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ABSTRACT 

Two species of Atriplex, with different metabolic pathways for 

fixing CC>2> were grown for nine weeks in solutions containing various 

concentrations of salts. Photosynthesis, water potential, stomatal 

resistance to water diffusion, moisture content, dry matter production, 

and tissue ionic content were studied. 

Both species showed a decrease in shoot water potential with 

increasing salinity in the culture solution, due to an increase in 

shoot ash content. The photosynthetic rate of A. lentiformis was not 

affected significantly by salinity level. The photosynthesis of A. 

triangularis was reduced significantly at the highest salinity level, 

because of an increase in stomatal resistance. Both species showed a 

decrease in dry matter production with increasing salinity concentration. 

The lack of correlation between photosynthetic rate and dry matter prod

uction is discussed, with emphasis on respiration rate and the production 

of compatible organic osmotica. 

vii 



INTRODUCTION 

Irrigated croplands are an important source of food. World

wide, about 230,000,000 hectares are irrigated with river water or 

groundwater (Wittwer, 1979). Much of the river water used for irriga

tion contains salts, which reduce the quality of the water. For example, 

Colorado River water contains about 800 parts per million (ppm) total 

soluble solids, or salts (Pillsbury, 1981), compared to about 35,000 ppm 

or 35 parts per thousand (ppt) salts in seawater. Of the groundwater in 

the U.S.A., approximately two-thirds has a salinity of 1000 to 3000 ppm; 

some exceeds 3000 ppm in salts (Glaubinger, 1980). High quality water 

from mountain watersheds can contain as little as 50 ppm total soluble 

solids (Pillsbury, 1981). 

Crop plants can generally use irrigation water of 800 to 3000 

ppm salts, with minimal metabolic adjustment. The problem occurs in 

the buildup of salts in the soil. Salts in rivers are normally carried 

to the ocean; when water is diverted onto fields, and lost through eva-

potranspiration, the salts are left as a residue on the soil. In arid 

regions the problem is compounded, because not enough rain falls to 

leach out the salts. This phenomenon has been occurring in the United 

States for decades; great amounts of water must be used to leach the 

salts from the soil. This practice becomes more expensive as greater 

demand is put on the precious water resources of the Southwest U.S. and 

elsewhere. Good agricultural land has gone out of production because 

1 
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normal crop plants cannot survive in the salty soil (Richards, 1954). 

Pillsbury (1981) claims that ancient dynasties in China, India, Persia, 

and Babylonia fell not because of plagues and wars, but because the 

buildup of salts in their irrigated croplands ruined their agricultural 

base. 

Another source of saline water is seawater. The world has 

thousands of miles of idle desert seacoasts in Africa, North and South 

America, and Australia. The primary reason the land is not used for 

agriculture is the lack of suitable water for irrigation, even though 

the planet's largest body of water is close at hand. If a means for 

using this water could be developed, a large part of the world's hunger 

problems might be alleviated. 

Epstein and Norlyn (1977) pointed out that there is no funda

mental biological incompatibility between plant life and a highly 

saline environment, as is evident in the existence of marine algae and 

terrestrial halophytes. Epstein and his associates have approached the 

salinity problem by trying to breed salt tolerance into conventional 

crops, and have had some success with this approach. They have crossed 

relatively salt tolerant varieties of barley (Hordeum vulgare) with com

mercial varieties. They have also attempted to produce a salt tolerant 

tomato by crossing the halophytic Lycopersicon cheesmanii with the com

mercially grown L. esculentum (Epstein et al., 1980). 

The Environmental Research Lab (ERL) at the University of 

Arizona is taking a somewhat opposite approach. Research has been 

directed to selecting wild halophytes, with a high degree of salt 
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tolerance, and domesticating them for use as crop plants (Hodges et al., 

1980). O'Leary (1979) assessed the yield potential of halophytes and 

xerophytes as crop plants; he concluded that halophytes could be raised 

as crops, with certain energy subsidies, e.g., fertilizer application, 

and good soil management techniques. 

Halophytes have been used previously as food and forage crops. 

The Seri Indians of the Sonoran Desert were known to harvest seeds of 

the grass Distichilis palmeri, on the delta of the Colorado River 

(Felger, 1979). The use of silage of Spartina, a genus of halophytic 

grasses, has been reported in the U.S. (Kirby and Gosselink, 1976) and 

in Great Britain (Hubbard and Ranwell, 1966). Several species of the 

genus Atriplex are important forage plants in Australia (Osmond, 

Bjorkman, and Anderson, 1980). 

For this study, two species of Atriplex, which differ in their 

mechanism for fixing atmospheric CX^, were used. Both A. lentiformis 

(Somers et al., 1979) and A. triangularis (Hodges et al., 1980) show 

potential as forage or crop plants. The purpose of this study was to 

analyze the effects of salinity on photosynthesis and biomass yield of 

these two species, in an environment that approximated field conditions 

more closely than that of a laboratory. Other parameters which could 

have a bearing on photosynthesis and yield were also examined, for 

example, water potential and stomatal resistance. 



LITERATURE REVIEW 

The effects of salinity on the morphology and metabolic proc

esses of higher plants are extensive. Some of the costs and conse

quences for higher plants growing in a saline environment are reviewed 

here. Also considered are some characteristics of photosynthesis in 

the genus Atriplex, under non-saline conditions. 

Ion Uptake and Plant Water Potential 

The major problem facing plants in a saline environment is the 

osmotic effect the salts have on the soil solution; plants must over

come the low water potential of the soil in order to absorb the water 

required to maintain turgor pressure. The importance of maintaining 

turgor is discussed by Hsiao (1973). Flowers et al. (1977) define sal

inity tolerance in plants as the interaction of ion uptake, transport, 

and excretion, which result in osmotic adjustment by salt accumulation 

The result of osmotic adjustment is the creation of a favorabl 

water potential gradient between the plant and the soil, i.e., a lower 

water potential in the plant. Waisel and Pollack (1969) measured the 

water potential of Aeluropus littoralis plants growing over a range of 

salinities. Plants growing in NaCl solutions with water potentials of 

0 bars (0.0M NaCl), -8.9 bars (0.2M NaCl), and -17.5 bars (0.4M NaCl), 

had water potentials of -6, -16, and -23 bars, respectively. Jefferie 

et al. (1979) measured the water potential of both roots and shoots of 

several halophytes. Some of their results are reproduced here, in 
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Table 1. At all salinities, the plants maintain a lower water potential 

than the solutions; in most cases, shoot water potentials are lower than 

those in the roots. 

As stated previously, low water potential is attained by de

creasing osmotic potential. Waisel (1972) reported that in halophytes 

in general, plant osmotic potential was 10 to 15 bars lower than the 

soil solution, and in some cases, 30 bars lower. In 1935 Steiner (as 

reported in Waisel, 1972) measured the osmotic potentials of various 

halophytes growing on the eastern U.S. coast. He calculated the osmotic 

potential of sea water to be -23.2 bars; Spartina glabra and Atriplex 

triangularis osmotic potentials were -31.1 and -26.1 bars, respectively. 

Studying the effects of NaCl on A. triangularis, Black (1956) found that 

the osmotic potentials of the plants were always lower than those of the 

soil, with the differences constant over a range of salinities. 

Osmotic adjustment by uptake of ions in Atriplex species can 

occur in response to seasonal (Moore et al., 1972) or daily water 

stress (Ruess and Wali, 1980). Beadle et al. (1957) state that Atriplex 

species are capable of accumulating substantial amounts of ions even at 

very low soil ion concentrations. The specific ions accumulated by 

Atriplex and other halophytes vary greatly, depending on the species 

and the environment in which they grow. Interactions between various 

ions are complex. Osmond et al. (1980) state that ion absorption 

processes in halophytes must have some of the following properties: 

3_ 
specificity for absorption of adequate PO^ from solutions having one 

- 3- + 
hundred times more CI than PO^ ; selectivity for sufficient K from 
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Table 1. Water potentials (bars) of shoots and roots of halophytes 
grown at different salinities (after Jefferies et al., 1979). 

Species 
Solution Water Potential 

Species -0.5 -2 -5 -12 -24 

Plantago maritima Shoot -7 -8 -13 -19 -26 

Root -6 -7 -13 -17 -25 

Triglochin maritima Shoot -6 -8 -16 -18 -25 Triglochin maritima 
Root -6 -8 -15 -16 -24 

Limonium vulgare Shoot -8 -15 -26 -35 -48 Limonium vulgare 
Root -6 -7 -17 -24 -33 

4* 4* 
solutions with many times more Na than K ; and the capacity to absorb 

copius amounts of NaCl to adjust vacuole osmotic potential. Pitman 

(1976) says that the ion content of shoots is a function of uptake in 

roots, particularly in plants without salt glands or bladders on the 

leaves. This statement implies the importance of selective uptake by 

the roots. Previously unpublished data of Lauchli and Kramer, reported 

•j-
in Osmond et al. (1980), show that the ratio of Na to K increases from 

roots to stems to leaves in Atriplex species, indicating selectivity in 

uptake and transport. 

Jefferies et al. (1979) reported the ionic concentrations in 

the roots and shoots of various halophytes growing on a range of salin

ity treatments. In Plantago maritima, Na+ increased from 78mM in the 

shoots, and from 22mM to 200mM in the roots, over a range of osmotic 

+ 2+ 
potentials of 0.5 to 24 bars. K and Mg increased consistently in 
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roots and shoots over the same range of osmotic potential; both K+ and 

2+ 
Mg levels were higher in the shoots than the roots at low salinities, 

and higher in the roots than the shoots at high salinities. For example, 

K+ content in the shoots and roots were 74mM and 53mM, respectively, at 

the 0.5 bar treatment; at the 24 bar treatment, K+ content was 136m>I in 

2+ 
the shoots and 166mM in the roots. Ca was always higher in the shoots 

2+ 
than in the roots, at all treatments. Ca levels initially decreased 

with increasing salinity, then increased again at the highest salinity 

treatments. One point, at least, is obvious from this data: functions 

and interactions of various ions are complex. 

