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ABSTRACT

Many factors influence the salt tolerance of plants. This study investigated
the effects of form and concentration of nitrogen fertilizer on the salt tolerance of
'Tifway' bermudagrass grown under four salinity levels in a nutrient solution. The
design was a 4x2x2 factorial in an RCB design. The four salinity levels were 0 (1.6
to 3.6), 10, 22, and 42 dS m"1. Nitrogen was applied in the NH4+ and N03" form
and at 52.5 and 210.0 mg N L"1 of nutrient solution. The results indicated that
NH4+ improved the salt tolerance of 'Tifway' bermudagrass in terms of aesthetic
value (color and leaf firing), osmotic adjustment (free amino acid content), and
tolerance of specific ion effects (Na, Ca, and the Na:K ratio). The 210.0 mg N L"1
concentration improved the rootshoot ratio of 'Tifway* bermudagrass and reduced
salt ion accumulation in shoots.
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INTRODUCTION

The recreation and sports industries are of a great importance in the
Southwestern United States contributing very significant sources of revenue to the
Arizona economy and providing many empioyment opportunities. These and other
turf related industries have been facing increased competition for good quality
irrigation water for turf maintenance. This is primarily due to decreasing
underground water reserves, and increasing urban and metropolitan demand for
potable water. As a result, there has been increasing pressure for these industries
to use lower quality water such as effluent or other secondary water. These two
sources of water (as well as many underground water reserves) may contain high
levels of soluble salts that can have significant negative effects both on the
turfgrass and soil chemical and physical characteristics.
The frequency of leaching Southwestern soils is often insufficient to be
effective, and this is due to the high cost involved. Thus, the natural accumulation
of soluble salts from irrigation water is intensifying the salinity problems of
Southwestern soils. With the increased use of low quality water, it will no longer be
possible to ignore the salinity problem. Strategies for dealing with soil salinity may
include using drip irrigation, frequent soil reclamation by leaching and improved
drainage, utilization of more salt tolerant turfgrass cultivars, or, fertilizer and nutrient
amendments that may improve turfgrass performance in a saline environment. Drip
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irrigation of turfgrass is not feasible because of management considerations and
production logistics. Frequent soil leaching and increased tiling, though the best
long-term solution, are often cost prohibitive. The use of turfgrass cultivars with
increased tolerance to salt stress has been a possibility for sometime now, and
research is continuing to identify such salt tolerance in turfgrass species. Research
thus far on salt tolerance of bermudagrass has focused on the relationship
between internal ion concentration and observed tolerance of bermudagrass to
salinity. Though some studies have used field crops, no studies have explored the
effects of fertility and the fertility by salinity interaction on salt tolerance of
bermudagrass turf. Since bermudagrass is a widely used turfgrass in the
Southwest, and research is inconclusive relative to salt tolerance and supplemental
nitrogen fertilization, research into the effects of fertility by salinity interactions on
the salt tolerance characteristics of bermudagrass is warranted.
This study investigated the effects of the form (NH4+ vs. N03") and the
concentration (52.5 vs. 210 mg N L"1) of nitrogen supply on the salt tolerance of
'Tifway' bermudagrass (a semi-tolerant variety) grown in Hoaglands nutrient
solution salinized with NaCI and CaCI2.
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LITERATURE REVIEW

Salt tolerance in plants: strategies and mechanisms
Plant tolerance of salt stress has been investigated by many researchers
ever since problems of soil salinity and saline irrigation water became too great to
ignore. Over the years, the mechanisms and strategies employed by plants for
tolerance of salt stress have been researched and elucidated. We now have a fairly
good general idea of what is involved in terms of the plant's physiology and
metabolism, but the postulated details are still lacking evidence to support them.
Among the earliest published investigations is that of Bernstein and Hayward
(1958), in which they verified that the growth of plants is affected by the osmotic
inhibition of water absorption by the constituent ions in the saline media. They
postulated that the specific ion effects may involve direct toxicity or a variety of
nutritional effects. Progressive stunting and darkening in color of the plant leaves
were noted. Their experiments showed that plants with large top:root ratios and
low water absorption capacities relative to transpiration exhibit poorer salt tolerance
than species with low top:root ratios. The top:root ratio was determined to be an
important adjustment to salinity, because the increased ability of roots to extract
soil water and the decreased transpiration due to the smaller shoot mass cause
an increase of water absorption relative to transpiration.
Bernstein (1961), after more research into salinity tolerance, proposed a
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definition of salt tolerance: 'the degree to which osmotic adjustment can occur
without significant sacrifice of growth'. He proposed that the growth limiting
process is the continuous cellular accumulation of solutes that is required to
maintain cell and tissue turgor (by raising plant osmotic potential) for continued
growth.
Because many researchers have referred to the effects of salinity as
physiological water stress, Hsiao's (1973) review of plant response to water stress
is important. His investigations and review of investigations by other researchers
confirmed that maintenance of turgor pressure is crucial for cell expansion. In
salinity induced water deficit situations, osmoregulation occurs and growth then
resumes at a slower rate. His review did not answer whether leaves are less able
to adjust osmotically than roots which, if true, may explain why root:shoot ratios
during drought are so high. Water deficit was found to reduce plant protein content
and reduce the protein:free amino acid ratio. Hsiao found that when water stress
is severe and lasts several days, the total free amino acids increase. Proline
increases from de novo synthesis with glutamate as the precursor and seems to
accumulate mostly in the leaves. Hsiao points out though, that proline increase is
also thought to serve as a carbon and nitrogen storage mechanism.
Maas and Hoffman (1977) preferred to express salt tolerance as the yield
decline for a given level of soluble salts in the root medium when compared with
yield under nonsaline conditions. Again, stunted and darker green leaves were
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noted plus a possible increase in tissue thickness and succulence. They found that
as salt concentrations increase above a threshold level, both growth rate and size
of most plants decrease, with top growth suppressed more than root growth. This
increase in root:shoot ratio could be a direct response to the increased salt
concentrations. Maas and Hoffman's studies also noted that plant salt tolerance
may vary with soil fertility. They stated that in the absence of nutritional imbalances,
additional fertilization may improve slightly or actually reduce salt tolerance. The
literature they cited showed both no effect and a negative effect of increased
nitrogen supply on the salt tolerance of various field crops. Temperature,
atmospheric humidity and air pollution also have marked influences on salt
tolerance with high humidity generally benefitting salt sensitive plants more than
salt tolerant ones. Maas and Hoffman (1977) showed that a threshold salinity level
had to be reached before yield was decreased and, when it did, it decreased
linearly as salinity increased.
Greenway and Munns (1980) stated that non-halophytes are affected by
mainly two processes under saline conditions; the interference of water deficit on
the expansion of young, expanding leaves, and the effect of ion toxicity on mature,
expanded leaves. Their review concluded that most non-halophytes are unable to
synchronize ion compartmentation within the leaves with high ion transport into the
leaves. They pointed out that the most persuasive evidence of the adverse water
relations at high salinity was the effect of high humidity in relieving plant growth inhibition.
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Greenway and Munns (1980) state that organic solutes accumulate to high
concentrations in the cytoplasm to contribute to osmotic balance when electrolytes
are lower in the cytoplasm than in the vacuole, and protect the enzymes in the
presence of high concentrations of metabolically disruptive electrolytes in the
cytoplasm. Some solutes known to increase in many species due to salinity
increase are glycinebetaine, proline and sucrose. Greenway and Munns (1980)
cited L.G. Paleg's work (personal communications) showing that many amino acids
and carbohydrates mitigate the loss of activity of several enzymes during exposure
to heat, cold and chemical detergents. Likewise, 500 mM glycinebetaine alleviated
the inhibitory effects of 200 mM NaCI on the malic enzyme of barley (Pollard and
Wyn Jones 1979). Greenway and Munns (1980) pointed out, however, that at high
concentrations it is difficult to distinguish whether these solutes play a protective
role, an osmotic role, a carbon and nitrogen storage role, or a combination of ail
three.
The frequently observed occurrence of varietal differences in salt tolerance
may be based on tolerance to low external water potential or on differences in ion
compartmentation in leaves, or ion concentrations in roots, or ion distribution
between leaves of different ages. Greenway and Munns (1980) concluded that
osmotic regulation based on electrolytes was probably the only way to combine
productivity with salt tolerance. They also postulated that a number of species
contain genes coding for efficient ion compartmentation in vacuoles.
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The costs and physiology of salt stress resistance was investigated by Yeo
(1983) who defined salt stress resistance as 'the degree to which growth and
normal metabolism can be maintained in non-optimal conditions'. Yeo stated that
all plants face three problems in saline environments: (1) excessive internal ion
concentrations brought about by high external ion concentrations which impacts
cell membrane potential and the transpirational volume; (2) occurrence of nutrient
deficiencies due to inadequate concentrations of certain ions absolutely or in ratio
to other ions, and overall or at specific sites; and (3) lowered water potential of the
medium due to the dissolved ions. In his view, ions play two roles: a positive
osmotic role if compartmented in the cell vacuoles, and a negative metabolic role
if they are not compartmented in the vacuoles.
Yeo (1983) proposed two physiologically required processes when plants
respond to salt stress: (1) an osmotic strategy to lower tissue water potential, and
(2) a strategy to avoid ion toxicity. Sodium and CI may be used to provide osmotic
adjustment and turgor maintenance for growth, in which case they have to be
compartmented or there must be metabolic tolerance for their presence. If
compartmented in the cell vacuoles, the inorganic ions must be balanced by
accumulation of cytoplasmically and metabolically nondeleterious solutes; that is
compatible, organic solutes like amino acids and quaternary ammonium
compounds.
To avoid ion toxicity, root selectivity must increase by reduction of
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membrane permeability. This may come about by improved carrier specificity and
by transport of ions out of the root against their free energy gradients. If the net
ion transport still exceeds the capacity of growth to maintain equitable overall
concentrations, plants often secrete, retranslocate and dtscontinuously distribute
the ions. Yeo noted that, to a certain extent, sodium may substitute for potassium
in less specific roles, such as vacuolar osmotic adjustment, thus conserving the
limited potassium supply for important metabolic roles.
Yeo (1983) also confirms that osmotic adjustment involves a cessation of
cell expansion followed by a resumption of growth. This growth inhibition allows
solutes to accumulate to a new quasi-steady state which permits resumption of
growth at a new, slower rate. In discussing the nature of the vacuolar solutes used
for osmoregulation, Yeo emphasizes the importance of the solutes being
compatible with cytoplasmic and metabolic activities, and if they are not, then
compartmentation is necessary. However, if the energy input required to maintain
compartmentation is continuous, the aggregate energy cost will weigh against the
initial argument that ion accumulation is an energy efficient option. This cost
depends upon the net tendency for compartmented ions to cross the tonoplast
and upon the passive permeability of the tonoplast membrane.
The explanation Yeo (1983) proposes for the causes of growth limitation is
that when the membranes show large passive leakage, ion entry will rapidly exceed
the needs of osmotic adjustment and direct toxicity will result from metabolic
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interference. Organic solutes compete with growth processes for carbohydrate
supply and new proteins will need to be synthesized in addition to increased
quantities to counter their reduced specific activity and their increased turnover rate
due to salt damage. All these processes take away from the resources and energy
that are normally directed towards plant growth.
Maas updated his initial study (1986), and proposed three ways to appraise
plant tolerance to salinity: (1) the ability of a plant to survive in saline soil; (2) the
absolute plant growth in terms of yield; and (3) the relative growth in terms of yield
on saline soil as compared with yield on nonsaline soil. He pointed out that for
relative salt tolerance to be reliable, the degree to which yield reductions are
affected by salinity must be independent of yield interaction with other essential
factors, such as fertility, irrigation, and climate. Though proper fertilization would
increase yield whether or not the soil was saline, it would be more so if it was
nonsaline.
Maas (1986) provided a graph divided into four reference ratings for quick
references among crops. He classified most nonwoody plants as not being
sensitive to chlorine, and indicated that Na has both direct and indirect effects. The
direct effects are due to the accumulation of toxic levels of Na in the plant while the
indirect effects include both nutritional imbalances and impairment of soil physical
conditions. Yield reductions may occur in crops not specifically sensitive to Na
because of the combined effects of nutritional imbalances and impaired soil

