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Growth Stage Modulates Salinity Tolerance of New Zealand Spinach
(Tetragonia tetragonioides, Pall.) and Red Orach (Atriplex hortensis L.)
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The response of two speciality vegetable crops, New Zealand spinach (Tetragonia tetragonioides Pall.) and red orach
(Atriplex hortensis L.), to salt application at three growth stages was investigated. Plants were grown with a base
nutrient solution in outdoor sand cultures and salinized at 13 (early), 26 (mid), and 42 (late) d after planting (DAP).
For the treatment salt concentrations, we used a salinity composition that would occur in a typical soil in the
San Joaquin Valley of California using drainage waters for irrigation. Salinity treatments measuring electrical
conductivities (ECi) of 3, 7, 11, 15, 19 and 23 dS mÿ1 were achieved by adding MgSO4, Na2SO4 , NaCl and CaCl2 to
the base nutrient solution. These salts were added to the base nutrient solution incrementally over a 5-d period to
avoid osmotic shock to the seedlings. The base nutrient solution without added salts served as the non-saline control
(3 dS mÿ1). Solution pH was uncontrolled and ranged from 7.7 to 8.0. Both species were salt sensitive at the early
seedling stage and became more salt tolerant as time to salinization increased. For New Zealand spinach, the salinity
levels that gave maximal yields (Cmax) were 0, 0 and 3.1 dS mÿ1 and those resulting in a 50% reduction of biomass
production (C50) were 9

.1, 11.1 and 17.4 dS mÿ1 for early, mid and late salinization dates, respectively. Maximal yield
of red orach increased from 4.2 to 10.9 to 13.7 dS mÿ1 as the time of salinization increased from 13, to 26, to 42 DAP,
respectively. The C50 value for red orach was una�ected by time of salt imposition (25 dS mÿ1). Both species exhibited
high Na� accumulation even at low salinity levels. Examination of K-Na selectivity data indicated that K� selectivity
increased in both species with increasing salinity. However, increased K-Na selectivity did not explain the increased
salt tolerance observed by later salinization. Higher Na-Ca selectivity was determined at 3 dS mÿ1 in New Zealand
spinach plants treated with early- and mid-salinization plants relative to those exposed to late salinization. This
corresponded with lower Cmax and C50 values for those plants. Lower Ca uptake selectivity or lower Ca levels may
have inhibited growth in young seedlings. This conclusion is supported by similar results with red orach. High Na-Ca
selectivity found only in the early-salinization plants of red orach corresponded to the lower Cmax values measured for
those plants.
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INTRODUCTION

Salt-induced suppression of crop yield is a major problem
in irrigated areas. Typical crops require about 6200 to
9300 m3 water haÿ1, annually. Since irrigation waters
contain 0.5 to 3.5 metric tons of salt per 1000 m3, 0.3 to
32 metric tons of salt may be added annually per hectare of
irrigated soil (Rhoades and Suarez, 1977). Of the 14 billion
hectares of total available agricultural land, about 1.0
billion hectares are a�ected by salinity (Christiansen, 1982).
It has been estimated by FAO and UNESCO that about
half of the 250 million hectares of irrigated systems are salt
a�ected and 10 million hectares of irrigated land are
abandoned annually (Szabolcs, 1985).

Changes in agronomic cultural practices may in¯uence
the salt tolerance of a particular crop. Rhoades (1977)
proposed a possible irrigation system using drainage water
discharged from irrigated agricultural land. This proposal
modi®ed dual-rotation (crop and water) system
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of management. The strategy for drainage water reuse is to
irrigate salt-sensitive crops in the rotation with low-salinity
water and salt-tolerant crops with saline water (Rhoades
et al., 1988a,b).

A broader application of this concept is to apply low- or
high-salinity water in synchrony with salt-sensitive or salt-
tolerant growth stages of a single crop. Such a strategy
would extend the use of both low- and high-quality water.
Drainage water cannot be discharged and this is one way it
could be used to decrease its volume. Many plants are most
sensitive to ion stress during germination (Catalan et al.,
1994) or young seedling growth (Rogers et al., 1995;
Carvajal et al., 1998). Other researchers have also demon-
strated that plants exhibit di�erent sensitivities to salinity at
di�erent stages of growth (Maas and Poss, 1989; Francois,
1994). More recently, Steppuhn and Wall (1997) showed
that, in the case of wheat, adding salts after emergence
resulted in greater salt tolerance than subjecting plants to
full salinity at seeding. However, the exact physiological
mechanisms involved in these observations remain to be

elucidated.
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A number of non-traditional, alternative vegetable
crops may ®nd niches in the drainage water reuse system.
One plant of interest in salt-a�ected areas is New Zealand
spinach (Tetragonia tetragonioides (Pall.) O. Kuntze), a
member of the Tetragoniaceae. As a summer green, it is
suitable for warmer climates and is salt tolerant. It has a
¯avour similar to spinach, but milder. In addition to its
salt-tolerant capabilities, New Zealand spinach is reported
to have medicinal uses. In certain Asian cultures it is
believed to be e�ective against stomach cancer and stomach
ulcers (Kato et al., 1985). Okuyama and Yamazaki
(1983a,b) isolated a steryl glucoside from this plant that
inhibited ulcer formation in mice.

Since members of the genus Atriplex have shown con-
siderable salt tolerance (Greenway, 1968; Gale, Nauman,
and Poljako�-Mayber, 1970; Handley and Jennings, 1977),
we selected red orach (A. hortensis L.) to form a compara-
tive basis for this study. Additionally, red orach has been
cultivated for its edible leaves since ancient times and is still
grown in kitchen gardens as a pot herb and colourful salad
green.