Osmond (1966) investigated the interaction between Na+ and K+ 

ions in A. nummularia. He found that Na+ accumulation increased consis

tently with increasing salinity of the culture solution, while K+ accu

mulation stayed constant over the same range. Na+ content was therefore 

higher than K+ content at all salinity treatments, except at the control, 

+ + 
in which more K was accumulated than Na . Black (1956), studying A. 

triangularis, obtained similar results. He termed the interaction of K+ 

and Na+ "incomplete mutual competition." Jeschke and Stelter (1976) 

studied the roots of Atriplex and Hordeum, providing experimental evi

dence that most of the K+ is stored in the protoplast of plant cells, 

while the majority of Na+ is accumulated in the vacuole. 

"f* ~f~ 
Greenway (1968) found that A. nummularia had higher Na , K , 

and Cl~ in shoots than in roots, at all salinity levels studied. Osmond 

et al. (1980), studying the Cj species A. triangularis and A. 

glabriuscula, and the C4 species A. rosea and A. vesicaria, found higher 

CI content in the shoots than in the roots of all species. They also 
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noted a higher concentration of CI in the C^ species than in the C^ 

species. Black's (1956) data contradict findings of these other re

searchers; he found a higher CI content in the roots of A. triangularis 

than in the shoots. 

The degree to which Na+ and CI contribute to the decreased 

osmotic potential (and lowered water potential) of halophytes also 

varies among species and environments. Scholander (1966) reported that 

90% of the solutes in the leaf sap of Salicornia and Batis were NaCl, 

while in the three mangrove species he studied, 50 to 70% of the solutes 

were NaCl. On'dl (1966) showed that in the sap of A. portulacoides 

having an osmotic potential of 41.1 bars, 36.4 bars were contributed by 

NaCl. In Salicornia fruticosa, 31.7 bars of the total 41.3 bars osmotic 

potential was due to NaCl. Ruess and Wali (1980) reported that 59% of 

the osmolality of A. canescens xvlem sap was comprised of the cations 

2+ 2+ ^ 
Ca , Mg , K , and Na . The plants they studied had water potentials 

ranging from -15.5 to -45.1 bars. 

The osmolality not comprised of inorganic ions is made up by 

organic ions (Hellebust, 1976). Flowers et al. (1977) dispelled the 

idea that the enzymes of halophytes are significantly more tolerant to 

Na+ and CI ions than enzymes of other plants, suggesting that high 

concentrations of electrolytes must be confined to the cell vacuole, 

which occupies about 90% of a mature plant cell. In the protoplast, 

"compatible" solutes must be accumulated to increase osmotic potential. 

For a plant growing in seawater, the electrolyte concentration in the 

vacuole is about 700mM, while in the protoplast electrolyte concentra

tions range from 50 to 150mM (Jefferies, 1981). Organic solutes, such 
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as sorbitol and other polyols, amino acids, quaternary ammonia compounds 

like glycine betaine, and reducing sugars, all act as compatible osmo-

tica in the protoplasts of various halophytes. 

Studies by Osmond (1965,1967) report that most of the cation 

excess in the leaves of Atriplex species can be accounted for by the 

organic acid anion oxalate. Albert and Popp (1977) state that oxalate, 

citrate, and malate are the only important organic solutes used by cheno-

pods as osmotica. However, Storey, Ahmad and Wyn-Jones (1977) report that 

glycine betaine is produced in quantity and accumulated by A. halimus, 

A. rosea, A. canescens, A. triangularis, A. spongiosa, and A. hortensis. 

For example, they report that glycine betaine is the major organic 

osmoticum in A. spongiosa, with some contribution from proline at higher 

salinities (Storey and Wyn-Jones, 1979). Glycine betaine content in-

-1 -1 
creased from 15 ymol gfw in controls to 45 ymol gfw at the highest 

salinity treatment. They found that glycine betaine content correlates 

well with cell osmotic potential. This compound is also a suitable osmo

ticum for chloroplast and mitochondrion isolation, and is non-toxic to 

enzymes. 

Effects of Salinity on Succulence 

An increase in succulence, expressed as percent moisture or 

weight of water per unit surface area of leaf, is a common response of 

higher plants to salinity (Jennings, 1976; Albert, 1975). Nieman (1962) 

found increased moisture content due to increased salinity in most of 

twelve crop plants he studied, including Beta vulgaris and Spinacea 
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oleracea, both members of Chenopodiaceae. Albert (1975) reported an in

crease in succulence with increasing salinity in the xerophytic mono-

cots Puccinellia distans and Crypsis aculeta, as well as in the 

succulent halophytes Suaeda maritima and Spergularia media. Tiku 

(1976) reported a similar increase in succulence in Salicornia rubra. 

Black (1958) attributed the increase in succulence and leaf 

thickness due to salinity in A. triangularis to an increase in meso-

phyll cell volume. The proportion of leaf volume occupied by airspace 

decreased with succulence, and therefore with salinity. Studying the 

same species, Longstreth and Nobel (1979) reported an increase in 

- 2  - 2  
succulence from 28 g of 1^0 cm to 58 g of 1^0 cm over a range of 

NaCl from 0.0 to 0.4 molal. They found a corresponding increase in 

epidermal thickness, palisade cell length and diameter, and spongy 

mesophyll cell diameter over the same salinity range. They report that 

the rate of CC^ uptake per unit of leaf area was not affected signifi

cantly by the increase in succulence and anatomical changes. 

Effects of Salinity on Biomass Production 

The biomass production of higher plants, expressed as dry weight 

per plant, is generally reduced by salinity (Jennings, 1976). Growth of 

two barley varieties studied by Greenway (1962) was reduced severely by 

increasing salinity. At 0.125M NaCl, growth of the entire plant of the 

relatively salt tolerant "Bolivia" variety was depressed to 35% of the 

controls. At 0.25M NaCl, growth was about 10% of controls. Growth of 

the more salt sensitive variety Chevron was reduced even more. Grain 

yields were also reduced by salinity. Wadleigh and Ayers (1945) state 



that the reduction of biomass is caused by the plant's inability to 

maintain turgor, causing growth processes to slow down or stop. This 

explanation is true when applied to plants which cannot adjust osmoti-

cally; more salt tolerant plants, however, exhibit a reduction in 

growth even when turgor is maintained. For example, the dry weight of 

Spartina, a genus of halophytic grasses, is reduced by increasing 

salinity in both field and laboratory studies (Phelger, 1971; Broome et 

al., 1975). 

The growth of some halophytic species is stimulated by salin

ity. For example, the growth of Mesembryantheum nodiflorum studied by 

Winter (1974) was optimal at 0.1 to 0.4M NaCl, while the growth of 

Suaeda maritima was highest at 0.4M NaCl. Dry weights of C^ Atriplex 

species, including A. inflata (Ashby and Beadle, 1957). A. halimus 

(Gale and Poljakoff-Mayber, 1970), and A. nummularia (Ashby and Beadle, 

1957; Greenway, 1968) are also increased by low levels of NaCl in the 

external medium. Optimal growth occurs around 0.1M NaCl. At higher 

salinities, dry weight drops off. For instance, dry weights of five 

week old A. halimus (Gale and Poljakoff-Mayber, 1970) were 2.4 g at 

0.0M, 3.2g at 0.1M, and 2.8g at 0.25M NaCl. 

Growth of C^ Atriplex species is apparently not stimulated by 

low levels of NaCl. Longstreth and Nobel (1979) found a steady decrease 

in the dry weights of A. triangularis with increasing salinity, from 25g 

at 0.0 molal NaCl, to 13g at the 0.4 molal treatment. 
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Some Characteristics of Photosynthesis in 
Ct and C/, Atriplex Species 

Several previous studies have been conducted comparing aspects 

of photosynthesis in C3 and Atriplex species. Osmond, Troughton, 

and Goodchild (1969) found differences typical of those between and 

plants when studying A. spongiosa and A. triangularis. Carbon diox

ide fixation in the C^ A. triangularis was enhanced in 0^ free air, 

while fixation rates for the C^ A. spongiosa were not sensitive to 0? 

concentration. Lower fixation rates for A. triangularis were attributed 

to photorespiration. Intracellular resistances to CO2 were calculated to 

be 4.5 seconds cm for A. triangularis, and 1.3 seconds cm ^ for A. 

spongiosa. Transpiration rates for A. triangularis were only slightly 

higher than those for A. spongiosa, but water use efficiency was much 

better in the C4 plant. Similar results were obtained by Bjorkman et 

al. (1970). At comparable transpiration rates of about 50 mg of H90 

-2 -1 -2 -1 
dm min , CO9 uptake was 21.2 ymol cm min in C^ A. rosea, and 

-2 -1 
only 12.3 pmol cm min in A. triangularis. 

Osmond et al. (1969) state that the chloroplasts of A. spongiosa 

bundle sheath cells are larger than those in the mesophyll of either 

species, but otherwise there are no structural differences in the chloro

plasts of C^ and C^ Atriplex species. However, Downton et al. (1968) 

claimed that although mesophyll chloroplasts of A. rosea and A. 

triangularis are structurally similar, major differences exist between 

A. rosea bundle sheath chloroplasts and mesophyll chloroplasts of either 

species, at all three leaf stages studied. Their study indicates that 
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in fully expanded leaves, most of the photosynthetic capacity of A. 

rosea is in the bundle sheath cells. 

On the biochemical level, Osmond et al. (1969) observed major 

differences between and Atriplex in the activities of photosyn

thetic enzymes. Phosphoenol pyruvate carboxylase (PEP) activities (in 

pmoles substrate consumed min mg protein ^) were 15 in A. triangularis 

and 403 in A. spongiosa. RuBP carboxylase activities were 87 and 26, 

and glycolate oxidase activities were 56 and 14, for A. triangularis 

and A. spongiosa, respectively. Similar results were obtained by 

Bjorkman et al. (1970), comparing A„ triangularis and A. rosea. 

Slatyer (1970) studied photosynthesis and transpiration in rela

tion to growth of Ao rosea and A. triangularis. Net photosynthetic rate 

of A. rosea was higher than that of A. triangularis, even though the 

former had a higher stomatal resistance. Slatyer attributed this to the 

higher carboxylation efficiency of the plant. Although photosynthetic 

rate and stomatal resistance changed over the 23 day experimental period, 

on any given day the intrinsic water use efficiency (CO 2 fixed/stomatal 

conductance) of A. rosea was two to three times greater than that of A. 

triangularis. Initially, A. spongiosa grew faster than A. triangularis, 

but after 16 days the growth rate of the plant overtook that of the 

. Slatyer reasoned that A. triangularis had invested more photosyn-

thate into new leaves, and therefore could fix more total (X^ per plant. 