20
physical conditions (osmotic effects, etc.).
A review of salinity and drought stress on plants was conducted by
Shalhevet and Hsiao (1986) which explained that osmoregulation in a saline
environment may utilize ions from the soil, whereas under drought conditions, the
necessary solutes may have to be produced within the plant. Though adjustment
by ion uptake is more energy efficient than adjustment through production of
organic solutes, the former may be associated with ion toxicity (Wyn Jones 1981).
Compared to salt stress, water stressed plants exhibit incomplete osmotic
adjustment causing a lowering of turgor pressure. This loss of turgor is due to
insufficient osmotic adjustment, and a larger reduction in water potential under
water stress than under salt stress. Thus, they concluded that at the critically high
range of soil water potential, water stress is twice as detrimental to yield as salt
stress.
Munns and Termaat (1986) state that the first response of nonhalophytes
to salt stress is to slow leaf growth, followed by increasing the root:shoot ratio. The
long term (weeks to months) result of salt stress is that transpiration brings large
amounts of salts into the shoots (especially in older leaves) and eventually kills
them. They state the opinion that at high salinity, water deficits are not what limits
shoot growth, but instead, it is the specific effects of NaCl on the metabolism as
Na and CI ions. These same specific effects may be influence root growth as well
as the water deficit. Their study of the effects of the concentration of
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macronutrients on the leaf elongation of wheat seedlings compared to an isosmotic
solution of NaCI supported the theme that the short-term effects arise simply from
osmotic effects on roots.
Munns and Termaat (1986) stated that high salt concentrations are
beneficial if salts are compartmented in cell vacuoles, the salt concentrations are
not toxic, and turgor is indeed limiting growth. Cellular turgor is, in this case,
miantained with relatively little energy expenditure. They also hold the opinion that
the long term negative effects of salinity on plants are due to salt buildup in leaves
by the action of the transpiration stream. The concentration at which leaves die
depends on the species' ability to compartmentize salts in the vacuole, exclude
them at the roots, the salinity level itself, and the environmental conditions affecting
transpiration. Their theory of limited productivity in the long term is that simply too
many old leaves die. This is explained by the drop in carbohydrate reserve relative
to total leaf area reduction as leaf death exceeds new leaf production. The
sustaining of the larger root system and growing regions eventually becomes
impossible with the increasingly limited carbohydrate production.
Factors suggested by Munns and Termaat (1986) as reducing the amount
of salt concentration in leaves and prolonging a leaf's effective life include the
effective exclusion of salts from the transpiration stream; high water use efficiency;
high humidity; high carbon dioxide; and high light intensity. Their review concludes
that in the long term, the growth limiting factors of non-halophytes are: a water
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deficit impacting on mature leaves; specific NaCI effects on both growing and
mature leaves, and reduced carbohydrate reserves impacting on roots, immature
and mature leaves. Harivandi (1987), writing on problems of low quality irrigation
water, stated that high soil salinities increase soil solution osmotic pressure and
cause water to be less available to plants causing nutritional imbalances and
toxicities. The general rule is that salinity problems are associated with soil salinities
greater than 0.75 dS m"1, with severe problems occurring with electrical
conductivities above 3.0 dS m"1.