In order to elucidate the mechanism(s) involved in di�er-
ent salt sensitivity at various stages of growth, we examined
ion selectivity in plants subjected to salt stress at di�erent
growth stages. To this end, we used a mixed-salt (Na�,
Mg2�, SO2ÿ

4 , Clÿ) salinity, the predominant constituents of
saline drainage waters from irrigated agriculture in the San
Joaquin Valley of California (Suarez and SÏ imuÊ nek, 1997).
In such formulations Na�, SO2ÿ

4 , Clÿ and Mg2� are the
predominant ions. To maintain control over salt content
and ion composition we performed our studies in sand
cultures rather than soil.

Using sand cultures presents problems not associated
with studies conducted in soil. Two major di�culties
needed to be addressed in these high-sulfate salinity
investigations using sand cultures. First, in soils the relative
proportions of sulfate salts (CaSO4/Na2SO4) change as the
total salt levels change. Thus, detailed calculations were
required to estimate the amounts of MgSO4 and Na2SO4
needed to achieve given EC values in our irrigation waters.
Second, calcium concentrations vary due to calcite and
gypsum precipitation. In order to correct for the e�ects of
precipitation, it was necessary to decrease the Ca2�/Mg2�
ratio with increasing salinity.

Collectively, our studies indicate that while K-Na
selectivity increased in both species with increasing salinity,
it did not explain the increased salt tolerance observed by
later salinization. Our data indicate that other mechanisms
such as lower Ca2� levels or uptake selectivity may have
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inhibited growth in young seedlings.
MATERIALS AND METHODS

Plant material

Seeds of New Zealand spinach [Tetragonia tetragonioides
(Pall.) O. Kuntze] and red orach (Atriplex hortensis L.)
were grown in outdoor sand tanks. To synchronize emerg-
ence of the two species, seeds of red orach were sown in

eight sand tanks on 24 Jan. 1996 and New Zealand spinach
seeds were sown in the same tanks on 31 Jan. 1996. The
tanks (2.0 � 0.82 � 0.85 m deep) contained washed sand
which has an average bulk density of 1.2 Mg mÿ3. At
saturation, the sand had an average volumetric water
content of 0.34 m3 mÿ3. Plants were irrigated twice daily
with a nutrient solution consisting of (in mol mÿ3): 2.5
Ca2�, 1.25 Mg2�, 15 Na�, 3 K�, 6.0 SO2ÿ

4 , 7.0 Clÿ, 5.0
NOÿ3 , 0.17 KH2PO4, 0

.050 Fe as sodium ferric diethylene-
triamine pentaacetate (NaFeDTPA), 0.023 H3BO3 , 0

.005
MnSO4 , 0.0004 ZnSO4 , 0.0002 CuSO4, and 0.0001
H2MoO4 made up with City of Riverside, CA, USA,
municipal water. Each sand tank was irrigated from a
1740 l reservoir. Irrigations were of 15 min duration, which
allowed the sand to become completely saturated, after
which the solution drained into 1740 l reservoirs for reuse in
the next irrigation. Water lost by evapotranspiration was
replenished automatically each day to maintain constant
osmotic potentials in the solutions.

Planting dates were staggered to provide information on
stage-of-growth � salinity interactions. When the plants in
the ®rst set of tanks had achieved a cumulative thermal time
of 3138Cd, seeds were sown in another eight tanks (16 Feb.
1996). At this time, several plants of both species displayed
the ®rst pair of true leaves. When the plants in the ®rst set
of tanks reached 5458Cd, seeds were sown in the ®nal set of
eight tanks (1 Mar. 1996).

Salinization in all 24 tanks commenced on 14 Mar. 1996
when the plants of the ®rst tank reached a thermal time of
7818Cd and true leaves had emerged on 50% of the
seedlings of both species in the last set of tanks planted. For
the treatment salt concentrations, we used a model
developed by Suarez and SÏ imuÊ nek (1997) to predict the
ion compositions that would occur in a typical soil in the
San Joaquin Valley of California using typical drainage
waters for irrigation. Brie¯y, the various salinity treatments
were achieved by adding to each reservoir di�erent amounts
of MgSO4 , Na2SO4 , NaCl, and CaCl2 to the base nutrient
solution until the target electrical conductivities (ECi) of 3,
7, 11, 15, 19 and 23 dS mÿ1 were reached. These salts were
added to the base nutrient solution incrementally over a 5-d
period to avoid osmotic shock to the seedlings. Final ion
compositions of the six salinity levels are shown in Table 1.
The base nutrient solution without added salts served as the
non-saline control (3 dS mÿ1). Solution pH was uncon-
trolled and ranged from 7.7 to 8.0.

The experimental design was a partially replicated
randomized block with six salinity treatments and three
planting dates, resulting in three di�erent salinization times
(`early', `mid' and `late'). Two randomly chosen salinity
treatments within each salinization time were replicated
within the design, hence the entire experiment required the
use of 24 sand tanks (eight tanks per salinization time). The
lack of full replication within this design was not considered
to be a serious limitation, since the salinity e�ect was
expected, a priori, to be treated as a continuous, rather than
discrete e�ect.

`Late-salinization' plants were harvested on 15 Apr. 1996,
`mid-salinization' on 25 Apr. 1996, and `early-salinization'
on 1 May 1996. Fresh shoot weight per plant was deter-

e in Tetragonia and Atriplex.
mined. Shoots were washed with deionized water, dried for



TABLE 1. Composition of sulfate-salt solutions used to irrigate plants twice daily during growth in greenhouse sand tanks

Salinity level Ca Mg Na K SO4 Cl
EC (dS mÿ1) (milliequivalents per litre)

3 (control) 7.0 6.4 20.4 1.8 21.9 6.9
7 13.7 13.3 47.5 2.4 49.6 21.5
11 19.5 21.8 82.9 2.5 80.7 41.3
19 24.1 40.5 162.8 2.8 141.0 80.8
23 23.1 48.0 221.8 2.3 181.0 103.5
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1 week at 708C in a forced air oven, then ground to pass a