Since stomatal aperture profoundly influences photosynthesis, a 

study by Bjorkman et al. (1975) included rates of photosynthesis in 

and C^, Atriplex species as a function of stomatal conductance. At any 
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stomatal conductance, rates of CC^ uptake by the species A. sabulosa 

and A. hymenelytra were about twice as high as CC^ uptake by the 

A. glabriuscula. 

Environmental factors, e.g., light or humidity, affect photo

synthesis, either by influencing the stomatal component, or by directly 

affecting the CC^ fixing machinery of the leaf. Quantum yield, the 

amount of CO^ fixed per quantum, can be used as an indication of the 

efficiency of energy transfer from the light harvesting pigments to 

the photosystem reaction center, and the conversion of this energy to 

photoproducts; the stomatal component is not involved when quantum 

yield is measured. Quantum yield of or plants is not affected 

by temperature or CC^ concentrations at low 0^ concentrations; however, 

in normal air, quantum yield is affected by both. Studies by 

Bjorkman (1971) and Ehleringer and Bjorkman (1977), using C_ and C ,  

plants in Atriplex and other genera, showed that quantum yield of 

plants increases with an increase in CO2 concentration, while quantum 

yield of plants is not affected. Increasing temperature reduces the 

quantum yield of species, but has no effect on quantum yield (see 

Figure 1). The principal reason for the different responses of the two 

types of carboxylation is the kinetic properties of RuBP carboxylase. 

In the plant, RuBP carboxylase is spatially separated from atmos

pheric 0^, and CC>2 is concentrated in the bundle sheath cells, the site 

of carboxylation by RuBP carboxylase. In plants there is no such 

separation, and oxidation of RuBP can occur. This inhibition by 

increases with temperature and 0^ concentration. The intrinsic quantum 
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yield of plants is lower than that of C^, because of the higher energy 

cost of the carboxylation system; fixation of one CC>2 molecule in a 

plant theorhetically takes 5 ATP and 2 NADPI^j while photosynthesis 

requires 3 ATP and 2 NADPI^. In the 25° to 30° C range, the environmental 

effects on RuBP carboxylase in plants offset the higher ATP require

ment of plants, making quantum yields of both types about 0.052 

molecules of C fixed per quanta of light (Osmond et al., 1980). up

take in any Atriplex is, of course, enhanced by increasing light inten

sity, until a point of saturation is reached. 

The effects of some environmental factors on stomatal behavior 

of Atriplex species have also been documented. Bjorkman reported in 

Osmond et al. (1980) that stomatal resistance of A. triangularis de

creases in response to increasing light intensity, at a constant tempera

ture and vapor pressure deficit. It should also be noted that light 

regime during growth has an effect on photosynthesis. Bjorkman et al. 

(1972) reported that both stomatal and nonstomatal components of photo

synthesis in A. triangularis were affected by growth light regime. 

-2 -1 
Plants grown on 5300 yEinsteins cm day had higher rates of photo

synthesis at any light intensity than those grown on 3630 or 530 

-2 -1 
yEinsteins cm day 

Stomatal resistance also decreases with increasing temperature, 

at a constant light intensity and water vapor pressure deficit; this 

effect was demonstrated by Caldwell et al. (1977), in studies with A. 

confertifolia. In a study conducted by Pearcy and coworkers (1977), 

A. lentiformis grown at high temperatures (A3°C day, 30°C night) had 



better thermal stability than those grown on a low temperature regime 

(23°C day, 18°C night). When all plants were exposed to increasing 

temperatures up to 46°C, stomatal aperture of the high temperature 

grown plants was affected significantly less than that of the low temp

erature grown plants. Differences in the behavior of light harvesting 

and energy transfer systems of plants on the two growth regimes were 

also observed. 

Whiteman and Roller (1967) studied the effects of various water 

vapor pressure deficits on transpiration of the two desert species A. 

halimus and A. vesicaria. They found that transpiration increased 

linearly with vapor pressure deficit, suggesting an unchanged stomatal 

resistance. Their results were confirmed by Pearcy and Harrison (1974) 

who found the stomatal resistance of A. lentiformis to be insensitive to 

a changing vapor pressure deficit. Rawson, Begg, and Woodward (1977) 

reported that both photosynthesis and stomatal resistance were unaffected 

when leaves of A. halimus, Simmondsia chinensis, and Echinochloa crus-

galli were subjected to a range of vapor pressure deficits of 8 to 27 

mbar. All of the Atriplex species used in these studies were plants. 

Osmond et al. (1980) reported a substantial increase in stomatal resis

tance in response to an increasing vapor pressure deficit, in the 

A. triangularis, at both 20° and 30°C. Transpiration rate therefore 

stayed about the same over the range of water vapor pressure deficits. 

The increase in stomatal resistance due to low leaf water poten

tial is well documented (Boyer, 1970; Hsiao, 1973); nonstomatal inhibi

tion of photosynthesis at low leaf water potentials has also been 
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reported in some crop and desert plants (Boyer, 1970; Bunce, 1977). 

Slatyer (1973) determined the effect of water stress on the photosyn

thesis of A. spongiosa and A. triangularis. Stomatal resistance in

creased in both species with decreasing water potential, but no 

effects on the nonstomatal components of photosynthesis were observed. 

The osmotic effects of salinity on photosynthesis should be similar to 

the effects of water stress. 

Salinity Effects on Photosynthesis 

One of the earliest studies of the effects of salinity on the 

photosynthesis of higher plants was conducted by Nieman (1962), using 

twelve common crop plants. CO2 uptake was depressed slightly by 

salinity in most crops (e.g., peas) but was stimulated in a few (e.g., 

peppers). Gale, Kohl, and Hagan (1967) studied the effects of saline 

conditions on transpiration and photosynthesis of onions, beans, and 

cotton. Plants were grown in solutions of NaCl and CaC^ to separate 

specific Na+ effects from osmotic effects. Onions could not adjust 

osmotically to salinity, and therefore closed stomates and stopped 

photosynthesis. Beans were able to osmoregulate, but still increased 

stomatal resistance, reducing CO2 uptake rate. The stomates of cotton 

were not affected by increasing salinity; however, a drop in photosyn

thesis did occur. The authors attributed this drop to the effects of 

NaCl on the light reactions of photosynthesis. In an anatomical study 

of salt stressed cotton leaves, Longstreth and Nobel (1978) found an 

increase in mesophyll resistance to CO2 uptake, caused by an increase in 
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salinity. Downton (1977) reported similar nonstomatal effects of NaCl 

on salt stressed grapevines. In this study, the reduction of CC^ up

take was correlated with increasing NaCl in the leaf tissue. 

Studies of the effects of salinity on the photosynthesis of 

halophytes have provided diverse results. Photosynthesis can be de

pressed or stimulated by salinity, depending on the species and the 

basis for expressing CO^ uptake. For example, over a range of 

salinity from 0 to -9 bars of NaCl per liter, biomass of Tamarix 

ramosissima was decreased, but photosynthesis doubled, from 10 to 20 

mg CC>2 g dry weight ^ hour (Kleinkopf and Wallace, 1974). Tiku 

(1976) reported an increase in net CO^ uptake and dry weight produc

tion with salinity in the succulent Salicornia rubra, and a decrease 

over the same salinity range in CO2 uptake and dry matter production 

in the grass Distichilis stricta. Winter (1974) found that the maximum 

yields of Suaeda maritima and Mesembryanthemum nodiflorum occurred at 

0.2M and 0.4M NaCl respectively. Maximum photosynthesis, expressed on a 

dry weight or fresh weight basis, occurred at salinities lower than 

those which gave maximum yield. However, when expressed as mg CO., up

take mg chlorophyll ^, maximum photosynthesis and maximum growth corre

lated directly. Longstreth and Strain (1977) reported that photosyn

thesis of Spartina alterniflora expressed on a leaf area basis was not 

affected by salinity; expressed on a weight basis, CO2 uptake decreased 

with increasing salinity. They found little effect of salinity on 

stomatal resistance or internal resistance to CO2 uptake. 

Studies of Atriplex species have yielded more consistent 

results. Kleinkopf et al. (1975) observed a substantial decrease in 
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the dry weight of A. confertifolia with increased salinity, accom

panied by a slight reduction in CC^ uptake. A. halimus plants growing 

on salinities of 0.0, 0.1, 0.2, 0.3, and 0.4 molal NaCl were studied by 

Longstreth and Nobel (1979). Photosynthesis was reduced only at the 

highest salinity, corresponding with an increase in stomatal resistance. 

Kaplan and Gale (1972) grew the A. halimus in two treatments, 

control and salinized to -10 bars. CO^ uptake was depressed slightly by 

-2 -1 -2 -1 
salinity, from 21 mg dm hr in the control, to 17 mg CX^ dm hr 

in the -10 bar treatment. Stomatal resistance increased from 3.4 cm s ^ 

in control to 13.9- cm s ̂  in the salt solution. The resulting improve

ment in intrinsic water use efficiency with salinity is obvious, along 

with a reduction in transpiration. Before the advent of modern methods 

for measuring gas exchange, Eaton (1927) studied water loss and dry 

weight gain of A. semibacata growing in soils with 0.0% and 0.25% NaCl 

by weight. Plants in the no salt soil gained 2.8 mg of dry weight for 

every gram of water lost, while those in the salty soil assimilated 4.1 

mg of dry matter per gram of water transpired. In a more recent study, 

intrinsic water use efficiency increased in the A. leucophylla from 

_3 
4.6 to 7.6 mol CO2 cm , over a salinity range of 0.0 to 0.5M NaCl. 

Over the same range, intrinsic water use efficiency of the C^ A. 

-3 
californica only increased from 3.0 to 3.6 mol CO2 cm (DeJong, 1977). 



MATERIALS AND METHODS 

Plant Materials 

The two species of Atriplex used in this study were A. lenti

formis and A. triangularis. The genus Atriplex, of the family 

Chenopodiaceae, is described as a group of monoecious or dioecious 

herbs or shrubs, with worldwide distribution. Leaves are usually al

ternate, and often described as "mealy" or "scurfy". Staminate flowers 

bear 3 to 5 stamens. Pistillate flowers consist of a naked pistil, 

with two styles, enclosed between a pair of bracts, which enlarge in 

the fruit (Munz, 1974). The fruit bracts can be leaf-like, or bear 

highly structured woody appendages (Osmond," 1980) . 