Salt tolerance in grasses.
Beard (1982) stated that the saltgrass species Puccinellia distans, had high
root membrane selectivity and excluded Na while absorbing needed minerals. Ahti
et al. (1977), working with alkaligrass {Puccinellia distans L.), fescues (Festuca
spp.), red fescues (Festuca rubra L.) and Kentucky bluegrass cultivars (Poa
pratensis L.), ranked two red fescues most salt tolerant, with fescues having the
broadest range of tolerance, alkaligrass as highly salt tolerant and Kentucky
bluegrass cultivars as having very little tolerance. Their ranking was based on turf
quality and appearance after exposure to salt stress from NaCI at 0.8% and 1.25%
concentrations.
Parrondo et al. (1978), working with three halophytic grasses determined
that Distichlis spicata was the most tolerant, while Spartina alterniflora and Spartina
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cynosurlodes were of lower tolerance. But even in halophytic grasses, it was found
that as salinity increased, shoot growth decreased more than root growth.
Ahmad et al. (1981), using three ecotypes of Agrostis stolonifera, found that
high salinity inhibited root water absorption, reduced shoot water content, and
caused Na and CI accumulation in the shoots and roots which resulted in
decreased tissue K levels. They also noted an increase in the proline, aspargine,
glutamine, serine and glycinebetaine content in root and shoot tissues in response
to increased salinity. They associated the capacity to adjust osmotically (by
compartmentation of Na and CI ions) and accumulate organic solutes with the
ability to maintain growth at high salt levels. They suggested, however, that instead
of accumulating and compartmenting the Na and CI in the shoot tissue, Agrostis
stolonifera ecotypes were actually salt excluders restricting and regulating ion
accumulation. However, the accumulation of Na and CI alone in this species was
not found to be enough to account for the osmotic behavior of this species.
Therefore, the synthesis of additional osmotically active solutes to prevent an
osmotic imbalance was necessary. The increase in proline, asparagine, glutamine,
serine and glycinebetaine may have represented an important component of the
shoot osmotic potential.
Harivandi et al. (1982) ranked alkaligrass (Puccinellia distans) most tolerant
and Kentucky bluegrass [Poa pratensis), perennial ryegrass (Lolium perenne),
seaside creeping bentgrass (Agrostis palustris), and creeping red fescue (Festuca
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rubra trychophylla) equally less tolerant in terms of germination and seedling
survival at high salinities.
Mundy (1983) found that a large increase in yield was obtained by
increasing K concentrations up to 4.8% without Na additions, and up to 1.4% when
Na was added. Although it appears that Na can assist or replace K in a number
of physiological functions (e.g., cation:anion balance and osmotic pressure
regulation),there is, however, a minimum K requirement for metabolic and transport
functions that is irreplaceable by Na.
Torello and Symington (1984) investigated the salt tolerance of Kentucky
bluegrass cultivars exposed to NaCI salinities ranging from 0-170 mM. They found
significant variability in salt tolerance among cultivars for germination percentage,
leaf initiation, leaf length, root initiation and root length.
Peacock and Dudeck's 1985 study using two cultivars of seashore
paspalum (iPaspalum vaginatum) under salt stress found that both cultivars
adjusted osmotically by lowering leaf osmotic potential. However, the less tolerant
cultivar 'Adalayd', adjusted osmotically at the expense of turgor pressure and,
therefore, growth. In 1986, Dudeck et al. investigated the salt tolerance of perennial
ryegrass and found it to be more salt tolerant during germination than during later
stages of growth.
Torello and Rice (1986) found that alkaligrass and red fescue restricted
accumulation of Na ions to very low levels. Proline accumulation occurred, but was
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too low to have any significant osmoregulatory role in salt tolerance. They
correlated grass salt tolerance with the ability to regulate the accumulation of Na
ions.
Garald Horst (1986, unpublished data) used dry weight accumulation as the
primary criteria for salt tolerance in St. Augustinegrass. His perception was that the
accumulation of salts in the root zone shifted the plant dry matter accumulation to
root production. Dry weight measurements were found to differentiate salt tolerant
germplasm better than root length alone. Chetelat and Wu (1986) also found that
the elongation of the longest root of the plant was less inhibited by NaCI and
provided greater distinction between two creeping bentgrass clones than the
growth of the entire root system. They also suggested that specialized cells within
the leaf sheath play a role in controlling Na translocation to the leaf blade. They
concluded that salt tolerance differences within seashore paspalum populations
may be due to genotypic differences in efficiency of ion compartmentation. Marked
differences in cultivar tolerance to salt stress were again noted by McHugh et al.
(1977) working with Festuca rubra in salinities up to 250 mM NaCI.
Harivandi (1987) reported that growth of most turfgrasses is not significantly
affected by soil salinity levels less than 2 dS m"1. At 2-8 dS m"1 some turfgrasses
are restricted, at 8-16 dS m'1 growth of most turfgrasses is restricted, and above
16 dS m'1 only very tolerant grasses persist. He reported that CI is not toxic to
turfgrasses up to quite high concentrations, and the desirable pH range for
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turfgrasses is 5.5-7.0.
Wu et al. (1988) found that bermudagrass and buffalograss did not grow in
200mM NaCI salinity, while tall fescue, crested wheatgrass and seaside bentgrass
growth was between 20-40% of controls.
Peacock and Dudeck (1985) investigated the salinity tolerance of two
seashore paspalums, and six bermudagrasses in synthetic seawater culture (39.7
dS m"1). Their research showed cultivars interacted with salinity to give different
leaf water and osmotic potentials. The paspalums were more salt tolerant than the
bermudagrasses, but the cultivar 'Adalayd' seemed to continue absorbing salt at
the expense of energy which could be utilized for growth. Their analysis revealed
that grasses having quadratic responses of leaf osmotic potential to salt stress
were reduced 50% in leaf osmotic potential than grasses with linear responses.
Bermudagrasses lowered their leaf osmotic potentials more rapidly than the
paspalums at the expense of growth. Peacock and Dudeck suggested that this is
because lowering leaf osmotic potential is an energy requiring process. They
concluded that the more salt tolerant grasses were those that maintained a smaller
difference between leaf osmotic potential and solution osmotic potential by using
mechanisms other than osmotic adjustment to counter the effects of salt stress
while conserving energy.
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Salt tolerance in bermudaarass
Bernstein

(1961)

ranked

'Tifway'

very

high

in

tolerance

among

bermudagrass cultivars. Maas and Hoffman (1977) stated that bermudagrass yield
begins to decline at 6.9 dS m'1 and declineed 6.4% for every 1 dS m"1 increase in
salinity thereafter. They rated it salt tolerant. Maas (1986) also found significant
differences in salt tolerance of bermudagrass cultivars, but was not clear on
whether it was due to salt tolerance or adaptation to climatic or nutritional
conditions under which the tests were conducted.
Barnett and Naylor (1966) conducted an excellent study on the amino acid
and protein metabolism of bermudagrass during water stress (which often mimics
salt stress in terms of plant responses). They found that the total free amino acids
doubled in 'Common' bermudagrass and tripled in 'Coastal' bermudagrass shoots
at the maximum stress employed. Water soluble protein in stressed shoots
meanwhile, decreased to less than half of the controls. The sum of free amino
acids and protein amino acids for each variety remained constant among all
treatments, indicating that protein was being broken down to its constituent amino
acids. Water stressed shoots were found to convert glutamic acid to proline and
to accumulate newly synthesized proline more readily than the well watered shoots.
Barnett and Naylor suggested that proline may be acting as a storage compound
for both carbon and nitrogen during water stress, when both starch and protein
synthesis are inhibited.
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Youngner and Lunt (1967) investigated top:root ratios of nine bermudagrass
varieties. Though top growth of all nine varieties decreased with each increment
in salinity, there were significant differences among cultivars but these differences
were not reported. They found the roots were more branched in higher salinity
treatments and explained the increase in root growth as being due to the shifting
of photosynthates to the roots as top growth decreased.
Ackerson and Youngner (1975) also found that differences existed in cultivar
responses to salt stress due to different salt ions. As salinity increased, (Na + Ca)
concentrations increased and (K + Mg) concentrations decreased in both tops
and roots. They proposed that three processes took place: (1) shunting of
photosynthates to the roots; (2) osmotic adjustment by ionic substitution and
redistribution; and (3) increased concentrations of organic acids (especially malic
acid) in cell sap dropping the leaf water and osmotic potentials.
Dudeck et al. (1983) found bermudagrass tops decreased by 22% while
roots increased by 270% at a salinity of 9.9 dS m'\ Top growth of 'Tifdwarf and
'Tifgreen' (the most salt tolerant cultivars) was reduced by 50% at 21.6 dS m*1
(approximately half sea water). Tissue K declined while Na content increased but
(Na + K) remained the same. This is explained by the fact that Na substitutes
partially for K in bermudagrass nutrition. Despite severe top growth reduction, they
found no mortalities up to 32.5 dS m*\ 'Tifway' top growth declined 50% at 18.6
dS m"1 and maximum rooting occurred at 14.2 dS m"1.
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Harivandi (1987) set the salt tolerance range for bermudagrass between 8
and 16 dS m"1, far below what Dudeck et al. (1983) indicated. Francois (1988)
found three varieties of bermudagrass grew well and appeared healthy up to 30
dS m"1. Their leaves, however, were of very dark green color, consistent with the
findings of Dudeck et al. (1983).
Devitt (1989) found bermudagrass root length density and total root length
were significantly affected by electrical conductivity of water with greater total root
growth at higher salinities (30 dS m"1).