60-mesh screen.
Ion analysis

The irrigation waters were analysed at weekly intervals by
inductively coupled plasma optical emission spectrometry
(ICPOES) to con®rm that target ion concentrations were
maintained. Total-S, total-P, Ca2�, Mg2�, Na�, K�, S and
P were measured on nitric-perchloric acid digests of shoot
tissue by ICPOES. Chloride was determined by coulo-

metric-amperometric titration.
Statistical analysis

The log salinity yield data was modelled using a multiple
linear regression equation derived from the van Genuchten
and Ho�man salinity yield response function (van
Genuchten and Ho�man, 1984). This regression model
included parameters which accounted for the changing
e�ects of time to salinization; a series of joint parameter
F-tests was then performed on these parameter estimates to
determine the statistical signi®cance of the various times to
salinization e�ects. The full derivation of this regression

modelling technique is described in the Appendix.
RESULTS

Growth responses

Our experimental design resulted in six salinity levels with
three separate planting dates. There were 6 � 3 � 18 experi-
mental levels of which six were replicated. Hence, the design
was a partially replicated two-way factorial, the factors
being salinity and salinization date.

Salinization in all 24 tanks commenced on 14 Mar. 1996
when the plants of the ®rst tank reached a thermal time of
7818Cd and true leaves had emerged on 50% of the

seedlings of both species in the last set of tanks planted.

TABLE 2. General F-test values and signi®cance levels for p

Late vs. mid salinization L

Signi®cance
Plant Value level V

N.Z. Spinach 6.98 0.0066 2
Red Orach 0.86 0.4404
Salinity treatments measuring electrical conductivities (ECi)
of 3, 7, 11, 15, 19 and 23 dS mÿ1 were achieved by adding
MgSO4, Na2SO4 , NaCl and CaCl2 to the base nutrient
solution over a 5-d period to avoid osmotic shock to the
seedlings. The base nutrient solution without added salts
served as the non-saline control (3 dS mÿ1). Solution
pH was uncontrolled and ranged from 7.7 to 8.0.

With respect to New Zealand spinach, salinity treatment
decreased fresh weight per plant. The regression model
described in the Appendix was applied to the growth data.
The test for equivalent intercepts in eqn (4A) could not be
rejected (F � 0.43, P � 0.6601), hence the restricted inter-
cepts model [eqn (4B)] was used to describe the log yield
data. This model produced an R2 value of 0.872 and an
overall model F-test score of 19.36 (P 5 0.0001), con®rm-
ing that increasing salinity signi®cantly reduced fresh
weight yields. Additionally, all three pairwise parameter
F-tests performed on this model were signi®cant well below
the 0.05 level (Table 2), indicating that each time to
salinization produced a unique yield response function.
The ®tted yield response functions for each of the three
salinization times (early, mid and late) are shown in Fig. 1.
The irrigation water salinity level at which yield is reduced
by 50% (C50) was calculated (Table 3). The data show that
both early- and mid-salinization had a pronounced e�ect
on fresh weight with C50 values being around 10 dS mÿ1 in
both cases. By comparison, late-salinized New Zealand
spinach had a C50 value 17.4 dS mÿ1. The late-salinization
plants exhibited maximal growth at the irrigation water
salinity level of 3.3 dS mÿ1 (Cmax), while estimates of Cmax

for early- and mid-salinization plants were 0 dS mÿ1
(Table 3). It is evident that growth of New Zealand spinach
decreased rapidly as the time from planting to salinization
decreased. Apparently, New Zealand spinach growth is very
sensitive to the time (age of the plant) at salinization.

As with New Zealand spinach, the equivalent intercepts
test performed on the red orach yield data was not rejected
(F � 0.87, P � 0.4386). Hence, the restricted intercepts

model was again used to describe the log yield data. The

airwise response function comparisons, as described in text

ate vs. early salinization Mid vs. early salinization

Signi®cance Signi®cance
alue level Value level

4.79 0.0001 5.38 0.0163
9.19 0.0022 6.22 0.0100
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FIG. 1. Yield-response model for New Zealand spinach planted at
di�erent dates and grown under varying levels of salinity as described
in Materials and Methods. The terms `early', `mid', and `late' refer to
planting dates (see Materials and Methods). Salinization in all 24 tanks
commenced on 14 Mar. 1996 when the plants of the ®rst tank reached a
thermal time of 7818Cd and true leaves had emerged on 50% of the
seedlings of both species in the last set of tanks planted. Salinity
treatments measuring electrical conductivities (ECi) of 3, 7, 11, 15, 19
and 23 dS mÿ1 were achieved by adding MgSO4, Na2SO4 , NaCl and
CaCl2 to the base nutrient solution. These salts were added to the base
nutrient solution incrementally over a 5-d period to avoid osmotic
shock to the seedlings. Final ion compositions of the six salinity levels
are shown in Table 1. The base nutrient solution without added
salts served as the non-saline control (3 dS mÿ1). Solution pH was
uncontrolled and ranged from 7.7 to 8.0. Growth data were analysed
using the multiple linear regression equation described in the
Appendix. Since the common intercept assumption could not be
rejected (Table 2), the restricted-intercept equation was used for yield-

response modelling.
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FIG. 2. Yield-response model for Red Orach planted at di�erent dates
and grown under varying levels of salinity as described in Materials
and Methods. The terms `early', `mid', and `late' refer to planting
dates (see Materials and Methods). Salinization in all 24 tanks
commenced on 14 Mar. 1996 when the plants of the ®rst tank reached
a thermal time of 7818Cd and true leaves had emerged on 50% of the
seedlings of both species in the last set of tanks planted. Salinity
treatments measuring electrical conductivities (ECi) of 3, 7, 11, 15, 19
and 23 dS mÿ1 were achieved by adding MgSO4, Na2SO4 , NaCl and
CaCl2 to the base nutrient solution. These salts were added to the base
nutrient solution incrementally over a 5-d period to avoid osmotic
shock to the seedlings. Final ion compositions of the six salinity levels
are shown in Table 1. The base nutrient solution without added salts
served as the non-saline control (3 dS mÿ1). Solution pH was
uncontrolled and ranged from 7.7 to 8.0. Growth data were analysed
using the multiple linear regression equation described in the
Appendix. Since the common intercept assumption could not be
rejected (Table 2), the restricted-intercept equation was used for yield-