The Atriplex lentiformis S. Wats. (M710 on ERL's master halo-

phyte list) was collected from the Sonoran desert. A. lentiformis is a 

perennial, erect, woody shrub, with entire, ovate leaves; the leaves 

are one to five centimeters long and bluish-grey in color. Epidermal 

trichomes, which serve in salt excretion, cover the surface of the 

leaves. The trichomes consist of a stalk cell and bladder cell, which 

swells and bursts, depositing a layer of salts on the leaf surface. A. 

lentiformis is generally dioecious; flowers are borne on diffuse 

panicles or clusters. Bracts are broad and orbicular, containing brown, 

round seeds about 1.5 mm long. It grows on alkali flats, playas, and 

beaches in the Sonoran and Mojave deserts, in Baja California, and in 

the Salinas and San Joaquin valleys of California (Shreve and Wiggins, 

1974; Wiggins, 1980). 
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The Cg Atriplex triangularis Willd. (ERL M459, collected from 

New Zealand) was also used. A. patula, A. hastata, and A. triangularis 

have previously been considered distinct species (Clapham et al., 1957) 

However, Taschereau (1972) states that a continuum of variation, in 

traits such as leaf morphology and seed bracts, exists among A. 

triangularis, A. littoralis, A. patula, and A. glabriuscula, making 

taxonomic categories difficult to define. Osmond et al. (1980) term 

these plants the A. triangularis group. According to Nick Yensen, 

taxonomist at the ERL, M459 was originally identified as A. patula, 

but can now be considered as A. triangularis. This species has a 

worldwide distribution, in costal and marshy areas. 

A. triangularis is an annual, monoecious herb, with procumbent, 

spreading branches and triangular leaves. It's color is a deep blue-

green. Flowers are borne in panicles; leafy bracts surround the pis

tils, and later enclose the seed. 

This species exhibits dimorphic growth patterns and seed mor

phology (Taschereau, 1972). Some plants are more erect, with smaller, 

entire, rounded leaves, while others are spreading, with large, toothed 

leaves. Seeds can be small (1 mm), hard and black, or larger (2-3 mm) 

soft and brown. Seeds of both types were included in this collection, 

and both types were sown. When selecting plants for transplanting, onl 

those of the spreading, tooth leafed type were used, to minimize heter

ogeneity among the experimental plants. 
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Growing System 

Plants were grown in Greenhouse #1 at the Environmental Devel

opment Lab in Tucson. Seeds of both species were germinated in sand 

in Ball Handi-flats (George Ball Co., West Chicago, IL). Seedlings 

were transplanted into a hydroponic system when the third set of true 

leaves was expanding; A. lentiformis seedlings were 50 days old, A. 

triangularis were 32 days old. All plants were transplanted the same 

day, individually to six liter plastic containers. The containers 

were opaque brown in color, to minimize algae growth. 

The growing solution was made from two stock nutrient solutions; 

one contained CaCNO^^ ar>d chelated Fe, and the other had KNO^j MgSO^, 

KI^PO^, and micronutrients. The final composition of the nutrient 

solutions, after addition of salts, is given in Table 2. The control 

treatment of 0 ppt total soluble solids was straight nutrient solution. 

A commercial salt mix (Instant Ocean, Willoughby, Ohio) was used to give 

salt treatments of 10, 20, 30, and AO ppt salts. All plants were grown 

in straight nutrient solution for four days after transplanting. Salts 

were then added every other day in 10 ppt increments (12 grams of 

Instant Ocean liter , until the proper salinity levels were attained. 

Total soluble solid concentrations of each container were monitored at 

least twice weekly, using an optical refTactometer with a special scale 

(American Optical Co.). Adjustments were made as necessary. Salt 

levels never varied more than two ppt from the specific treatment level. 

Nutrient solutions were changed every two weeks. Air stones were placed 

in each container for aeration. Air was provided by an oilless air 



Table 2. Composition (ppm) of nutrient-salt solutions. 
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Element or Treatment (ppt) 
Compound 0 10 20 30 40 

CI 0.0 5258.0 10515.0 15772.0 21029.0 

Na 0.0 2914.0 5829.0 8743.0 11657.0 

S 64.0 778.0 1493.0 2207.0 2921.0 

Mg 50.0 393.0 736.0 1079.0 1422.0 

Ca 246.0 352.0 458.0 564.0 670.0 

K 54.0 160.0 266.0 372.0 478.0 

N 200.0 200.0 200.0 200.0 200.0 

HCO 0.0 40.0 80.0 120.0 160.0 

62.0 62.0 62.0 63.0 63.0 

H3B°3 0.5 7.5 14.6 22.8 29.5 

Br 0.0 5.7 11.4 17.1 22.8 

Sr 0.0 2.3 4.6 6.9 9.2 

Fe 0.00 5.0 5.0 5.0 5.0 

S2°3 0.62 1.11 2.23 3.34 4.46 

Mn 0.30 0.90' 1.19 1.48 1.76 

MoO, 
q 

0.000 0.32 0.34 0.36 0.38 

Li 0.000 0.057 0.114 0.171 0.228 

Rb 0.090 0.029 0.058 0.087 0.116 

Zn 0.000 0.096 0.102 0.108 0.114 

I 0.000 0.020 0.040 0.060 0.080 

Cu 0.050 0.050 0.050 0.050 0.050 

A1 0.000 0.011 0.022 0.033 0.044 

Co 0.000 0.003 0.006 0.009 0.012 
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blower. Figure 2 is a closeup of young A„ lentiformis plants and the 

growing system. 

The two species of Atriplex were arranged in two completely 

randomized blocks, adjacent on a greenhouse bench. Figure 3 shows the 

plants in the greenhouse, about three weeks after transplanting. There 

were five replications of each of the five salinity treatments, for a 

total of twenty-five plants of each species. Two sets of plants were 

grown, for about nine weeks each. The first was used to determine 

water potential and internal ionic composition, and for preliminary 

photosynthetic measurements. The second was used for photosynthesis, 

stomatal resistance, and fresh and dry weight determinations. 

Weight Measurements 

At the end of the experimental period, the shoots were cut off 

at the level of the nutrient solution, and weighed in the greenhouse on 

an Ohaus Dial-a-gram balance. Roots were rinsed in running fresh water 

for two minutes, to facilitate accurate determination of internal ion 

concentration. They were then drained and shaken to remove excess 

water, and weighed. The roots and shoots of each plant were then placed 

in separate paper bags, and dried in a convection oven for 7 days at 

60°C. The material was reweighed immediately upon removal from the oven. 

Water Potential Measurement 

Water potential measurements were made with a PMS pressure bomb, 

in a manner similar to the method used by Scholander et al. (1965). 
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Figure 2. Detail of the growing system. 

Figure 3. The experimental plants in the greenhouse. 
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A. lentiformis and A. triangularis plants were about 9 weeks and 7 weeks 

old, respectively. 

Three measurements of water potential were made for each A. 

triangularis plant, and averaged. Secondary shoots between the fourth 

and eighth internodes, inclusive, were used. Plants had about twelve 

internodes at the time. Two determinations were made for each A. 

lentiformis, and the average value used. Secondary shoots of ten to 

fifteen cm were used. Care was taken not to screw the chamber lid onto 

the basal leaves of the shoot. 

Photosynthesis Determinations 

A plexiglas chamber was constructed, of suitable dimensions for 

enclosing one Atriplex leaf. The chamber and lid were held together 

with rubber bands, in a manner which allowed the leaf to be clamped in 

place quickly. A rubber gasket sealed between the lid and chamber. A 

small, battery powered fan was mounted in one end of the chamber, to mix 

the air. A syringe stopper was also placed in the lid of the chamber 

3 
(Ehlerringer and Cook, 1980). The volume of the chamber was 211.62 cm . 

One photosynthetic determination was made from each of the 

fifty plants, all within a four day time span. Control plants were 

measured each day. A. triangularis and A. lentiformis were about seven 

and nine weeks old, respectively. All measurements were made between 

the hours of 11 AM and 1 PM, when the light intensity in the greenhouse 

was consistent. The temperature was 26° to 28°C each day. Only mature 

leaves with a generally southern exposure were used. Differences in 

leaf size among the treatments precluded using leaf size as an 
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indication of maturity; selection of mature leaves in each treatment 

was therefore done subjectively, relying on previous experience with 

these species. 

Several samples of greenhouse air of approximately twelve ml 

volume were taken prior to and after each day's measurements, to de

termine ambient CO 2 concentrations. Plastic syringes, with a double 

coat of clear nail polish, were used. 

Prior to clamping each leaf in the chamber, the chamber was 

purged with fresh air from the greenhouse atmosphere. The chamber was 

then clamped around the leaf, taking care not to change the leaf's 

angle of exposure to the sun; time zero was noted. Putty was used to 

seal around the petiole. The fan was then switched on, and a syringe 

was inserted in the chamber. Twenty seconds from time zero, the first 

twelve ml sample was taken. At fifty seconds, another sample was taken, 

for an elapsed sample time of thirty seconds. As the sample time 

passed, a Licor light meter (Lambda Instrument Co., Lincoln, NE) was 

used to determine light intensity. The sensor was placed next to the 

leaf chamber at the same angle to the sun as the leaf blade. Light in-

_i 
tensities ranged from 930 to 990 pEinsteins m s 

After removal from the chamber, leaves were traced on graph 

- 2  
paper, with 100 squares cm . Needles of the syringes were stuck into 

rubber stoppers and placed in a box. After all of the day's samples 

were collected, they were taken to the laboratory, where CC^ concen

tration was determined using a Beckman Infrared Gas Analyzer, model 215B. 

The instrument was calibrated each day using 325 ppm CO2 gas. Samples 

were reduced to ten ml, and injected into the sample cell. Initial C09 



concentrations ranged from 355 to 315 ppm; final concentrations ranged 

from 320 to 203 ppm, depending on rate of photosynthesis and leaf size. 

Net photosynthesis was calculated as: 

(1) change in CX^ ppm/30 sec = ymoles CX^/mole air/30 sec. 