Salinity-fertility interactions
Bains and Fireman (1964) investigated the effect of exchangeable Na
percentage (ESP) on growth and absorption of essential nutrients and Na by five
crop plants and found that ESP had adverse effects on soil physical properties
which caused problems with aeration, moisture movement, nutrition and plant
growth. In their 1967 study, Ravikovitch and Porath, using ammonium nitrate,
found that at low salinities, increasing the nitrogen and phosphorus levels in their
experiment to three fold the normal levels was effective in promoting better salt
tolerance. They also noted that increased succulence was related to increased salt
tolerance.
Khalil et al. (1967) tested for salinity-fertility interactions in corn and cotton
and found that there was a yield decrease with salinity which was reduced by
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application of ammonium nitrate fertilizer. At a salinity of 9 dS m"1 , corn yielded
80% of the yield on nonsaline soil. At 12.2 dS m"1, cotton yielded 80% of the yield
on nonsaline soil with ammonium nitrate fertilization. They concluded that salinity
retarded plant growth through an osmotic as well as a nutritional component.
Despite salinity, considerable yield increases were obtained by increasing fertility
levels through fertilization. Ravikovitch and Yoles (1971a) conducted further studies
examining the effect of P and N on millet and clover salt tolerance. Their results
indicated that nitrogen (as ammonium nitrate) and phosphorus treatments
extended the range of salinity into which plants could grow and yield economically.
Ravikovitch and Yoles (1971b) showed that increasing nitrogen levels over aO.5-13
dS m*1 salinity range increased N, Na, CI, and decreased K content in millet tissue.
Nitrogen-phosphorus treatments resulted in a 5-9 fold reduction in Na content
when compared with plants in untreated soil of corresponding salinity. The
application of N and P considerably affected the sugar content of millet cell sap.
The increased levels of P increased the amount of sugars in the cell sap, and an
increase in the nitrogemphosphorus ratio (3:1) reduced the cell sap sugar content.
Langdale et al. (1973), investigating the N metabolism of stargrass under
nitrate fertilization and soil salinity, found that at low salinity (4.8 dS m"1), N fertilizer
significantly stimulated dry matter and protein nitrogen accumulation, at medium
salinity (9.6 dS m"1) N severely reduced dry matter production, and at high salinity
(14.4 dS m"1) N severely inhibited both dry matter and protein production. They
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stated that the presence of nitrogen fertilizer probably permitted at least semi
functional protein N synthesis pathways on saline substrates.
Chatterton et al.(1974) found that high levels of ammonium nitrate and NaCI
have an additive effect on reducing growth of Atriplex polycarpa. They noted that
salt stress caused accumulation of protein metabolism intermediaries such as
amino acids.
Bernstein et al. (1974) investigated grain crop and vegetable response to
salinity under varying levels of nutrients to determine whether fertilization could
restore yield loss caused by salt stress. They found that fertilization at levels
required for maximum yields under nonsaline conditions is likely to yield poor
return when salinity is high enough to depress yield by 50% or more. They do,
however, cite references both for and against a positive effect of fertilization, on
reducing salt damage.
Bajwa et al. (1975), working with Panicum prupuraxens Radii., found that,
under non-N limiting conditions, the application of urea helped increase the dry
matter yield and increased tolerance to higher soil Na levels. They concluded that
adequate fertilizer can help to successfully grow crops on soils of moderate
exchangeable sodium percentage (ESP).
Haines and Dunn (1976) investigated growth and resource allocation in
Spartina under three levels of ammonium N, Fe, and NaCI in solution culture. In
general, ammonium N promoted growth except at the highest salinities. They found
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a decrease in resource allocation to root production with increased ammonium N
and NaCI chloride levels. Dry matter accumulation peaked at intermediate salinities
and the highest ammonium N levels. Both total dry weights and root weights
increased with increasing ammonia at each salinity level.
Guggenheim and Waisel (1977) found that N03" N had a positive effect on
growth of Rhodesgrass only at low salinities. It had a negative effect on the content
of Mg and K, and salinity had a positive effect on the content of Ca and Mg.
Shomer-llan et. al. (1979), also working on Rhodesgrass, showed that
humidity had a negative effect on optimal growth with respect to N03"
concentration. There was a salinity by N03" interaction where medium N03" (19
mM) levels had a positive effect at high humidity and low salinity. But high salinity
negated the positive effect of humidity and N nutrition. The addition of NaCI
stimulated the potential utilization of N03' at low external N03" availability. This
may have been due to a need to synthesize nitrogenous solutes for
osmoregulation. Salt was tolerated, and even required, by Rhodesgrass at low
nitrate fertility.
Smart and Barko (1980) found that growth of Distichlis and Spartina was
limited by nitrogen in all saline soils. They used ammonium nitrate as the nitrogen
form and found that both grass species exhibited increased root:shoot ratios under
nutrient limiting conditions. Though the normal plant (N:P) ratio is about seven,
Distichlis had a ratio of (16.6:1). This ratio is significant because recent evidence
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suggest that salt marsh plants use a number of N compounds such as proline or
glycinebetaine to maintain osmotic balance. They found a significant negative
correlation between salinity and ammonium N on plant growth suggesting a
possible negative interaction. They cited the Nixon and Oviatt (1973) study, where
a significant positive correlation was detected between salinity and ammonium N
for a standing crop of Spartina in a Rhode Island salt marsh, and the Broome et.
al. study (1975), where a highly significant negative correlation between soil salinity
and the yield of N limited Spartina species growing in a North Carolina salt marsh.
Howes et al. (1985) studied the effects of nitrogen nutrition and salinity on
the aboveground production of the Spartina species. Though the soil contained
ammonium N, application of fertilizer N increased plant production, suggesting
available soil ammonium N was being limited by the soil oxygen and aeration
status. They state that the effects of salinity on Spartina can be reduced by the
addition of N or by aeration. This is supported by the Linhurst and Seneca (1981)
study on aeration, N supply and salinity as determinants of Spartina growth. They
conclude that salinity may be affecting plant production by adversely affecting N
metabolism via the inhibition of ammonium uptake by Na, and the increased
demand on internal N supplies by increased synthesis of N-containing osmotica.
Abrol (1968) investigated the effect of added nutrients on wheat growth in
sodic soils and found that yield at higher levels of ESP was significantly better for
a 3:1:1

NPK treatment than for the 1:1:1

NPK treatment. At the 3:1:1 NPK

34
treatment, Ca, N, K, and Mg incroasod and Na decreased in wheat tissue. This
shows that the N level has a significant effect on the Ca, Mg, and K content of
plants.

Nitrogen nutrition and salt tolerance of bermudaarass
Dudeck et. al. (1986) appllod ammonium nitrate to bermudagrass growing
under low fertility and rated the roaponse on a turf quality basis. They found that
different cultivars required different amounts of N per square meter, with 'Tiflawn'
being of best quality at 1.5 g N m'8 mo*1, while other cultivars required up to 2.4
g N m*2 mo'1. Snyder and Burt (19B5) Investigated the best source of N fertlgatlon
(fertilization through Irrigation) and found that the NH4+ form generally produced
better appearance and clipping wolghts than the N03" or urea forms. Langdale
and Thomas (1971), investigating salinity effects on 'Coastal' bermudagrass, found
a significant interaction of salinity and N which affected both dry matter and protein
yield, particularly at lower salinity lovols, Nitrogen fertilization offset the effects of
salinity up to 9.6 dS m'\ Incroosod free amino acids for all salinities, Increased
protein for all salinities, lowered protoln:amlno acid ratios, and Increased dry matter
yield for all salinities.
Paul and Madison (1972) Investigated the effect of N on Kentucky bluegrass
under salinity stress and found that at low N levels yield was unaffected by four
atmospheres of salt stress. Increasing N availability increased the succulence of
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shoots and reduced sugar content (especially sucrose) of cell sap . However, the
form of nitrogen used was not indicated.
Snyder and Burt (1971) found that bermudagrass growth response to
soluble N peaked within one week after application with high N levels causing
greater tissue production. Snyder et. al. (1977) compared bermudagrass fertigation
with conventional fertilization and found that fertigation allows the use of the least
expensive nitrogen source and gives the turf manager the ability to vary nitrogen
fertilization on an almost daily basis. This may be important when applying N
fertilization to increase the salt tolerance of turfgrass. Thomas and Langdale (1980)
worked on the ionic balance of 'Coastal' bermudagrass under N fertilization and
soil salinity, and found that an N by salinity interaction significantly affected dry
matter yield and chemical composition of the tissue. They noted a greater positive
response to N at lower salinities than at higher salinities. They postulated that the
N by salinity interaction effects might actually be due to N relieving sulfate
deficiency stress caused by salinity.
Sartain and Dudeck (1982), investigating the influence of NH4 N03
on the yield and nutrient accumulation of 'Tifway' bermudagrass and perennial
ryegrass, found that an increase in N resulted in greater dry matter production and
nutrient accumulation by the two grasses. The average yield was significantly
increased with each additional increment of N applied. The Tifway* bermudagrass
accumulated maximum N contents and yields on soils lacking phosphorous.