response modelling.
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red orach model produced an R2 value of 0.656 and an
overall model F-test score of 5.08 (P � 0.0043), again
con®rming that increasing salinity signi®cantly reduced
fresh weight yields. However, in contrast to New Zealand
spinach, the mid- and late-salinization schedules were not
found to be statistically di�erent for red orach (Table 2).
These ®tted red orach yield response functions are shown in
Fig. 2. Cmax values were similar for mid- and late-saliniza-
tion, 10.9 and 13.7 dS mÿ1, respectively (Table 3). The Cmax

value appeared to change most for the early-salinization
plants, around 4.2 dS mÿ1. The C50 values based on fresh
weight were estimated as 425 dS mÿ1 in all cases (Table 3).

For red orach, the salinity response curves and C50 values

TABLE 3. Estimated C50 and Cmax values fro

Late salinization

Plant C50 Cmax C

N.Z. Spinach 17.4 3.3 1
Red Orach 425 13.7 42

All estimates are expressed as dS mÿ1. C50 refers to the electrical conduct
Cmax refers to the electrical conductivity of the irrigation solution which
were characteristic of a halophyte (Flowers, Troke and
Ion relations

It has been suggested that high-salt concentration in the
root zone can in¯uence the uptake and transport of major
ions such as K� and Ca2� (Kuiper, 1984). Moreover,
Suhayda et al. (1992) proposed that the ability to maintain
high K� may be an important selection criterion for salt
tolerance. To investigate the e�ect of our mixed-salt
solutions on ion uptake, the ion content of the shoot was

analysed. Unlike salt-tolerant barley or kochia (Curtin,

m restricted intercept parameter estimates

Mid salinization Early salinization

50 Cmax C50 Cmax

1.1 0.0 9.1 0.0
5 10.9 425 4.2

ivity of the irrigation solution which results in a 50% reduction in yield.
results in maximum yield.
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Steppuhn and Selles, 1993), or the moderately tolerant
wheat (unpublished data), both New Zealand spinach and
red orach accumulated high levels of Na� relative to K�,
even at low salinity levels (Tables 4 and 5). This observation
was true regardless of the salinization time.

However, it may be that the plant response is more
closely related to K-Na selectivity rather than the absolute
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level of K� in the shoot. In order to investigate this

TABLE 4. Mineral analyses of New Zealand spinach (Tetrag

Ca Mg Na
ECi Planting date

3 E 104 186 3024
3 M 131 236 3521
3 L 173 277 2808

7 E 81.0 163 3225
7 M 95 216 3338
7 L 94.4 198 2958

11 E 83.3 219 3267
11 M
11 L 127 310 3222

15 E 94.8 225 3047
15 M 112 724 2978
15 L 87.3 278 3594

19 E 61.5 244 3163
19 M 76.1 299 3124
19 L 73.1 305 3404

23 E 46.4 262 2947
23 M 51.5 299 3523
23 L 53.0 297 3347

n.d. � no data.

TABLE 5. Mineral analyses of red orach (Atriplex

Ca Mg Na
ECi Planting date

3 E 149 518 303
3 M 166 474 265
3 L 190 767 195

7 E 145 577 326
7 M 148 548 294
7 L 147 698 236

11 E 140 546 335
11 M 137 615 329
11 L 174 717 237

15 E 141 476 336
15 M 124 594 338
15 L 153 733 262

19 E 104 530 356
19 M 127 534 324
19 L 130 698 319

23 E 103 503 366
23 M 107 574 352
23 L 130 698 266
possibility in New Zealand spinach, the K-Na selectivity
was calculated following Pitman (1976) where

SK;Na ��K content=�K� medium� :

�Na content=�Na� medium�

In contrast with published reports for corn, barley or

e in Tetragonia and Atriplex. 505
kochia (Suarez and Grieve, 1988; Curtin et al., 1993), New

onia tetragonioides) grown under saline conditions (1996)

K P S Cl
(mmoles kgÿ1 d. wt.)

2123 149 110 800
2035 143 119 847
1984 142 120 620

2261 147 107 1012
1957 127 113 876
1858 130 111 688

2005 121 130 751
n.d.
1764 122 157 834

1971 110 140 789
1555 170 227 803
1618 127 165 796

1798 111 162 716
1767 97.8 117 720
1550 100 188 754

1858 118 188 649
1584 107 206 919
1486 118 190 901

hortensis) grown under saline conditions (1996)

K P S Cl
(mmoles kgÿ1 d. wt.)

5 1460 218 149 1196
5 1661 198 133 1135
0 1394 164 141 524

8 1328 205 155 1136
8 1292 184 152 1244
7 1078 161 143 616

0 1247 195 149 1361
0 1043 180 150 1098
8 1078 161 143 616

5 1110 178 142 1459
4 1056 173 156 1109
6 1237 161 158 737

9 914 168 161 1165
7 1067 171 152 1137
4 898 160 163 589

9 903 204 155 1230
8 839 173 148 1223
7 1086 163 171 701



TABLE 6. E�ect of mixed-salt salinity applied at three stages of growth on K/Na ratio in shoots of
New Zealand spinach and red orach

Stage of growth

Salinity (dS mÿ1) Early Mid Late

New Zealand spinach
3 (control) 0.70 0.58 0.71
7 0.70 0.59 0.63
11 0.61 n.d. 0.55
15 0.65 0.52 0.45
19 0.57 0.57 0.46
23 0.63 0.44 0.44

Red Orach
3 (control) 0.48 0.63 0.71
7 0.41 0.44 0.46
11 0.37 0.32 0.45
15 0.32 0.31 0.47
19 0.25 0.33 0.28
23 0.25 0.23 0.41

n.d. � no data.
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Zealand spinach exhibited only a slight preference for K�
over Na� at 3 dS mÿ1. Surprisingly though, as salinity
levels increased the selectivity for K� also increased
(Table 6). This same pattern was observed regardless of
the growth stage at which salinity was applied.