(2) ymoles/mole/30 sec x 1 mole/23.81 liters = moles/liter/30 sec. 

? 
(3) jjmoles/liter/30 sec x 0.21162 liters x 1/leaf area (dm ) x 3600 

-2 -1 
sec/30 sec = moles dm hr 

—2 —1 -2 
(4) ymoles dm hr x 44 pg (X^/pmole (X^ x 0.001 mg/vg = mg dm 

hr"1. 

The volume of a liter of gas used in equation (2) was based on 27°C and 

an atmospheric pressure of 1.0152 bars. The volume of 0.21162 liters 

in equation (3) was the chamber volume. 

Stomatal Resistance 

Stomatal resistance to, water diffusion was measured using a 

Licor LI-1600 Null Balance Porometer (Lambda Instrument Co., Lincoln, 

NE). Measurements were taken from one mature leaf on every plant; 

separate measurements were made for both the abaxial and adaxial leaf 

surfaces. At the time of year measurements were made, the sun rose at 

about 7:30 am; sunset occurred at about 5:30 pm. Data were taken at 

8am, 11am, 2pm, and 5pm. Preliminary measurements were taken for sev

eral days; actual data were then collected over a six day period. A. 

triangularis and A. lentiformis were eight and ten weeks old, 

respectively. 
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Atomic Absorption Methods 

Roots and shoots of both species were analyzed for internal 

ionic content, in a manner similar to the methods of Jefferies et al. 

(1979). Three sets of dried roots and shoots were selected at random 

from the five replicates in each treatment. Approximately lOg samples 

of each tissue were ground in a Cyclone Sample Mill (Udy Analyzer Co.). 

The samples were then dried for two hours at 80°C to remove any mois

ture, and lg samples were weighed out. Samples were then transferred 

to weighed crucibles, weighed, and placed in a muffle furnace for six 

hours at 550°C. They were then reweighed, and percent ash was 

determined. 

Ash was dissolved in 5 ml of 20% HC1, and the crucible warmed. 

The solution was then filtered through an acid washed filter paper 

into a 50 ml volumetric flask, and the paper washed four times with 

hot, deionized water. Ten ml of 5% lanthanum solution was added, and 

the solution brought to 50 ml with deionized water. The resulting 

full strength samples had a final concentration of 1% lanthanum and 1.8% 

HC1. 

Dilutions of 1:10, 1:50, 1:100, and 1:1000 were made of each 

sample, using lanthanum stock solution and deionized water. Actual 

analysis using the atomic absorption analyzer was performed by workers 

in the Fleischman Lab at ERL. Samples were tested for Na, K, Ca, Mg, 

Zn, Cu, Fe, and Mn. Each sample was analyzed three times for each 

element, and an average value was obtained. 
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Statistical Analysis 

Data obtained in this study were subjected to an analysis of 

variance which separated and gave F tests for the effects of species, 

salt treatment, and where appropriate, time of day, for any given 

parameter. The analysis was computed at the University of Arizona's 

Computer Center, using the Statistical Package for the Social Sciences. 

The model for the analysis can be found in the Appendix. Percent ash 

and percent moisture data were transformed with an arc-sin transforma

tion prior to analysis. Dry weight data were transformed with a log 10 

transformation, because the means and variances of the dry weight data 

were found to be dependent, rather than independent. In no case were 

results of the analysis of transformed data different than results ob

tained from analysis of the non-transformed data. 

Duncan multiple range mean separations were also performed, 

independently for each species. Results of the analysis of variance 

and mean separations are presented in the tables. In the tables, F 

represents the calculated F test value, and ** indicates significance 

at the 0.01 level. S stands for species, T for salt treatment, and H 

for time of day. Significantly distinct means are represented by differ

ent lower case letters. 



RESULTS AND DISCUSSION 

The Effects of Salinity on Ion 
Uptake and Plant Water Potential 

The water potential of both species decreased with increasing 

salinity. In the 0 ppt treatment, both A. triangularis and A. 

lentiformis had water potentials of about -17 bars; this data is con

sistent with the findings of other researchers, that halophytes main

tain low water potentials even in nonsaline environments (Waisel, 

1972). Table 3 shows the water potential and percent ash data for 

both A. triangularis and A. lentiformis. A. lentiformis water poten

tial declined less steadily than that of A. triangularis. The means of 

the former in 10 and 20 ppt salts are not significantly different. 

Water potential values of both species were comparable in the 0, 10, 

and 20 ppt treatments, but in the 30 and AO ppt treatments water poten

tials of A. triangularis were lower than A. lentiformis. The differ

ences between the species were significant, at the 0.01 level. 

The drop in shoot water potential with increasing salinity was 

reflected by an increase in percent ash in the shoots, as seen in 

Figure 4. The accumulation of salts lowered the water potentials, 

creating a favorable gradient for the passive uptake of water. 

Why were the water potentials of A. triangularis lower than 

those of A. lentiformis, when the shoot ash contents of the former 

were lower than the shoot ash contents of the latter? This discrep

ancy could be due to a difference in organic solute content between 

32 
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Table 3. Mean percent ash and shoot water potential of A. triangularis 
and A. lentiformis. 

Salinity Water % Ash 
Species (ppt) Potential Shoots Roots 

A. triangularis 0 -17.4 + 1.2 a 11.9 + 0.9 a 11.5 + 0.9 a 

10 -21.9 + 2.0 b 13.6 + 1.0 a 12.2 + 0.3 a 

20 -25.2 + 2.0 a 20.9 + 0.4 b 17.5 + 0.3 b 

30 -31.4 + 2.4 d 22.8 + 1.4 c 23.4 + 1.7 c 

40 -40.3 + 1.4 e 35.8 + 2.3 d 29.5 + 0.6 d 

A. lentiformis 0 -16.8 + 1.8 a 24.5 + 1.6 a 14.4 + 1. 7 a 

10 -21.9 + 1.5 b 25.8 + 1.0 a 17.4 + 1. C- b 

20 -23.1 + 1.4 b 31.1 + 1.0 b 24.7 + 0. 2 c 

30 -25.5 + 0.8 c 35.5 + 0.8 c 27.5 + 0. 5 d 

40 -32.3 + 1.1 d 38.2 + 1.0 d 28.4 + 1. 2 d 

Means of each species and parameter were separated independently. 

Water potential: F of S = 67.3** 
F of T = 258.7** 

% Ash shoots: F of S = 389.7** 
F of T = 241.1** 

% Ash roots: F of S = 90.1** 
F of T = 249.8** 
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Figure 4. The effects of salinity on the water potential 
and ash content of A. triangularis and A. 
lentiformis. 
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the two species. A. triangularis might rely on organic solutes for 

osmotica more than does A. lentiformis. Also it should be noted that 

the ash of A. lentiformis shoots included salts excreted and accumu

lated on the leaf surface for the entire life of the plants, besides 

the salts within the leaf required to maintain turgor pressure. A. 

triangularis does not have epidermal salt excreting bladders, and 

therefore probably accumulated considerably less salts on the leaf 

surface. 

In all cases, the percent ash of the shoots was higher than 

that of the roots, indicating a water potential gradient favorable 

to transport of water from roots to shoots. This is merely speculation, 

however, since root water potential was not measured. 

The ionic composition of the ash of A. triangularis is shown in 

Table 4. In the shoots, both Na+ and K+ increased steadily with in

creasing salinity treatments.- In the roots, on the other hand, the 

only significant difference in Na+ content was between the 0 ppt treat

ment and the remaining treatments. As a response to environmental 

salinity, the roots had a tendency to accumulate more K and Ca than 

+ 2+ 
Na . Mg in the shoots of A. triangularis increased significantly up 

to the 20 ppt treatment, and thereafter held at approximately 23,000 

to 24,000 ppt. 

In A. lentiformis, Na+ increased consistently with the salin

ity level, in both the roots and shoots (Table 5). Concentrations 

were higher in the shoots than in the roots at all salinity levels, 

concurring with the data of Greenway (1968). In both the roots and 

shoots, levels of K+ did not increase steadily with salinity as they 
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Table 4. Mean ionic content (pg g ^ dry weight) of shoots and roots 
of A. triangularis. 

Salinity (ppt) 

Element 0 10 20 30 40 

Shoots 

Na 18,929 a 26,337 b 56,789 c 85,517 d 109,931 c 

K 10,794 a 13,763 b 15,776 c 17,113 d 18,218 e 

Ca 10,017 c 7,053 a 8,951 b 8,927 b 9,891 c 

Mg 9,216 a 13,118 b 24,113 c 24,224 c 23,724 c 

Fe 110 104 120 141 147 

Zn 28 25 27 28 27 

Cu 16 14 15 15 15 

Mn 41 51 109 125 178 

Roots 

Na 10,099 a 19,991 b 19,822 b 20,890 b 21,516 b 

K 2,279 a 3,139 a 16,980 b 27,074 c 30,732 d 

Ca 23,211 a 42,385 cd 40,932 c 37,913 b 43,825 d 

Mg 8,450 b 10,031 c 8,378 b 6,146 a 6,311 a 

Fe 955 1,221 1,568 1,562 1,722 

Zn 25 26 29 27 28 

Cu 20 18 19 23 20 

Mn 102 37 44 120 300 

continued 
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Table 4, Continued. 

Mean separations were conducted separately for each element, and for 
roots and shoots. 

Shoot s: Na F of s 
= 
575** 

F of T 
= 

627** 
K F of S 

= 
866** 

F of T 
= 
151** 

Ca F of S 
= 
151** 

F of T 
= 
311** 

Mg F of S 
= 
190** 

F of T 
= 

76** 

Na F of s 
= 
515** 

F of T 
= 
261** 

K F of S 
= 
459** 

F of T 
= 
556** 

Ca F of S 
= 
697** 

F of T 
= 
162** 

Mg F of S 
= 

67** 
F of T 

= 
28** 
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Table 5. Mean ionic content (pg g dry weight) of shoots and roots 
of A. lentiformis. 