36
Our objective in this study was to determine the effect that form and
concentration of N would have on the salt tolerance of 'Tifway' bermudagrass. The
research hypothesis was that the salt tolerance of 'Tifway' bermudagrass would
be better when the N source was NH4+ rather than N03* and at higher N levels.
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MATERIALS AND METHODS

Experimental design
This experiment was designed as a three factor factorial (4x2x2) randomized
complete block (RCB) design. There were four salt treatments (one control and
three salt levels), and two forms of nitrogen, each in two concentrations. The
treatment combinations were replicated three times as blocks in the design, and
randomized within each of the three blocks. Each experimental unit contained three
plantlets of 'Tifway' bermudagrass that were combined as a composite sample for
tissue analysis at the end of the experiment.

Statistical analysis
Statistical analysis was conducted using the SAS 'General Linear Model'
and 'Regression' procedures. The regression procedure was used to describe
plant response to salinity.

Duration of the experiment
One week was needed to gradually increase the salinity up to the three
levels of salt treatment that were specified in the experimental design. The
experiment was then carried out for a five week period.
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Germplasm used
The plant germplasm used was 'Tifway' bermudagrass which is clonal
material and was maintained in a greenhouse under moderate humidity and
temperature conditions prior to use in our experiment.

Pre-treatment propagation
To make sure that there were no variations in this clonal material,
'Tifway' bermudagrass growing in a 6 inch pot was propagated for 45 days in trays
filled with 30 grade silica sand. Four successive cuttings of healthy runners were
made and the trays were fertilized regularly with 'Peters'fertilizer (NPK at
20/20/20). Plantlets of this material of similar size and vigor were then grown in an
aerated quarter strength Hoaglands solution (Hoagland and Arnon, 1938) for one
week to acclimate them to the nutrient solution and to increase their root mass
before the onset of the actual salinity and N treatments.

Treatments applied
The treatments consisted of four levels of salinity (NaCI:CaCI2 in a
10:1 ratio), two forms of nitrogen (N03* and NH4+), and two different N
concentrations (52.5 and 210 mg N L'1). The four salt levels applied in the nutrient
solution were equivalent to an ECW of 0,10, 22 and 42 dS m"1. Due to the different
electrical conductivities of the four different nutrient solutions, the control salinity
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level varied from 1.56 to 3.56 dS m*1, but for ease of reference in the text they are
referred to as the '0' dS m*1 salinity level. The salt treatments were initiated after
2-3 days of growth in non-salinized Hoagiand solution. Incremental amounts of
NaCI:CaCI2 were added each day to bring the salinity up to the required levels by
the end of the first week. The exact amounts that the solution would finally have
dissolved in it are listed in Appendix B, Table B-7. After a period of fifteen days, the
plants were showing signs of nutrient deficiency so the concentration of the base
Hoaglands solution was increased to half strength instead of the initial quarter
strength. For the remaining eighteen days, the plants grew in solutions of half
strength Hoaglands solutions (Appendix B, Tables B2-5).

Environmental conditions
The experiment was carried out by growing plants in white PVC tubes (75
cm long x 8 cm i.d.) filled with the treated, aerated nutrient solutions. By placing
the plants in a thin styrofoam cap sitting on top of the tube, the roots were
suspended in the nutrient solution, while algae and evaporation were inhibited in
the dark nutient solution. The nutrient solution was changed after the first 10 days
and thereafter every 7 days. The temperature in the greenhouse was 27/16
degrees C d/n (+/- 2-3 degrees centigrade) during the first 15 days, and was
increased to 35/24 degrees C d/n (+/- 2-3 degrees centigrade) during the last 20
days.
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Parameters measured
The plant parameters that were measured were some of the morphological
and physiological plant responses to salt stress. The morphological responses
chosen were 1) root length (measured for each plant at the end of the experiment),
2) root:shoot ratios (on a fresh weight and dry weight basis), 3) shoot tissue water
content (as a percentage of shoot fresh weight), 4) biomass change (the ending
fresh weight as a percentage of the starting fresh weight), 5) leaf color (based on
a scale of 1 to 9, with 9 being best), and 6) leaf firing (necrosis and death due to
salt accumulation) rated according to the leaf firing index derived by Kim (1987)
which uses a scale of 0 to 9, with 0 being no leaf firing and 9 being all leaves fired.
The physiological responses that were measured were 1) the concentration
of free amino acids in shoot tissue (extraction of free amino acids from tissue
followed by measurement using an atomic absoption unit), and 2) the
concentration of Na, K, Ca, and Mg in both root and shoot tissue (tissue was dry
ashed and extract analyzed using a flame spechtrophotometer).
The change in ECW and pH was also monitored for a seven day period to
note changes in ECW and pH over time. It was noted that the higher salinities
became less saline more quickly than the lower salinities and that solution pH
decreased in NH4+ treatments and increased in N03" treatments (Kirkby et. a!.,
1967). These changes were not considered large enough to impact upon the
study.

41
Tissue analysis
Free amino acids (listed in Table 1.) were extracted as outlined in Appendix
C (Cook and Bieleski, 1969). The extracts, suspended In 2 ml methanol, were
analyzed using a Spectrophysics Model 8000B Amino Acid Analyzer attached to
a Beckman 157 Fluorescence Detector. The principle of the analysis is that in the
presence of z-mercaptoethanol, o-phthaldialdehyde (OPA) forms highly fluorescent
adducts with primary amines, but not with secondary amines. With this method,
amino acids may be detected at the picomole level (Jones et.al.,1981).
The tissue ion content was determined following extraction (Metson, 1972)
using the procedure outlined in Appendix C. The samples content of Na, K, Ca,
and Mg was determined using an Instrumentation Labs Atomic Absorption (aa/ae)
Spectrophotometer Model Video-21. The Na:K and (Na+K):(Ca+Mg) ratios were
then calculated from the data for Na, K, Ca, and Mg.
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Table 1. List of free amino acids for which 'Tifway' bermudagrass shoot tissue was
analyzed.

1. Aspartic acid

10. Alanine

2. Glutamic acid

11. Tyrosine

3. Asparagine

12. Methionine

4. Serine

13. Valine

5. Histidine

14. Phenylalanine

6. Glutamine

15. Isoleucine

7. Glycine

16. Leucine

8. Threonine

17. Lysine

9. Argenine
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RESULTS AND DISCUSSION
Root length
The results of the analysis for statistical significance using Anova are
summarized in Appendix A, Table A-1. Statistical analysis showed a significant
difference in root length due to salinity level (Fig.1), but not due to N form or N
concentration. There was a significant salinity with N form interaction (Fig.2). The
effect of salinity on root length was positive up to 22 dS m"1, after which it was
negative. The increase in root length with salinity can be viewed as a survival tactic
in which the plant shifts its carbohydrate reserves to root growth so that longer,
more extensive roots might be more able to extract water for plant growth from the
surrounding soil. Increased bermudagrass root length in response to salinity have
also been found by Devitt (1989) and Youngner and Lunt (1967).
In the salinity by N form interaction, the NH4+ nitrogen form resulted in
longer roots than N03" nitrogen at only the 0 dS m"1 salt level. There was no
apparent advantage for using NH4+ versus N03" nitrogen to improve root length
under high salinity conditions. The choice of root length as one of the responses
used in the evaluation of salt tolerance is supported by a number of studies that
found better distinction of tolerance limits using the length of the longest root
(Chetelat and Wu, 1986, Devitt, 1989, andGlinski, 1990). Our results indicated that
roots grew longer as salinity increased up to 22 dS m"1, then decreased at 42 dS

Fig.1. Root length in response to salinity averaged
over two N forms and two N levels. N=12. Bars
with different letters are significantly different
at the P=0.05 level.
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Fig.2. Root length in response to salinity and N form
averaged over two N levels. N=6. Different letters
indicate a significant diferrence at LSDo.05 within
a salinity level.
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Root:shoot ratios
The results of the analysis for statistical significance using Anova are
summarized in Appendix A, Table A-1. The ratio on a dry weight basis was
significantly different depending on salt level (a cubic response) and N
concentration (Figures 3 and 4, respectively). There was no statisticaly significant
interaction. The ratio on a fresh weight basis was significantly different in response
to salinity (a linear response), but not N form or N level. There was also a
significant interaction for salinity by N form by N level, but the significance shifted
from one form to another, and one level to another over the four salinities applied.
Comparison of the root:shoot ratio on a fresh and dry weight basis
indicates that at 10 dS m"1 shoots were more succulent than at 22 dS m"1 (Fig.3).
The results Munns and Termaat (1986) found also indicate an initial rise in
succulence as a first response to salt stress in non-halophytes. But even with
halophytes, Parrondo et al. (1978) had found the same results as salinity
increased. Bernstein and Hayward's study (1958) determined that the larger the
plant root:shoot ratio (d.w.) under salt stress, the more salt tolerant it is likely to
be. This is because more water can be extracted by a larger root system and less
will be lost by transpiration from a smaller shoot mass. In our study, when N
concentration increased it caused the ratio of shoot dry weight to root dry weight
to decrease as shown by the larger root:shoot ratio (d.w.) in Fig.4. This is probably
due to the increase in root dry weight as a result of increased root

Flg.3. Root^shoot ratio (fresh and dry weight) In response
to salinity averaged over two N forms and two N
concentrations. N=12. Bars Indicate LSD(O.05)>
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j.4. Roofcshoot ratios (dry wt.) in response to N
level averaged over two N forms and four salt
levels. N=24. Letters indicate a significant difference
at the P=0.05 level.
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growth. Smart and Barko (1980) found that as N increased so did the root:shoot
ratio of Distichlis and Spartina species.