For comparison, the in¯uence of mixed-salt salinity on
the SK,Na of Atriplex hortensis, or red orach was examined.
Red orach is an established vegetable plant and is used as a
summer vegetable in hot, saline areas. Similar to New
Zealand spinach, A. hortensis had only a slight preference
for K� at low salinity levels which also increased with
increasing salinity. These results are in agreement with
previously published ®ndings on K� uptake in red orach
(Osmond, 1966; Mozafar, Goodin and Oertli, 1970;
Osmond, BjoÈ rkman and Anderson, 1980; Jeschke and
Stelter, 1983). Again, this same pattern was observed
regardless of the growth stage at which salinity was applied.

What is physiologically important is the absolute
K�/Na� ratio in the tissue. It has been suggested that ion
ratios are important in determining relative toxicities of
various ions and can provide insight into ion antagonisms
(Cramer et al., 1994). We calculated the simple K�/Na�
ratio for both species from all three salinization times. As
evident in Table 6, there is a small decrease in ratios as
salinity increases. However, the decrease seems to be
relatively more dramatic for red orach than for New
Zealand spinach. This observation is in contrast with the
growth data presented in Figs 1 and 2. From the growth
data presented (Table 3), it is clear that red orach is more
salt tolerant than New Zealand spinach.

It is currently believed that the Ca-nutritional status of
the plant is in¯uenced by the external medium and is
important in maintaining selectivity and the integrity of the
cellular membrane (Bernstein, 1975; Fageria, 1983; Cramer
and LaÈ uchli, 1986; Cramer et al., 1986). With this in mind,
it is interesting to note that in the case of New Zealand
spinach, the shoot Na/Ca ratio at 3 dS mÿ1 for both

the early- and mid-salinization plants (29.1 and 26.9,
respectively) was high relative to the late-salinization plants
(16.2), indicating a reduced ability to accumulate Ca2�.
This did not appear to be the case with red orach. In red
orach, the early-salinization plants exhibited higher Na/Ca
ratios than either the mid- or late-salinization plants, 20.4
for the early-salinization plants vs. 16.0 and 10.3 for the
mid- and late-salinization plants, respectively. The relative
inability of young New Zealand spinach to take up
adequate calcium at low salinity levels may have resulted
in a greater salt sensitivity (Suhayda et al., 1992).

To further examine the e�ect of salinity on Ca nutrition,
Na and Ca uptake was examined. Suarez and Grieve (1988)
suggested that the principles of ion-exchange theory can
be used in examining Ca2� and Na� uptake. The Gapon
selectivity constant, Kg , which relates the equivalent
fractions of the exchange ions to the activities of the ions
in solution was determined (Sposito, 1981). For Na±Ca
exchange the constant is expressed as follows:

Kg � �ENa�aCa2��0�5�=ECa aNa

where E refers to the equivalent fraction of a given cation
and a refers to the activity of the ion in solution.

As illustrated in Table 7, in New Zealand spinach, at 3 dS
mÿ1 both early- and mid-salinization plants had higher
Na-Ca selectivity as re¯ected by the Gapon constant than
the late-salinization plants, 62.6 and 57.8 for the early- and
mid-salinization plants, respectively, vs. 35.6 for the late-
salinization plants. This was not the case in red orach. Here,
only the early-salinization plants exhibited higher Na-Ca
selectivity at 3 dS mÿ1, i.e. 43.8 for the early-salinization
plants vs. 34.4 and 22.2 for the mid- and late-salinization
plants, respectively.

Interestingly, in both New Zealand spinach and red
orach, Na-Ca selectivity decreased with increasing salinity.
In these plants, the ability to accumulate Ca2� in the
presence of increasing levels of external Na� may be an

adaptation to salt stress.



TABLE 7. E�ect of mixed-salt salinity applied at three stages of growth on K-Na selectivity ratio (SK,Na) and Na-Ca
Gapon constants (Kg) in shoots of New Zealand spinach and red orach

SK,Na Kg

Salinity (dS mÿ1) Stage of growth Early Mid Late Early Mid Late

New Zealand spinach
3 (control) 7.8 6.5 7.9 62.6 57.8 35.6
7 13.9 12.1 12.4 48.1 42.4 37.8
11 20.8 11.6 18.5 30.0 n.d. 20.2
15 30.0 24.2 20.9 19.9 16.4 33.0
19 32.8 32.6 26.2 22.4 17.9 20.3
23 60.8 43.4 42.8 19.6 20.7 19.5

Red Orach
3 (control) 5.4 7.0 6.9 43.8 34.4 22.2
7 8.0 8.7 9.0 27.2 24.7 19.4
11 12.6 10.7 16.1 19.1 19.1 10.9
15 15.3 14.5 22.9 14.8 16.9 14.3
19 15.0 18.9 16.2 15.1 11.1 10.7
23 23.7 22.9 39.3 11.0 10.2 6.3

n.d. � no data.
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DISCUSSION

Earlier reports indicate that observed salinity e�ects on
growth are in¯uenced by the stage of growth at the time of
salinity application (Maas and Poss, 1989; Catalan et al.,
1994; Francois, 1994; Rogers et al., 1995; Steppuhn and
Wall, 1997; Carvajal et al., 1998). In our study, we
investigated the e�ect of a mixed-salt salinity on the growth
of Tetragonia tetragonioides, New Zealand spinach, to
investigate the physiological process(es) involved. In agree-
ment with published ®ndings, the stage of growth greatly
in¯uenced the e�ect of salinity on fresh weight in our
experiments. Analysis of the growth data using the
approach of van Genuchten and Ho�man (1984) revealed
that application of salt stress later in the growth cycle
resulted in higher Cmax and C50 values than when these salts
were applied earlier.