Element 0 10 20 30 40 

Shoots 

Na 56,567 a 76,088 b 83,942 c 98,893 d 103,645 d 

K 36,190 d 16,976 a 26,534 b 31,571 c 37,785 d 

Ca 10,407 b 8,392 a 8,797 a 10,003 b 10,480 b 

Mg 10,572 a 11,599 ab 14,249 c 13,383 be 13,733 c 

Fe 129 88 96 85 90 

Zn 63 42 49 46 47 

Cu 11 14 12 11 12 

Mn 19 18 30 46 50 

Roots -

Na 9,934 a 61,908 b 73,472 c 81,018 d 90,897 d 

K 19,377 b 15,346 a 19,609 b 31,451 c 42,671 d 

Ca 11,477 c 8,998 a 10,030 b 11,233 c 12,232 c 

Mg 7,545 a 9,076 b 9,135 b 9,343 b 9,442 b 

Fe 343 478 512 505 542 

Zn 28 36 37 36 39 

Cu 11 10 11 29 37 

Mn 22 22 28 37 47 

Mean separations were conducted separately for each element, and for 
roots and shoots. F values for Table 5 are identical to those presented 
in Table 4. 
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did in A. triangularis. Overall, levels of K+ were significantly 

higher in A. lentiformis than in A. triangularis. Relatively high 

accumulations of K+ are apparent in A. lentiformis in control treat

ments, in the roots and shoots. This effect may be due to the sub

stitution of K+ for Na+, in plants that have a limited source of Na+ 

2+ 
(Osmond, 1966). Like A. triangularis, the Ca concentrations in A. 

?+ 
lentiformis were higher in roots than in the shoots. And again, Mg~ 

concentrations did not increase higher than the concentration in 20 

ppt salts. Both of these divalent cations were excluded above a cer

tain level, in the shoots of both species. 

+ + 
Ratios of K /Na decrease from the roots to the shoots in 

both species, especially in the higher salt treatments. For example, 

the K+/Na+ ratio of A. triangularis in 40 ppt salts was 0.70, while 

the ratio in the shoots was 0.17. In A. lentiformis in 0 ppt salts, 

the K+/Na+ ratio decreased from 1.95 in the roots to 0.64 in the 

shoots. In the 40 ppt treatment, the ratio decreased from 0.47 to 0.37. 

Results similar to these have been seen before (Black, 1960; Mozafar and 

Goodin, 1970). Black proposed that roots of halophytes have low capa-

"f* "t~ 
city, specific uptake systems for both Na and K , accompanied by a high 

capacity, non-specific ion uptake system, for which several ions, 

including Na+ and K+, compete. Halophytes and nonhalophytes have a 

"H 
pumping mechanism in the plasmalemma which exchanges K for Na , main

taining high cytoplasmic K+ concentrations (Osmond et al., 1980). 

Halophytes, however, also might have a similar pump in the tonoplast , 

which allows Na+ to be accumulated in the vacuole, to maintain turgor 
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pressure (Jescke and Stelter, 1976). Osmond et al. (1980) hypothesize 

that if the symplast membrane adjacent to the xylem had a similar 

mechanism, the preferential transport of Na+ to the shoots might be 

accounted for. 

The mass ion uptake and transport system could also account 

2+ 2+ 
for the relatively low levels of Ca and Mg in the shoots. These 

divalent cations are less mobile than the monovalent cations (Osmond, 

1966). 

Levels of Fe, Zn, Cu, and Mn as a function of salinity were 

not analysed statistically, although some trends can be noted. Both 

species showed an increase in Mn as salinity increased, in both the 

roots and shoots. Both species also accumulated substantially higher 

amounts of Fe in the roots than in the shoots. 

The Effect of Salinity on Moisture Content 

The effect of salinity on the moisture content of A. 

triangularis and A. lentiformis is presented in Figure 5. While grow

ing in the greenhouse, plants of both species had noticably thicker 

leaves in the saline treatments (10, 20, 30, and AO ppt salts) than in 

the controls. The increase in thickness is probably due to a salt 

induced increase in epidermal, mesophyll, and palisade cell thickness, 

and water content (Longstreth and Nobel, 1979; Black, 1958). 

In this study, moisture content was higher in a saline environ

ment than in a non-saline one, but little difference can be detected 

among moisture content means of plants on salinities ranging from 10 

to AO ppt (Table 6). Longstreth and Nobel (1979), Tiku (1976), and 
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figure 5. Moisture contents of A. triangularis and A. 
lentiformis shoots as a function of salinity. 
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Table 6. Mean percent moisture of the shoots and roots of A. 
triangularis and A. lentiformis. 

Salinity % Moisture 
Species (ppt) Shoots Roots 

A. triangularis 0 80.3 + 0.9 a 92.2+0.7b 

10 86.4 + l.G b 92.7 + 1.0 b 

20 87.4 + 0.6 b 91.1 + 0.9 a 

30 86.1 + 0.7 b 93.0 + 0.3 b 

40 87.2 + 1.1 b 95.1 + 0.9 c 

A. lentiformis 0 78.7+0.6a 91.2+0.8b 

10 82.3 + 0.7 b 93.6 + 0.5 c 

20 83.6 + 1.4 c 94.0 + 0.4 c 

30 80.6 + 1.7 b 93.3 + 0.6 c 

40 81.7 + 0.7 b 89.7 + 2.1 a 

Mean separations were performed independently for roots and shoots, and 
for each species. 

Shoots: F of S = 246.0** 
F of T = 54.8** 

Roots: F of S = 2.5 
F of T = 4.0** 
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others have usually observed a steady rise in moisture content and suc

culence along with increasing salinity, in Atriplex and other genera. 

In this study, the moisture contents of A. triangularis grown in the 

saline treatments are consistently six to seven percent higher than 

the controls (0 ppt). The trend for A. lentiformis is not as clear; 

the mean moisture content of the 20 ppt treatment is significantly 

higher than any other treatment. Still, the control plants had signif

icantly lower moisture content values than any other treatment. 

The moisture contents of A. triangularis shoots increased more 

markedly in response to salinity than did those of A. lentiformis. 

This is due, perhaps, to the nature of the salt tolerance strategies 

of the two species. A. lentiformis leaves, with a salt-extruding 

mechanism on the epidermis, have the ability to quickly regulate the 

internal ion content of leaf cells if a water stress should develop. 

A. triangularis leaves do not have such a mechanism; salt regulation in 

this species depends more on transport from the roots, which has a 

slower reaction time than salt extrusion by leaf bladders. Therefore, 

in a salty environment, A. triangularis requires more of a buffer 

against a sudden concentration of salts. 

The moisture contents of the roots of both species were affected 

by salinity. No significant differences were detected between the two 

species. Within the species, differences in moisture content among the 

treatments were significant, but no trends are apparent. 
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The Effects of Salinity on Photosynthesis 

The response of the photosynthetic rates of A. lentiformis and 

A. triangularis to salinity is shown in Figure 6. The net photosyn

thesis of A. lentiformis was not affected by increasing salinity. As 

seen in Table 7, the mean net photosynthetic rates of each treatment 

belonged to the same population. This data concurs with the general

ization made by Osmond et al. (1980) that "both stomatal and nonstomatal 

components of photosynthesis in halophytes show relatively little 

response to high levels of salinity." The nonstomatal component is 

probably not affected because toxic salts are effectively screened 

from the protoplast. 

Figure 7 shows how salinity affects the stomatal resistance of 

A. lentiformis over the course of a day. Salinity level has virtually 

no effect on the stomatal resistance of A. lentiformis. Photosynthesis 

was not impeded by low interc'ellular CO^ levels due to stomatal closure. 

Time of day affected the stomatal resistance of A. lentiformis 

significantly, as shown in Table 8. Resistance was significantly 

higher at 8 AM than at any other time of day when measurements were 

made. The mean separation did not show significant differences between 

stomatal resistances at 11 AM, 2 PM, and 5 PM, but one can see a trend 

toward higher resistance at the latest time. 

The net CO^ fixation rate of A. triangularis was affected sig

nificantly by salinity. Table 7 shows that photosynthesis of plants 

growing in solutions of 40 ppt salts had a significant reduction in net 

photosynthesis. This data is nearly identical to that of Longstreth 



-~ .. 
~ 

~ 
C\1 

'e , 
~ 
0 

~ -., .., 
as 
IE: 
(I) 
·;; ., 
~ .., 
c 
>-
(I) 

0 .., 
0 
~ 
a. 

30 

25 

---

15 

-o-- - _o-----

A. lentiformis • • 

A. triaogularis o- ~ 

-" 
' ' ' ' ' 

0~--------r-------~--------,--------, 

0 10 20 30 40 

Salts (ppt) 

Figure 6. The effect of salinity on the net photosynthesis rates 
of A. lentiformis and A. triangularis. 

45 



46 

Table 7. Mean photosynthetic rates (P) of A. triangularis and A. 
lentiformis. 

-2 -1 
Photosynthesis (mfi CO? dm hr ) 

Salinity (ppt) A. triangularis A. lentiformis 

0 (Control 1) 21.6 + 2.21 a 26.9 + 1.8 a 

0 (Control 2) 21.2 + 1.6 a 28.0 + 1.9 a 

10 20.3 + 2.4 a 27.0 + 2.1 a 

20 21.5 + 1.5 a 26.6 + 3.2 a 

30 21.0 + 1.4 a 27.4 + 2.6 a 

4° 14.3 + 1.6 b 28.9 + 2.8 a 

Mean separations were calculated independently for each species. 

Photosynthesis: F of S = 15.5** 
F of T = 2.8 
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Table 8. Mean stomatal resistance (rs) of the adaxial and abaxial leaf 
surfaces of A. lentiformis. 

Time 

8 AM 

Salinity 

(PPt) 

0 

10 

20 

30 

40 

r (s cm~l) 
s 

Adaxial 

4.56 + 1.7 b 

5.95 + 1.5 b 

5.32 + 1.2 b 

5.22 + 1.5 b 

5.01 + 1.4 b 

Abaxial• 

5.65 + 1.3 b 

5.61 + 1.9 b 

5.30 + 1.2 b 

5.36 + 1.5 b 

6.04 + 1.4 b 

11 AM 0 

10 

20 

30 

40 

1.21 + 0.3 a 

1.17 + 0.2 a 

1.16 + 0.4 a 

1.28 + 0.4 a 

1.21 + 0.2 a 

1.18 + 0.3 a 

1.38 + 0.2 a 

1.09 + 0.2 a 

1.32 + 0.2 a 

1.28 + 0.2 a 

2 PM 0 

10 

20 

30 

40 

1.27 + 0.3 a 

0.97 + 0.4 a 

1.16 + 0.4 a 

1.06 + 0.2 a 

1.23 + 0.3 a 

1.18 + 0.3 a 

1.15 + 0.4 a 

1.29 + 0.5 a 

1.35 + 0.2 a 

1.46 + 0.4 a 

5 PM 0 

10 

20 

30 

2.04 + 0.6 a 

1.93 + 0.2 a 

2.29 + 0.1 a 

2.35 + 0.3 a 

2.41 + 0.4 a 

2.24 + 0.3 a 

2.57 + 0.3 a 

2.45 + 0.4 a 



Table 8, Continued. 