Shoot tissue water content
The results of the analysis for statistical significance using Anova are
summarized in Appendix A, Table A-1. Statistical significance was indicated for salt
level and N form. Table 2 presents the linear response of shoot water content(%)
and Table 3 shows the response to N form.
The initial rise in shoot succulence (% water content), followed by a
decrease due to salinity (Table 2), confirmed our results with rootshoot ratios
(Fig.3) and what other researchers had found previously. Ahmad et al. (1981), Paul
and Madison (1972), and Maas and Hoffman (1977) all found an initial rise in
succulence at low salinities which was followed by a drop at moderately high and
high salinities.
The significantly higher water content of NH4+ treated plants versus N03"
treated plants can be explained by noting that one of the by-products of NH4+
assimilation is water (Middleton and Smith, 1979), and this can cause the tissue
to have a statistically significant higher water content. The argument that NH4+ is
metabolized into nitrogenous osmotic agents in the presence of high salinity,
raising the tissue osmotic potential and tissue water content, may also be a
possible explanation. But there was no N form by salinity interaction in our study.
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Table 2. 'Tifway' bermudagrass shoot tissue water content (%) in response to
salinity averaged over two N forms and two N levels.

Salinity ( dS m*^)

Water content (%)

0

81.68

10

82.43

22

80.80

42

78.07
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Table 3. 'Tifway' bermudagrass shoot tissue water content(%) in response to N
form averaged over four salinity levels and two N levels.

N form

Water content (%}

NO/

79.0

NH4+

81.9

tSEW

TB
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Biomass Change (%)
The results of the analysis for statistical significance using Anova are
summarized in Appendix A, Table A-1.
There was a significant difference due to salinity (Fig.5), N form (Fig.6),
and N level (Fig.7). Only the salinity by N form interaction was significant (Fig.8).
Salinity decreased biomass production, such that at the 42 dS m"1 level, salinity
was so severe that the final biomass was actually less than the starting biomass
(Fig.5). Maas and Hoffman (1977) indicated that once a threshold salinity had been
passed, a linear drop in biomass production occured as salinity increased. In our
study, the threshold for 'Tifway' bermudagrass occurred sometime before the 10
dS m'1 salinity level. This level was found by Langdale and Thomas (1973) to be
9.6 dS m'1 .
The effect N form had on biomass production was large, with NH4+
treatments producing twice as much biomass increases over 33 days as the N03'
treatments (Fig.6).
The N level results are different from what we expected. Normally, higher
N levels increase top growth, but in our study the higher N level depressed
biomass production relative to the lower N level (Fig.7). The higher N level has also
been shown to increase root growth more than the lower N level. Some studies
have indicated that yield (top growth) declines in response to higher N levels under
saline conditions (Langdale and Thomas, 1973). This may indicate that lower N

Fig.5. Blomass change (%) in response to salinity
averaged over two N forms and two N levels. N=12.
Bars with different letters are slgnif'-antly different
at the P=0.05 level.
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Fig.6. Biomass change (*) after 33 days growth in
response to N form averaged over two N levels
and four salt levels. N=24. Lettters indicate a
significant difference at P=0.05.
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Fig.8. Biomass change (*) in response to salinity and N
form averaged over two N levels. N=6. Bars with
different letters are different at P=0.05.
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levels promote top growth while higher N levels promote root growth under salt
stress.
Our results also indicated a significant salinity by N form interaction, where
NH4+ treatments gave higher biomass changes (%) than N03" treatments at 0
dS m"1 (Fig.8). At the 10,22, and 42 dS m'1 levels, the differences were significant
at P=0.05. The higher biomass changes (%) that occurred in the NH4+ treatments
are probably due to the plant's ability to utilize NH4+

more readily than N03"

(Salisbury and Ross, 1985).

Leaf color
The results of the analysis for statistical significance using Anova are
summarized in Appendix A, Table A-2. Color of new leaf production was rated at
15 days after initiation of the experiment (start of fifty percent Hoagland's solution),
and at termination after 33 days. The statistical analysis indicated a significant
effect on color due to salinity and N form (Figs. 9 and 10) on days 15 and 33.
The effect due to salinity was a quadratic effect as is shown in Table 4.
Salinity caused a darkening of leaf color (Fig.9) after an initial drop at 10 dS m'1.
It is possible that plants with paler, more chlorotic leaves were making a poor
osmotic adjustment to the salt treatments. The darker leaf color in response to
salinity was noted by many other researchers such as Maas and Hoffman (1977).
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Fig.9, Leaf firing (necrosis and death) and color at
15 and 33 days after experiment began. N=12.
LSD0.05 Pointed next to each line. Leaf firing of
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Fig.10, Leaf color tn reponse to N form averaged over
two N concentrations and four salinity levels.
N=24. Different letters Indicate a significant
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Table 4. 'Tifway' bermudagrass new leaf color in response to the quadratic effect
of salinity on day 33 averaged over two N forms and two N levels.

Salinity fdS m'1)

1

Color1

0

5.46

10

4.88

22

5.33

42

6.00

LSU005

CTBB

Color was rated on a 1-9 scale, where 1 =worst and 9=best color.
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Like salinity, the NH4+ -N form was responsible for a darker leaf color
compared to the N03* -N form (Fig.10), and this was true on both rating dates.
Color of both NH4+ and N03' treated plants was acceptable, at the termination
of the experiment. Nitrogen form and level had no significant effect in improving
color of salt stressed plants though there was a trend for NH4+ to be higher than
NO3.

Leaf firing
Leaf firing is the necrosis and death of plant leaves. Leaf firing was rated
using the leaf firing index, which was derived by Kim (1987). It utilizes a scale of
0 to 9, with 0 being no leaf firing and 9 being all leaves fired and is based on the
visual determination of the proportion of new leaves that are fired. Under salt stress
levels of 20 dS m"1 (+/- 5 dS m*1 ), a leaf firing rating of 3 is the maximum that
may be acceptable for turfgrass. It occurs due to the build up of salt ions in the
leaf tissue which causes the cytoplasm to suffer from physiological drought. This
halts cell metabolism which soon brings about leaf death. If NH4 nitrogen does
indeed reduce salt stress by reducing salt ion uptake and increasing succulence,
then NH4+ treated plants would show a reduced amount of leaf firing compared
to plants treated with N03'.
Leaf firing at 15 and 33 days showed a significant linear response to
salinity (Fig. 10). On both rating days, leaf firing increased as salinity increased.
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Nitrogen form also affected firing where, after 33 days, it was found that NH4+
treated plants exhibited less firing than plants receiving N03*

(Table 5). This

indicates that the effect of NH4 was to reduce leaf burn due to salinity over the long
term. This means that applying NH4+ fertilizer when plants are growing under salt
stress may reduce the amount of leaf firing due to salinity.

Free amino acids
The results of the analysis for statistical significance using Anova are
summarized in Appendix A, Table A-4. Of the 17 amino acids, 11 responded
significantly to the four salinity levels (Fig.11), and 14 were influenced by N form
(Fig.12). An interaction of salt by N form significantly affected the concentration of
8 amino acids (Fig.13 and 14), while a salinity by N level interaction affected the
concentration of four amino acids (Fig.15 and 16).
The overall effect of increasing salinity was to depress plant metabolism, as
it did for other aspects of plant growth, and this is exhibited by the depression of
most of the amino acids tested for in shoot tissue (Fig.11). The NH4+ form of N
caused a significant increase in the concentration of 14 out of 17 amino acids
compared to N03" N (Fig.12). Ammonium N also resulted in higher concentrations
of amino acids when compared to N03" nitrogen at the four salinity levels (Fig. 13
and 14). The lower N level interacted with salinity to significantly increase the levels
of histidine and isoleucine at all salinity levels except for histidine at 22 dS m'1
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Table 5. Trfway' bermudagrass leaf firing in response to N form on days 15 and
33 averaged over two N levels and four salinities. N=24.