It should be noted, though, that our ®ndings of C50
values of 9.1, 11.1 and 17.4 dS mÿ1 for the early-, mid- and
late-salinization treatments were expressed as the conduc-
tivity of the irrigation water (ECi). The Maas (1986)
classi®cation that is generally cited is based on the electrical
conductivity of the saturated-soil extract (ECe). If one
assumes a leaching fraction of 15±20%, our C50 values
would correspond to ECe50 values of 13

.7, 16.7 and 26.1 dS
mÿ1. Thus, an early- or mid-salinization strategy would
place New Zealand spinach in the `moderately tolerant'
category, while late salinization would place it in the
`tolerant' category.

In our experiments, New Zealand spinach displayed
decreasing Cmax and C50 values with earlier salinization
times as expected. If high K-Na selectivity were important
in the time-to-salinization e�ect, one would expect to see a
decrease in selectivity for earlier salinization. However, at
early- and mid-salinization times, we measured higher
selectivity ratios (Table 7). Based on these ®ndings, we feel
that higher K/Na selectivities do not explain the time-to-

salinization response.
This conclusion is supported by our observations
regarding tissue K�/Na� ratios. In the case of New
Zealand spinach, tissue K�/Na� ratios were maintained
in the early-salinization plants relative to the late-saliniza-
tion plants which showed higher growth. Moreover, tissue
K�/Na� ratios decreased more rapidly in red orach, yet it
was the more tolerant species. One explanation for red
orach's ability to maintain growth despite decreasing tissue
K�/Na� ratios is the presence of bladder hairs on the
leaves. It has been suggested that under saline conditions
these hairs store high levels of Na� in the older leaves, thus
sequestering them from the metabolic compartments of the
leaf (Jeschke and Stelter, 1983). Subsequently then, red
orach could maintain growth despite decreasing K�/Na�

ratios.
One possible explanation for time-to-salinization

response is that growth inhibition at early salinization
may result from the inability of the younger plants to
supply adequate calcium levels at lower salinity levels. It is
commonly believed that the Ca status of the plant is
important in salt tolerance (Bernstein, 1975; Kramer et al.,
1977; Fageria, 1983; Cramer and LaÈ uchli, 1986; Cramer
et al., 1986; Suhayda et al., 1992). In our experiments with
New Zealand spinach, both the early- and mid-salinization
plants had higher Na-Ca selectivity, hence a reduced ability
to accumulate Ca2�, than the late-salinization plants. This
may have led to the lower Ca/Na ratios in the shoot in those
plants. Interestingly, both the early- and mid-salinization
plants had Cmax values estimated to be 0 dS mÿ1.
This contention is not supported by our observation with

red orach. However, in this case the highest Na-Ca
selectivity at 3 dS mÿ1 was measured only in the early-
salinization plants. As with New Zealand spinach though,
the plants with the highest Na-Ca selectivity (early
salinization) exhibited the lowest Cmax values, 4.2 dS mÿ1

for the early-salinization plants vs. 10.9 and 13.7 dS mÿ1 for

the mid- and late-salinization plants, respectively.
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Mixed-salt salinity did not signi®cantly alter the total-P
status of the plant of either New Zealand spinach or red
orach. Of particular interest was the observation that while
the concentration of Cl in the external media increased
15-fold (Table 1), Cl levels in the shoot of New Zealand
spinach remained essentially constant (Table 2). The situ-
ation with red orach was slightly more complex. While Cl
did not increase with increasing salinity levels, both the
early- and mid-salinization plants showed consistently
higher Cl levels compared with late-salinization plants.
Aslam et al. (1987) reported only a small increase in Cl levels
in barnyardgrass as NaCl salinity increased from 3 dS mÿ1
to 20 dS mÿ1.

Our current level of understanding of Cl transport
indicates that there may be a weak antagonistic relationship
between sulfate and chloride ions (Elzam and Epstein,
1965; Murarka, Jackson and Moore, 1973; Schnug, 1990).
Such a relationship may be operating in New Zealand
spinach as evidenced by the small increase in S with
increasing salinity (Table 4). However, this does not seem
to be the case with red orach (Table 5).

One interesting observation was the level of agreement
between our K-Na selectivity data with red orach and those
previously reported for this plant (Jeschke and Stelter, 1983
cf. Table 3). Using a solution culture system and a growth
medium containing 1 mM K� and 10 mM Na�, these
investigators reported a SK,Na in the shoot of 5.5. At higher
salinities, [1 mM K� and 50 mM Na� (Clÿ)], SK,Na
increased to 17.5. Their 1 mM K� and 10 mM Na� solution
best corresponds to our 3 dS mÿ1 irrigation waters which
contained 1.8 mM K� and 20.4 mM Na� (Na/K ratio �
11). In this instance we estimated the SK,Na in red orach of
our mid-salinization plants (the plants that corresponded
most closely to their experiments) to be 7.0. Similarly, the
1 mM K� and 50 mM Na� (Cl) solution of Jeschke and
Stelter (1983) would be somewhere between our 15 and
19 dS mÿ1 solutions (Na :K ratio of 46 and 58 dS mÿ1,
respectively). Using these solutions for irrigation, we
measured the SK,Na of the shoots to be 14.5 and 18.9,
respectively. Apparently, in red orach SK,Na responds to the
Na/K ratio rather than the absolute concentrations of those
ions.