Time 
Salinity 

(PPt) 

r (s cm ) 
s 

Adaxial Abaxial 

5 PM 40 2.00 + 0.2 a 2.42 + 0.3 a 

Mean separations were conducted independently for both leaf surfaces, 
with all values pooled together. 

Adaxial surface: F of S = 5.3** 
F of T = 0.1 
F of H = 67.1** 

Abaxial surface: F of S = 9.9** 
F of T = 1.4 
F of H = 87.4** 



50 

and Nobel (1979), who studied the same species growing on a comparable 

range of salinities. The reduction in net photosynthesis could be due 

to an increased respiration rate caused by a high salt load in the leaf, 

or to an increase in stomatal resistance. 

An increase in stomatal resistance did indeed occur in plants 

in the 40 ppt treatment, as shown in Figure 8. During the time of day 

the photosynthetic rate determinations were conducted, stomatal resis

tance of plants in the 40 ppt solutions were drastically higher than 

that of plants in the 0, 10, and 20 ppt treatments. The 30 ppt treat

ment also had slightly higher values for stomatal resistance than the 

lower salinity treatments, but apparently not high enough to affect 

photosynthesis. The increase in stomatal resistance could be due to 

the high salt load in leaves growing in highly saline solutions. As 

the temperature in the greenhouse increased during the day, transpira

tion rate of all of the plants'- would increase accordingly, at a constant 

stomatal resistance. Water lost would be replaced by water transported 

through the xylem from the roots. However, O'Leary (1969) demonstrated 

that the permeability of roots to water is decreased by increasing 

sodium chloride. If this fact holds true for halophytes, as suggested 

by Winter (1977), then the plants in high salinity solutions would need 

to reduce transpiration in order to avoid a high concentration of salts. 

A. lentiformis was not affected in this manner because of its ability to 

exuce salts at the leaf epidermis. The salt bladders also give the 

leaves of A. lentiformis a higher reflectivity than those of A. 

triangularis (Mooney et al., 1977), reducing the radiant heat load on 

the leaves, further reducing the need to modify stomatal resistance. 
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Table 9 shows the stomatal resistances of both surfaces of the 

leaves of A. triangularis. Here one can see that at any given time, the 

stomata of plants in 30 and 40 ppt treatments are behaving differently 

than the stomata of plants growing in the 0, 10, and 20 ppt treatments. 

The stomata of the plants on the higher treatments open earlier in the 

morning, as if to take advantage of the time of day when conditions are 

optimum for them, with respect to photosynthesis. 

The increased stomatal resistance did not prevent photosyn

thesis, it merely reduced the rate. The intrinsic water use efficiency 

of A. triangularis was probably increased by salinity, as reported by 

Gale and Poljakoff-Mayber (1970) and Kaplan and Gale (1972), studying 

the species A. halimus, and by DeJong (1977), investigating the 

responses of the plant A. leucophylla and the A. californica. 

For example, at 2 PM, the abaxial leaf surfaces of A. triangularis in 

- 2  
the 40 ppt solutions were transpiring an average of 2.94 mg H^O cm 

hr \ as measured by the LI-1600 porometer. The mean stomatal resistance 

was 5.63 s cm The adaxial surfaces were losing an average 4.84 mg 

-2 -1 -1 
1^0 cm hr , at a mean stomatal resistance of 3.55 s cm , for a com-

-2 -1 
bined loss of 7.78 mg H2O cm hr from both surfaces. The same leaves 

-2 -1 
were fixing 0.143 mg CO^ cm hr . Adding the resistances in parallel 

gives a stomatal resistance of 2.18 s cm ^ for the entire leaf, or a 

conductance of 0.46 cm s Intrinsic water use efficiency (photosyn

thesis rate/unit of stomatal conductance) at 2 PM for A. triangularis 

in the 40 ppt treatment was therefore about 0.311. The same species in 

the controls, at 2 PM, had average transpiration rates of 11.83 and 
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Table 9. Mean stomatal resistance (r ) of the adaxial and abaxial leaf 
s 

surfaces of A. triangularis. 

Salinity r 
s 
(s cm ) 

Time (PPt) Adaxial Abaxial 

8 AM 0 4.10 + 1.2 hij 5.67 + 1.3 g 

10 4.17 + 0.7 ij 4.82 + 0.7 g 

20 4.70 + 1.7 j 4.52 + 1.1 fg 

30 2.80 + 0.6 defg 2.70 + 0.4 cde 

AO 2.77 + 0.7 defg 2.78 + 0.7 de 

11 AM 0 1.36 + 0.2 abc 1.34 + 0.2 ab 

10 1.58 + 0.3 abc 1.53 + 0.6 abed 

20 1.66 + 0.5 abc 1.46 + 0.2 abc 

30 2.26 + 0.6 cdef 2.56 + 0.7 bcde 

40 2.30 + 0.5 cdef 5.18 + 1.2 g 

2 PM 0 1.19 + 0.3 ab 1.28 + 0.3 ab 

10 0.97 + 0.2 a 0.98 + 0.2 a 

20 1.25 + 0.3 ab 1.79 + 0.4 abed 

30 1.99 + 0.6 bed 3.40 + 1.0 ef 

40 3.54 + 1.0 ghi 5.63 + 1.9 g 

5 PM 0 1.64 + 0.4 abc 1.36 + 0.4 ab 

10 1.14 + 0.2 ab 1.53 + 0.5 abed 

20 1.49 + 0.4 abc 2.24 + 0.7 bcde 

30 3.20 + 1.1 fgh 4.72 + 1.4 g 
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Table 9, Continued. 

Time 
Salinity 

(PPt) 

r 
s 

Adaxial 

(s cm ) 

Abaxial 

5 PM 40 3.04 + 0.4 efg 4.86 + 1.5 g 

Mean separations were conducted independently for each leaf surface, 
with all means for one surface pooled together. 

Adaxial surface: F of S = 5.3** 
F of T = 6.7** 
F of H = 47.0** 

Abaxial surface: F of S = 9.9** 
F of T = 26.4** 
F of H = 13.1** 
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-2 -1 -1 
12.13 mg 1^0 cm hr , at stomatal resistances of 1.29 and 1.19 s cm , 

for the abaxial and adaxial surfaces, respectively. These same plants 

-2 -1 
were fixing CO^ at an average rate of 0.21A mg cm hr . Adding the 

parallel resistances gives a total of 0.619 s cm \ or a conductance of 

1.61 cm s \ The intrinsic water use efficiency for the 0 ppt treatment 

at 2 PM was 0.133, a substantial decrease from the value for the AO ppt 

treatment, 0.311. Osmond et al. (1980) have theorized that halophytes 

may adjust to function at a lower intercellular CO pressure as a res

ponse to salinity. Also, because of differences in the diffusion co

efficients of CO2 and HO, these compounds are affected differently by 

changing stomatal resistances. These two points could explain why 

plants on different salinities have such varied water use efficiencies. 

Comparing the stomatal resistances of the two species, differ

ences are apparent only in the 30 and AO ppt treatments. In the 0, 10, 

and 20 ppt treatments, the sto'mata of both species act in a similar 

manner throughout the day. These data are contrary to those of Slatyer 

(1970), studying two Atriplex species in nonsaline water. In that 

case, C. A. spongiosa had a significantly higher stomatal resistance 
A — 

than A. triangularis. 

The photosynthetic rate of A. triangularis was significantly 

lower than that of A. lentiformis (Figure 6), at all salinity levels, 

even those in which the stomatal resistances were comparable. This is 

due to the higher carboxylation efficiency of the species; i.e., in 

A. lent iformis, no photorespiration occurs (Bjorkman et al., 1970; 

Osmond et al., 1980). Further discussion of this topic can be found 
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in the Literature Review of this report. The photosynthesis measure

ments were made between 11 AM and 1 PM; during this period of the day, 

light intensity in the greenhouse was brightest, and temperatures were 

about 28°C. Perhaps earlier in the day, when less light was available, 

and temperatures were lower, the plant had higher rates of photosyn

thesis than the plant (c.f. Figure 1). 

The Effect of Salinity on 
Biomass Production 

In this study, biomass production is expressed in dry weights of 

the individual plants. The biomass yield of Atriplex species is gen

erally stimulated by low levels of salinity, and depressed at salt levels 

approaching that of sea water (Ashby and Beadle, 1957; Greenway, 1968; 

Gale and Poljakoff-Mayber, 1970). The biomass production of coastal 

Atriplex studied drops steadily with increasing salt levels (DeJong, 

1977; Longstreth and Nobel, 1979). 

Differences in the growth rates of plants on different treat

ments were noceable about one week from the start of the experimental 

period. A. triangularis grew faster than A. lentiformis, producing 

secondary shoots with leaves sooner than A. lentiformis. Plants of both 

species in the lower salinity levels grew more rapidly than those in the 

higher salinities. 

Figure 9a and b show visually the effect of increasing salinity 

of the cultural solution on the growth of A. triangularis and A. 

lentiformis, respectively. The solution salt levels are noted on the 

containers or plants. The plants become noticably smaller as the salin

ity increases. 
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a 

Figure 9. A. triangularis (a) and A. lentiformis (b) prior to harvesting. 
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The dry weight data (Table 10) show results similar to those ob

tained by the researchers mentioned above. Mean dry weight of A. 

lentiformis is maximum in the 10 ppt treatment, the lowest level 

treated with salts, indicating that brackish water is more beneficial 

to this species than fresh water. As shown in Figure 10, the control 

plants were comparable in root and shoot dry weight to the plants 

treated with 30 ppt salts. The plants in 20 ppts salts produced more 

shoot and root biomass than the control plants. Dry matter production 

of the entire plant was severely inhibited in the 40 ppt treatment. At 

this salinity level, above that of sea water, most of the plants' 

energy probably goes into measures to deal with the salts, which will 

be discussed. 