N form

Lf12

Lf23

no3-

2.08

2.79

nh4+

1.92

2.33

LSL,0.05

1

U.38

: Leaf firing scale was 0= no leaf firing, and 9= all leaves fired.

2:

Leaf firing on day 15.

3:

Leaf firing on day 33.
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(Fig.15).The higher N level interacted with salinity to significantly increase the levels
of aspartic acid and glutamic acid at 10 and 22 dS m'1 (Fig.16). Many of the
amino acids that did not show significance at PsO.OS for salt, N form, and the salt
by N form interaction, were significant at PsO.1 (as seen in Table A-3, Appendix A).
Bearing in mind the hypothesis that NH/-N facilitates osmotic adjustment
better than N03' N, and the fact that amino acids are one of the organic solutes
contributing to osmotic adjustment, we can begin to see the significance of the
increases of amino acids that our results have shown. The fact that the NH4+
treated plants exhibited better endurance of salt stress in this study, and the fact
that amino acids were significantly increased in NH4+ treated plants over the N03"
treated plants indicates that there was a direct relationship bBtween amino acid
content and plant tolerance of salt stress. This is confirmed by the findings of
Ahmad et.al (1981), Greenway and Munns (1980), and Yeo (1983) who showed
the direct relationship between salt stress resistance and amino acid content. The
specific amino acids in our study with which differences due to salinity were
detected included glutamic acid, glutamine , alanine, aspartic acid, and valine.
These were also found to change in response to water stress (Barnett and Naylor,
1966), and to salt stress (Ahmad et.al., 1981). Kirkby (1968) also found that when
white mustard plants were grown in nutrient solutions containing either NH/ or
N03"-N, the NH4+ treated plants produced more amino acids than the N03" treated
plants as was the case in our study.
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Fig.11.

Shoot tissue free amino acid content In response to
salinity averaged over two N forms and two N levels
Vertical bars Indicate LSDq.05- N=12.
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Hg.12. Shoot tissue free amino acid content In response to
N form averaged over two N concentrations and
four salinity levels. N=6. Vertical bars Indicate
the LSDo.05 •
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Fig.13. Response of shoot free amino acids to salinity
and NO3" nitrogen, averaged over N level. N=6.
Vertical bars above columns indicate LSDq.0525
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Fig.14.

Response of shoot free amino acids to salinity anc
NH4+ nitrogen, averaged over N concentration. N=6.
Vertical bars above columns Indicate LSDq.05 •
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Fig.15. Response of shoot free amino acids to salinity
and 52.5 mg L~1 N, averaged over N form.
Different letters Indicate a significant difference
at LSDq.05 • N=S.
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Other literature supports the importance and significance of an increase
in tissue amino acids in response to salt stress (Morgan, 1984, Langdale and
Thomas, 1971, and Smart and Barko, 1980).

Root ion content
The results of the Anova are summarized in Appendix A, Table A-5. It was
found that salinity significantly affected root tissue ash (Fig.17), sodium (Na),
calcium (Ca), and potassium (K) contents (Fig.18) and the Na:K ratio (Fig.19).
Nitrogen form significantly affected K and Ca content (Fig.20), and the
(Na+K):(Ca+Mg) ratio (Fig.21). The salinity by N form interaction significantly
affected K content (Fig.22) and the (Na+K):(Ca+Mg) ratio (Fig.23). Finally, the
salinity by N form by N level interaction significantly affected K content (Fig.24) and
the Na:K ratio (Fig.25).
As can be seen in Fig.17, the root tissue ash content (%) rose a
significant amount only after the 10 dS m"1 salt level. Since tissue ash content is
a measure of the total amount of salt ions in the tissue, we can say that 'Tifway'
bermudagrass root exclusion of salt ions failed shortly after salinity rose beyond
10 dS m"1 . This explanation is supported by the Langdale and Thomas study
(1973) which found that the salt stress resistance of 'Tifway' bermudagrass failed
after the 9.6 dS m"1 salinity was reached.
The effect of salinity on Na was to increase it significantly with each rise
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Fig.17. Root tissue ash content (*) in response to salinity
averaged over two N forms and two N levels. N=12.
Bars with different letters are significantly different
at the P=0.05 level.
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Fig.18. Root tissue Na, K, and Ca content in response
to salinity averaged over two N forms and two N
levels. N=12. Bars with different letters within an
element are significantly different at P=0.05.
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Fig.19. Root tissue Na^K ratios in response to salinity (EC)
averaged over two N forms and two N levels. N=12.
Bars with different letters are significantly different
at the P=0.05 level.

2.5

M

2

"rt
L.

rt 1.5

o

0.5

10

22

EC (dS m~1)

42

75

Fig.20. Root tissue K and Ca content in response to N
form averaged over two N levels and four salinity
levels. N=24. Bars with different letters indicate a
significant difference at P=0.05.
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Fig.21. Root tissue (Na+K):(Ca+Mg) ratios in response to N
form averaged over two N levels and four salinity
levels. Different letters indicate a significant
difference at the P=0.05 level.
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Fig.22. Potassium content in root tissue in response to
salinity and N form averaged over two N levels.
N=6. Vertical bar indicates LSDo.05 among salt
levels. Different letters indicate significant
differences within a salt level at P=0.05.
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Fig.23. Root tissue (Na+K):(Ca*Mg) ratios in response to
salinity and N form averaged over two N levels.
N=6. Vertical bar indicates LSDO.OS- Different
letters within a salt level indicate a significant
difference at P=0.05.
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Fig.24. Potassium content in root tissue in response
to salinity, N form and N concentration. Vertical
bar indicates LSDo.05 f°r
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in salinity level (Fig.18). The rise in salinity caused a linear increase in Na content
in root tissue. Our results are supported by Dudeck et al. (1983) who also found
Na to increase in bermudagrass tissue as salinity increased. This relationship is
significant because Torello and Rice (1986) were able to correlate the salt tolerance
of alkaligrass and red fescue with their ability to regulate the accumulation of Na
in their tissue.
The effect of salinity on K, meanwhile, exhibited the opposite relationship
(Fig.18), where salinity caused a decrease in root tissue K content. This becomes
significant when we remember how important K is in plant metabolism (activates
many enzymes involved in photosynthesis and respiration).
Salinity had a significant effect on Ca and the trend was for Ca content
to increase linearly with salinity (Fig.18). But the ratio of Na to Ca in the nutrient
solution was probably the reason why the root tissue Ca content was much lower
than the Na content.
It was found that salinity significantly increased the Na:K ratio (Fig.19), but
the Na:K ratio remained below 1 until a salinity of 22 dS m"1. Correlating this with
the results of Dudeck et al. (1983), who indicated a 50% yield reduction at 18.6 dS
m"1 and our own biomass change results (Fig.5), we might be able to say that a
50% yield reduction in 'Tifway ' bermudagrass occurs at the point where the root
tissue Na:K ratio exceeds a value of 1. Nitrogen form affected K, Ca and the
(Na+K):(Ca+Mg) ratio in root tissue. Ammonium treated plants were significantly
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higher in K than were N03" treated plants (Fig.19). Ammonium treated plants were
better able to maintain and absorb K in root tissue (Gigon and Rorison, 1971).
Since K plays a very important role in the activation of many essential enzymes,
the improved absorption of K would have a significant impact on plant health under
salt stress.
The response Ca exhibited to N form was the opposite of K, where Ca in
root tissue declined significantly under NH4+

nutrition (Fig.20). Calcium can

contribute to salt stress if it accumulates excessively in irrigation water, soil, and
plant tissue. Excess Ca uptake would also interfere with Mg uptake by competing
with Mg for the binding sites on the carrier molecules (Salisbury and Ross, 1985).
The effect of N form on K and Ca is directly related to its effect on the
(Na+K):(Ca+Mg) ratio. As a result of increased K and decreased Ca in NH4+
treated plants, the ratio would be larger in NH4+

treated plants than in N03"

treated plants (Fig.21). There is no doubt that this is what happened because
neither Na nor Mg were significantly affected by N form.
A salinity by N form interaction also affected root K content and the
(Na+K):(Ca+Mg) ratio. The K content was higher in NH4+ treated plant roots at
0, 10, and 22 dS m"1 , but not significantly different from the N03" treated plant
roots at 42 dS m'1 (Fig.22). Though the effect observed with increasing salinity
was to decrease K levels, the effect of NH4+ to increase K content over that of
N03" was still evident. The (Na+K):(Ca+Mg) ratio was significantly higher in NH4+
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treated plant roots at 0, 22, and 42 dS m"1 , but not at 10 dS m"1 (Fig.23). Except
for the 10 dS m"1

salt level, the trend was that NH4+

treated plant roots

maintained a higher (Na+K):(Ca+Mg) ratio than N03" treated plant roots. This
was mainiy due to the fact that NH4+ treated plants maintained a lower Ca and a
higher K content than N03' treated plants and caused the (Na+K):(Ca+Mg) ratio
to be lower in NH4+ treated plants under salt stress.
A significant salinity by N form by N level interaction affected root K and
the Na:K ratio. At 0 dS m'1 , NH4+ at 52.5 mg N L"1 was higher in root tissue K
than the other treatments (Fig.24). Potassium was also slightly higher in NH4+
treated plants at the 10 and 22 dS m"1 salt levels, but at P=0.1. If the effects of
NH4+ on the salt tolerance of bermudagrass are indeed best detected in the long
term, then there may have been an advantage to using NH4+ as an N source over
N03" to reduce salt stress.
The three way interaction also affected the Na:K ratio in which NH4+
reduced the ratio when salinity was at 0 dS m'1 . There was a trend for NH4+ at
210 mg N L"1 to reduce the ratio at higher salt levels than the other treatments.