In order to explain the preferential transport of K� to the
shoot and roots in red orach at higher salinities, Jeschke
and Stelter (1983) suggested that K� might be recirculated
from the leaves to the roots along with organic anions.
After eventual metabolism of the organic acids in the roots,
K� is available for renewed xylem transport to the shoot.
Given the large increases in K-Na selectivity at 23 dS mÿ1,
it is possible that a similar situation occurs in New Zealand
spinach. However, such a possibility must remain speculat-
ive at this point. Future work will investigate the possible
involvement of K� recirculation and phloem loading in salt

508 Wilson et al.ÐSalinity Toleran
tolerance in New Zealand spinach.

nitrogen components of Russet Burbank potato plants (Solanum
ACKNOWLEDGEMENTS

The authors wish to thank Donald A. Lay®eld for his
technical assistance.
# 2000 US Government
LITERATURE CITED

Aslam Z, Salimn M, Qureshi RH, Sandhu GR. 1987. Salt tolerance of
Echinochloa crusgalli. Biologia Plantarum (Praha) 29: 66±69.

Bernstein L. 1975. E�ects of salinity and sodicity on plant growth.
Annual Review of Phytopathology1975. 13: 295±312.

Carvajal M, del Amor FM, Fernandez-Ballester G, Martinez V, CerdaÂ
A. 1998. Time course of solute accumulation and water relations
in muskmelon plants exposed to salt during di�erent growth
stages. Plant Science 138: 103±112.

Catalan L, Balzarini M, Taleisnik E, Sereno R, Karlin U. 1994. E�ects
of salinity on germination and seedling growth of Prosopis
¯exuosa (D.C.). Forest Ecology and Management 63: 347±357.

Christiansen MB. 1982. World environment limitations to food and
®ber culture. In: Breeding plants for less favourable environments.
New York: John Wiley and Sons.

Cramer GR, LaÈ uchli A. 1986. Ion activities in solution in relation to
Na�±Ca2� interactions at the plasmalemma. Journal of Experi-
mental Botany 37: 320±330.

Cramer GR, Alberico GJ, Schmidt C. 1994. Salt tolerance is not
associated with the sodium accumulation of two maize hybrids.
Australian Journal of Plant Physiology 21: 675±692.

Cramer GR, LaÈ uchli A, Epstein E. 1986. E�ects of NaCl and CaCl2 on
ion activities in complex nutrient solutions and root growth of
cotton. Plant Physiology 81: 792±797.

Curtin D, Steppuhn H, Selles F. 1993. Plant responses to sulfate and
chloride salinity: growth and ionic relations. Soil Science Society
of America Journal 57: 1304±1310.

Elzam OE, Epstein E. 1965. Absorbtion of chloride by barley roots:
kinetics and selectivity. Plant Physiology 40: 620±624.

Fageria NK. 1983. Ionic interactions in rice plants from dilute
solutions. Plant and Soil 70: 309±316.

Flowers TJ, Troke PF, Yeo AR. 1977. The mechanism of salt tolerance
in halophytes. Annual Review of Plant Physiology 28: 89±121.

Francois LE. 1994.Growth, seed yield, and oil content of canola grown
under saline conditions. Agronomy Journal 86: 233±237.

Gale J, Nauman R, Poljako�-Mayber J. 1970. Interrelations between
growth and photosynthesis of salt bush (Atriplex halimus L.)
grown in saline media. Australian Journal of Biological Science 23:
937±945.

Greenway M. 1968. Growth stimulation by high chloride concen-
trations in halophytes. Israel Journal of Botany 17: 169±178.

Handley JF, Jennings DH. 1977. The e�ect of ions on growth and leaf
succulence of Atriplex hortensis var. cupreata. Annals of Botany
41: 1109±1112.

Jeschke WD, Stelter W. 1983. Ionic relations of garden orache,
Atriplex hortensis L.: growth and ion distribution at moderate
salinity and the function of bladder hairs. Journal of Experimental
Botany 34: 795±810.

Kato M, Takeda T, Ogihara Y, Shimu M, Nomura T, Tomita Y. 1985.
Studies on the structure of polysaccharide from Tetragonia
tetragonioides. I. Chemical Pharmaceutical Bulletin 33: 3675±3680.

Kramer D, LaÈ uchli A, Yeo AR, Gullasch J. 1977. Transfer cells in roots
of Phaseolus coccineus: ultrastructure and possible function in
exclusion of sodium from the shoot. Annals of Botany 41:
1031±1040.

Kuiper PJ. 1984. Functioning of plant cell membranes under saline
conditions: membrane lipid composition and ATPases. In: Staples
RC, Toenniessen GH, eds. Salinity tolerance in plantsÐstrategies
for crop improvement. New York: John Wiley and Sons, 77±91.

Maas EV. 1986. Salt tolerance of plants. Applied Agricultural Research
1: 12±26.

Maas EV, Poss JA. 1989. Salt sensitivity of cowpea at various growth
stages. Irrigation Science 10: 313±320.

Mozafar A, Goodin JR, Oertli JJ. 1970. Sodium and potassium
interactions in increasing the salt tolerance of Atriplex halimus. II.
Na� and K� uptake characteristics. Agronomy Journal 62:
481±484.

Murarka IP, Jackson TL, Moore DP. 1973. E�ects of N, K, and Cl on

e in Tetragonia and Atriplex.
tuberosum L.). Agronomy Journal 65: 868±870.



c

Okuyama E, Yamazaki M. 1983a. The principles of Tetragonia
tetragonioides having an antiulcerogenic activity. I. Isolation and
identi®cation of sterylglucoside mixture (compound A). Yakugaku
Zasshi. Journal of Pharmacological Society of Japan 103: 43±48.

Okuyama E, Yamazaki M. 1983b. The principles of Tetragonia
tetragonioides having antiulcerogenic activity. II. Isolation and
structure of cerebrosides. Chemical Pharmaceutical Bulletin 31:
2209±2219.

Osmond CB. 1966. Divalent cation absorption and interaction in
Atriplex. Australian Journal of Biological Science 19: 37±48.

Osmond CB, BjoÈ rkman O, Anderson DJ. 1980. Absorption of ions and
nutrients In: Physiological processes in plant ecology: toward a
synthesis with Atriplex. New York: Springer-Verlag, 191±250.

Pitman MG. 1976. Ion uptake by plant roots. In: LuÈ ttge U, Pitman
MG, eds. Encyclopedia of plant physiology Vol. 2. Transport in
plants II. Part B. Tissues and organs. Berlin: Springer-Verlag,
95±128.

Rhoades JD. 1977. Potential for using saline agricultural drainage
waters for irrigation. Proceedings of water management for
irrigation and drainage, Reno, Nevada, 20±22 July. New York:
American Society of Civil Engineering, 85±116.

Rhoades JD, Suarez DL. 1977. Reducing water quality degradation
through minimized leaching management. Agricultural Water
Management 1: 127±142.

Rhoades JD, Bingham FT, Letey J, Dedrick AR, Bean M, Ho�man GJ,
Alves WJ, Swain RV, Pacheco PG, LeMert RD. 1988a. Reuse of
drainage water for irrigation: results of Imperial Valley Study. I.
Hypothesis, experimental procedures, and cropping results.
Hilgardia 56: 1±16.

Rhoades JD, Bingham FT, Letey J, Pinter PJ Jr, LeMert RD, Alves
WJ, Ho�man GJ, Replogle JA, Swain RV, Pacheco PG. 1988b.
Reuse of drainage water for irrigation: results of Imperial
Valley Study. II. Soil salinity and water balance. Hilgardia 56:
17±44.

Rogers ME, Noble CL, Halloran GM, Nicholas ME. 1995. The e�ect of
NaCl on the germination and early seedling growth of white clover
(Trifolium repens L.) populations selected for high and low salinity
tolerance. Seed Science Technology 23: 277±287.

Schnug E. 1990. Sulfur nutrition and quality of vegetables. Sulfur in
Agriculture 14: 3±7.

Sposito G. 1981. The thermodynamics of soil solutions. Oxford: Oxford
University Press.

Steppuhn H, Wall KG. 1997. Grain yields from spring-sown Canadian
wheats grown in saline rooting media. Canadian Journal of Plant
Science 77: 63±68.

Suarez DL, Grieve CM. 1988. Predicting cation ratios in corn from
saline solution composition. Journal of Experimental Botany 39:
605±612.

Suarez DL, SÏ imuÊ nek J. 1997. UNSATCHEM. Unsaturated water and
solute transport model with equilibrium and kinetic chemistry.
Soil Science Society of America 61: 1633±1646.

Suhayda CG, Redmann RE, Harvey BL, Cipywnyk AL. 1992.
Comparative response of cultivated and wild barley species to
salinity stress and calcium supply. Crop Science 32: 154±163.

Szabolcs I. 1985. Salt a�ected soils, as world problem. The reclamation
of salt-a�ected soils. Proceedings of an International Symposium,
Jinan, China, 13±21 May. Beijing: Beijing Agricultural University,
30±47.

van Genuchten MT, Ho�man GJ. 1984. Analysis of crop salt
tolerance data. In: Shainberg I, Shalhevet J, eds. Soil salinity
under irrigation: processes and management. Berlin: Springer-
Verlag, 258±271.

Wilson et al.ÐSalinity Toleran
APPENDIX

Statistical analysis

The van Genuchten and Ho�man salinity yield response

function can be used to model yield response data
(van Genuchten and Ho�man, 1984). The form of this
equation is:

y � d exp�axÿ x2� �1�
where y represents fresh weight yield, x represents salinity,
and d, a, and represent empirical parameters which must
be estimated from the salt tolerance data. Equation (1) can
be converted into an ordinary regression model by using a
log transform; i.e.

log�y� � log�d� � axÿ x2

� b0 � b1xÿ b2x
2

�2�

Hence, eqn (2) can be used for parameter estimation and
testing purposes [in place of eqn (1)], and should be
preferred if the variability of the fresh weight yield data
decreases as the yield is reduced.

To incorporate time-to-salinization e�ects, eqn (2) can be
modi®ed as follows:

log�y� � b0j � b1jxÿ b2jx
2; for j � 1; 2; 3 �3�

where j represents the three time-to-salinization treatments,
i.e. early, mid and late. Note that eqn (3) suggests that the
change in time to salinization could result in an entirely new
yield/salinity response function. However as 3 dS mÿ1
irrigation water was used for the control level across all
three timing applications, one would not expect the yield
reduction for a vegetable growth at this salinity level to
change (as there is no time-to-salinization e�ect for the
control salinity level). In other words, if we de®ne
z � x ÿ 3 and then estimate eqn (3) as:

log�y� � b0j � b1jzÿ b2jz
2; for j � 1; 2; 3 �4A�

we would expect to ®nd that b01 � b02 � b03 . If this is true,
then eqn (4A) can be simpli®ed to:

log�y� � b0 � b1jzÿ b2jz
2; for j � 1; 2; 3 �4B�

where eqn (4B) can be thought of as a `restricted intercept'
model.

Provided eqn (4B) holds, the statistical signi®cance of the
various salinity and timing e�ects can be tested as follows:

Hypothesis Corresponding Parameter Test:
No overall salinity e�ect b11 � b12 � b13 � b21 � b22 � b23 � 0

(regardless of timing)
No overall timing di�erences b11 � b12 � b13 , b21 � b22 � b23
No di�erence between b11 � b12 , b21 � b22

times 1 and 2
No di�erence between b11 � b13 , b21 � b23

times 1 and 3
No di�erence between b12 � b13 , b22 � b23

times 2 and 3

Additionally, the appropriateness of the restricted inter-
cept model can be judged by ®rst ®tting eqn (4A) and then
testing if all three intercept parameters are equivalent, i.e.

e in Tetragonia and Atriplex. 509
by testing if b01 � b02 � b03 .
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