Figure 11 shows the mean effects of salinity on the dry weight 

production of A. triangularis. The whole plants becamse significantly 

smaller (Table 10) as salinity increased. The shoots of the plants in 

controls were not significantly heavier than those in the 10 ppt treat

ment; however, the roots grown in controls were significantly heavier. 

The mean weights of the roots of the 30 and 40 ppt treatments were not 

significantly different, but the mean shoot weights were, making the 

mean total biomass of the 30 ppt plants significantly heavier than that 

of the 40 ppt plants. Again, the dry weights of plants in 40 ppt salts 

were the most depressed of any of the treatments. 

A. triangularis plants were significantly larger than A. 

lentiformis in the 0, 10, and 20 ppt treatments. In the two 

salt treatments, the mean root, shoot, and whole plant dry weights of 
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Table 10. Mean dry weights of the whole plant, shoots and roots of 
A. triangularis and A. lentiformis. 

Salinity Dry Weight (g) 
Species (ppt) Whole Plant Shoots Roots 

A. triangularis 0 109.7 + 19.0 e 91.96 + 16.0 d 17.7 + 3.3 d 

10 93.5 + 8.6 d 82.16 + 7.7 d 12.4 + 1.7 c 

20 46.5 + 5.5 c 40.68 + 5.5 c 5.8 + 0.6 b 

30 25.4 + 4.8 b 22.28 + 4.3 b 3.1 + 0.6 a 

40 8.5 + 3.4 a 7.48 + 3.0 a 1.0 + 0.4 a 

A. lentiformis 0 28.3 + 2.1 b 23.7 + 2.2 b 4.7 + 0.3 b 

10 57.6 + 5.5 d 48.9 + 4.9 d 8.6 + 0.9 d 

20 38.6 + 4.8 c 31.8 + 3.3 c 6.8 + 1.7 c 

30 24.2 _+ 1.0 b 18.9 + 0.7 b 5.3 + 0.6 b 

40 8.7 + 1.3 a 6.3 + 1.3 a 2.4 + 0.3 a 

Mean separations were conducted independently for each parameter and 
for each species. 

Whole plant: F of S = 117.7** 
F of T = 119.9** 

Shoots: F of S = 129.1** 
F of T = 118.2** 

Roots: F of S = 
F of T = 

39.2* 
87.3* 
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the two species were indistinguishable. In one sense A. triangularis 

was affected more by the 30 and 40 ppt treatments than A. lentiformis 

was, because the biomass yield of the former was reduced to a lower 

percentage of its optimum yield. The whole plant dry weights of A. 

triangularis on 30 and AO ppt salts were 23.15% and 7.75%, respectively, 

of the maximum whole plant dry weight found at 0 ppt (control). For 

the same parameter of A. lentiformis, the 30 and 40 ppt treatments were 

41.94% and 15.14%, respectively, of the optimal dry weight at 10 ppt 

salts. 

Why were the biomass yields of A. triangularis equal to or 

higher than those of A. lentiformis in any salt,treatment, when the 

photosynthetic rates of the former species are consistently lower than 

those of the latter? The data presented here do not indicate where the 

plants were investing their photosynthate. A study by Slatyer (1970), 

found a higher photosynthetic irate in the A. spongiosa than the 

A. triangularis, but the latter again had the faster rate of growth. 

Slatyer determined that A. triangularis was initially sinking more 

photosynthate into leaf area than A. spongiosa was. The increased leaf 

area per plant gave A. triangularis a greater carbon fixing capability 

per plant than A. spongiosa, even though the latter was fixing CC^ at a 

higher rate per unit area of leaf. 

The limits of my system for measuring photosynthesis create dif

ficulties in relating photosynthetic rate to biomass yield. In other 

words, one cannot expect to correlate photosynthesis over a thirty second 

span to the amount of biomass a plant produces in its lifetime. Too many 

other factors are involved. 



Why did the biomass yields of plants of the same species differ 

so greatly between treatments, when photosynthetic rates were comparable 

For example, mean photosynthetic rates of A. lentiformis in 10 and AO 

-2 -1 
ppt treatments were 26.95 and 28.91 mg CO^ dm hr , respectively; the 

mean dry weights of the whole plants were 57.60 and 8.72 g, respectively 

Several possibilities could explain this disparity. 

Kleinkopf and Wallace (1974) reported similar net photosynthetic 

rates for all Tamarix ramosissima growing over a range of salinities; 

they also obtained widely varying yields over the same range. They 

maintained that as salinity increased, more energy from glycolysis was 

used to transport salts, instead of for growth, resulting in reduced 

yields. Transport requiring energy from respiration is active transport 

Where is the respiration and active transport taking place? If salts 

induced higher respiration in the leaves of halophytes, then leaves of 

the plants studied here and by Kleinkopf and Wallace should exhibit a 

reduced net photosynthesis with increasing salinity, which is not the 

case. There is a possibility that the energy used to transport and dis

tribute salts in the leaves of Atriplex species is not derived from 

respiration. In the mature leaves of all plants, respiration is utili

zed for maintenance processes, including the breakdown and resynthesis 

of proteins and lipids, and maintaining ion gradients across the tono-

plast and plasmalemma (Penning de Vries, 1975). But some evidence 

suggests that in Atriplex and other halophyte species, ATP generated 

by photosynthesis is used directly for the transport of salts into 

bladder cells of salt glands. Osmond et al. (1969) found that CI 
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transport into Atriplex salt bladders was light dependent, and inhibited 

by DCMU, an inhibitor of photosynthesis. This ion transport is induced 

by leaf salt load. Hodges (1976) reported that plasmalemma extracts of 

leaf cells had ion-dependent ATPase activity. Hill and Hill (1976) 

found the activity of a CI dependent ATPase to increase linearly with 

the ion excretion capacity of the salt glands of Limonium vulgare. This 

ATPase dephosphorylates the ATP generated by photosynthesis, without 

additional respiration. This explanation is not entirely satisfactory; 

if ATP energy generated by the light reactions of photosynthesis was 

diverted from CO^ fixation to salt transport and excretion, a drop in 

net photosynthesis would still occur. 

The plants in the higher salinity treatments were probably not 

expending much energy in the transport of salts from the roots to the 

shoots. Osmond et al. (1980) state that "passive processes of diffusion 

are significant during ion transport through the symplast, and mass flow 

in the transpiration stream is the primary means of transport between 

the root and shoot." 

Ion absorption and transport in the roots, however, is another 

story. Anderson et al. (1977) studied the processes of K+, Na+, and 

CI uptake in the roots of A. triangularis. Their data indicate that the 

uptake and distribution of Na+ and CI are metabolically dependent on 

active processes. We can assume that as the salt stress increases, more 

energy is required for these processes, resulting in less energy for 

growth metabolism and a decrease in yield. 

Another factor which might contribute to decreasing yields due 

to salinity is the requirement for compatible solutes for osmotic 



adjustment. Atriplex species accumulate oxalate ions (Osmond, 1967), 

glycinebetaine, and proline (Storey and Wyn-Jones, 1979), as a response 

to salinity. Oxalate is probably accumulated at the expense of related 

compounds, such as citrate, which would then be less available for use 

in anabolic pathways required for growth. Glycinebetaine, a compound 

containing nitrogen, must be accumulated at the expense of proteins, 

either structural or enzymes. O'Leary (1979) reports that every pro

line molecule synthesized for osmotic purposes requires 39 ATP equival

ents. One molecule of glucose has a metabolic value of 38 ATP equiv

alents. It is clear that accumulating compatible solutes drains the 

plant of photosynthate, either for energy or structural purposes. 

At the start of this experiment, all of the plants were of com

parable size. Plants in the saline treatments must have diverted photo

synthate and nitrogen into the production of compatible osmotica froir; the 

outset. The higher the salinity level of the solution, the more photo

synthate and nitrogen would be used in this manner, and less would be 

available for growth. The plants on lower salinities could therefore 

produce more leaf area initially, resulting in even more available 

photosynthate. This effect would become more pronounced as the plants 

got older; at any given age, a plant in a lower salinity should fix ir.ore 

total CO than a plant in a higher salinity, even at the same rate of 

photosynthesis per unit of leaf area or chlorophyll. The exception to 

this is the requirement of the Atriplex for low levels of salts for 

optimal growth. 

All of this is just speculation, though. To really answer the 

questions raised by this study, an investigation of how salinity affects 
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the photosynthate partitioning, and respiration of Atriplex would be 

necessary. It is safe to conclude, though, that decreases in the yields 

of both C„ and C. Atriplex are not due to decreases in photosynthesis, 
3 A c 

except in cases of extreme salt stress, for example, A. triangularis 

growing in the AO ppt salt solution. 



APPENDIX A 

MODEL FOR THE STATISTICAL ANALYSIS 

The experiment consisted of the following factors: two species 

(S), five salt treatments (T), five replications (R), and for stomatal 

resistance data, four times of day (H). 

For parameters not measured over time, i.e., photosynthesis, 

water potential, dry weights, transformed dry weights, percent moisture, 

and transformed percent moisture, the ANOVA model used was: 

Source df 

Species 1 
Salt Treatment 4 
ST Interaction 4 
Error 40 
Total . 49 

The error term was used as the denominator for the F test of all of the 

factors. The error term was composed of R + RS + RT + RST. 

The study of percent ash and ion concentrations was performed 

using three replications. The model used for the analysis of these 

parameters and the transformed percent ash data was: 

Source df 

Species 1 
Salt Treatment 4 
ST 4 
Error 20 
Total 29 
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The error was computed like the previous error term, and was used to 

test all of the factors in the model. 

The model used for analyzing the stomatal resistance data, in

cluding the time factor, was: 

Source df 

Species 1 
Salt Treatment A 
ST A 
Error 1 AO 
Time of Day 3 
SH 3 
TH 12 
STH 12 
Error 2 120 
Total 199 

Error 1 consisted of R + RS + RST, and was used to test species, salt 

treatment, and the interaction of the two. Error 2 was composed of RH 

+ RSH + RTH + RSTH, and was used to test the effect of time of day, and 

the interaction of time of day with the various other factors. 
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