Shoot ion content
The results of Anova are summarized in Appendix A, Table A-6. Salinity was
found to significantly affect shoot tissue ash (Fig.26), sodium (Na), potassium (K),
calcium (Ca), and the magnesium (Mg) content (Fig.27). The Na:K ratio was also
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significantly affected by salinity (Fig.28). The N form affected Na and Ca content
(Fig.29) and the Na:K ratio (Fig.30). The N level was significant only for ash
content (Fig.31). A significant salinity by N form interaction affected the Na:K ratio
(Fig.32).
Shoot tissue contents of soluble salts, i.e. ash content (%), were lower at
0 and 10 dS m"1 than at 22 and 42 dS m"1 (Fig.26). This shows that between 10
and 22 dS m"1, a failure of the salt ion exclusion mechanism occurred and the
result was heavy accumulation of soluble salt ions in the shoot tissue. Of the
cations measured, Na and Ca accumulated until the 22 dS m"1 level and then
decreased at 42 dS m"1 (Fig.27). This trend is probably a direct result of the
inability of the roots to exclude salt ions as salinity increased. The drop in Na and
Ca content at 42 dS m"1 is explained by the tissue having died or ceased virtually
all metabolic activity such that no salt ions were taken up. This is supported by the
increase in leaf firing due to salinity (Fig.9).
The drop in K content due to salinity is similar to that observed in root tissue
and is a direct result of increasing salt stress and competition by Na ions for
binding sites on the carrier molecules (Fig.27). The change in Mg content may be
inversely correlated to the Ca content since both are divalent cations and
competition for carrier molecules may be occurring (Fig.27). Dudeck et al.'s study
(1983) also found that bermudagrass tissue K content declines and Na content
rises with increasing salinity.

Fig.26. Shoot tissue ash content (x) in response to
salinity averaged over two N forms and two N
levels. Bars with different letters are significantly
different at the P=0.Q5 level. N=12.
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Fig. 27. Shoot tisssue ion concentration in response to
salinity averaged over two N forms and two N
levels. Bars with different letters within an element
are significantly different at P=0.05. N=12.
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Fig.29. Shoot tisssue Na and Ca content in response to
N form averaged over two N levels and four salt
levels. N=24. Bars with different lettters within an
element are significantly different at P=0.05.
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Salinity affected the shoot Na:K ratio. Compared to the linear effect of
salinity on the Na:K ratio in root tissue, a quadratic effect was observed for shoots
(Fig.28). The Na:K ratio rose markedly from the 0 to the 10 dS m"1 salinity level,
peaked at 22 dS m"1, and then declined at 42 dS m"1. Figure 27 shows that shoot
tissue K was reduced by half at 10 dS m"1 while the Na was increased more than
5 fold. This is reflected in the ratio (Fig.28). Whereas the root tissue Na:K ratio at
10 dS m"1 was 1, the shoot tissue ratio was about 5, indicating that shoot tissue
served as a sink for Na. The same might also be said for Ca which was found in
much higher concentrations in shoot tissue.
Ammonium reduced shoot Na and Ca by nearly 50% when compared to
NOg" -N (Fig.29). This lends support to the hypothesis that NH4+ treated plants
accumulate more organic solutes for osmotic adjustment, such as amino acids. As
a result, less inorganic ions, such as Na, are needed to be sequestered in
vacuoles for osmoregulation (Yeo, 1983).
The effect of N form on the Na:K ratio was also very large (Fig.30). Where
NH4+ treated plants had a Na:K ratio of about 2.3, the N03" treated plants had
a ratio of 6.3, almost 3 times as high. Thus, compared to NH4+ , NOa* treated
plants accumulated much more Na than K. Dudeck et al.'s study (1983) also found
that bermudagrass tissue K content declines and Na content rises with increasing
salinity. The lower ash content in response to the higher N level (Fig.31) might be
explained by the fact that more nonprotein-nitrogen osmoregulating solutes, such
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as amino acids, would form when higher N levels are available. Therefore, the
higher ash content at the lower N level is a direct consequence of the
accumulation of salts rather than amino acids.
Finally, the effect of the salinity by N form interaction was to increase the
Na:K ratio significantly in N03* treated plant shoots, over that of the NH4+ treated
plants (Fig.32). This is highly significant because many studies have shown that
this ratio is a very good indicator of the salt tolerance of a plant. For example,
Johnson (1991) showed in his study of salinity resistance of crested wheatgrass
and tall wheatgrass accessions that higher top growth production under saline
conditions is highly related to a low Na:K ratio and the partial exclusion of Na from
the shoots. Johnson's study showed that the high forage producing accessions
had lower Na:K ratios relative to the low forage producing accessions. In our
study, NH4+ helped promote this condition.

.31. Shoot tissue ash content (5?) in response to N
concentration averaged over two N forms and
four salt levels. N=24. Bars with different letters
are significantly different at the P=0.05 level.
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Fig.32. Shoot tissue Na^K ratios in response to N form
and salinity averaged over two N concentrations.
N=24. Vertical bar indicates LSDo.05 f°r
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SUMMARY

How a plant deals physiologically with salt stress is often manifested
morphologically. One can say that these external indicators of salt tolerance (eg.
root:shoot ratio, biomass, and leaf color) reflect the internal responses to salt
stress.
The increase in root length that was indicated due to salinity (Fig.1) might
be one positive side effect that may help increase the salt tolerance of 'Tifway'
bermudagrass under salt stress without being a direct effect of N form or level. We
found that rootishoot ratios (dw) were responding favorably to higher N levels, but
not to N form, when the plant was growing under salt stress (Fig.4). In this case,
the increased availability of N was related to the plant being able to maintain a
better root:shoot ratio for improved growth under salt stress. Though shoot tissue
water content was higher due to the NH4+ treatment, there was no advantage
over the N03" treatment when salinity was considered. The improvement in leaf
color that was noted due to NH4+ (Fig. 10) can be related to the effect NH4+ had
to decrease the accumulation of salt ions in shoot tissue, which would otherwise
affect plant metabolism and impact negatively on the color of shoot tissue.
The reduction in leaf firing under salt stress which occurred under NH4+
treatments (Table 5) can also be attributed to decreased accumulation of salt ions.
The decreased accumulation of salt ions in the shoot tissue can also be related to
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the increased levels of free amino acids in the shoot tissue. In the previous
sections, reference was made to many studies which explained the mechanism by
which increased levels of free amino acids can reduce damage by excessive salt
ion accumulation (Greenway and Munns, 1980, Yeo, 1983, and Hsiao, 1973).
Reference was also made to studies that confirmed the role and the occurrence
of increased levels of free amino acids in the osmotic adjustment of grasses
(Barnett and Naylor, 1966, and Ahmad et. al., 1981). We believe that the increase
in free amino acids that we observed due to NH4+ in this study (Figs., 11, 12,13
and 14) was directly related to the decreased accumulation of damaging salt ions
under salt stress. There is also an indication that K uptake was improved under
NH4+ nutrition (increased K in root tissue, Fig.18). This would definitely improve the
metabolism of the plant by reducing the Na:K ratio under salt stress. And this was
indeed seen in root and shoot tissue (Figs.25, 30 and 32).
The effect NH4+ had to decrease shoot Na (Fig.29) and increase root K
(Fig.22) was due to its effect on increasing free amino acids which helped reduce
Na accumulation in cell vacuoles. The reason for this is that as the plant begins to
better osmoregulate, need for inorganic ions to achieve this osmoregulation drops.
This helps the plant better resist uptake of salt ions such as Na. