8.39 b 8.57 b
5.6 520 5.16 b 9.09 b 6.18 b 8.29 b 8.58 b
6.1 610 5.13 b 9.05 b 6.08 b 8.19 b 8.58 b

Shoot:root ratio (by wt)z

0.0 0 1.02 a 1.05 a 1.21 a 1.31 a 1.16 a
1.3 170 1.04 a 1.05 a 1.21 a 1.30 a 1.15 a
2.1 240 1.03 a 1.05 a 1.24 a 1.29 a 1.15 a
4.2 420 0.99 b 1.05 a 1.25 a 1.21 b 1.08 b
5.6 520 0.98 b 0.94 b 0.99 b 1.21 b 1.06 b
6.1 610 0.84 b 0.93 b 0.99 b 1.21 b 1.06 b
z1 dS�m–1 = 1 mmho/cm, 1 mg�L–1 = 1 ppm, 1 g = 0.0353 oz. Values are averaged for 10 replicates.
yMeans followed by the same lowercase letter within a column are not significantly different by Tukey’s method at
a = 0.05.
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growing plants in solutions vs. growing
them in substrates. It was beyond the
scope of this study to compare uptake of
Na from substrates vs. solutions. How-
ever, these results reiterate that salt
tolerance is highly variable.

The effects of salinity on plant
growth may be the result of direct
effects of ion toxicity or indirect ef-
fects on water potential (Al-Karaki,
2000b). Decreases in tomato (Sola-
num lycopersicum) growth with in-
creasing salt concentrations showed
a reduction in water uptake (Al-Karaki,
2000b). One adaptive response to re-
duced water uptake is a decrease in
shoot:root ratio to decrease shoot size
when root activity is decreased by exter-
nal factors (Al-Karaki, 2000a). A similar
trend of reduced shoot:root ratio as salt
increased was observed in our study.

Salt tolerance is a polygenic trait;
plants vary in salt tolerance and in Na
tolerance. Plants grow best when Na
and salt levels are low, and growers
should use water sources low in salts
and Na (Raudales and Dickson,
2019). Reported guidelines for water
quality show no hazards to plant
growth when Na levels are less than
60 to 69 mg�L–1 whereas a moderate
hazard to plant growth is expected at
Na levels of greater than 120 to 207
mg�L–1 (Peterson, 1996; Rolfe et al.,
2000). However, what if growers do
not have access to high-quality water?
The question becomes: What are the
upper EC and Na limits plants will
tolerate and still grow? The method
described was simple to set up using
rooted cuttings and materials pur-
chased from the grocery store, with
results achieved in 14 d. Based on our
study, plants with a reported low salt
tolerance tolerated EC and Na levels
in irrigation water up to 1.3 dS�m–1

(170 mg�L–1 Na) whereas plants with
moderate to high salt tolerance toler-
ated EC andNa levels up to 2.1 to 4.2
dS�m–1 and 240 to 420 mg�L–1 Na,
respectively. As important as plant
response to increasing EC levels, our
work highlights the importance of
monitoring Na levels. Depending on
the source of the salts, plants often
tolerate EC levels greater than 2.1

dS�m–1, especially if it is from fertilizer
solutions. However, plant tolerance
to increasing Na levels appeared to be
more detrimental. Our study rein-
forces the importance of monitoring
both EC andNa. The results from our
study are based on values for plants
grown in solution and might vary in
substrates irrigated with water high in
salts and Na.
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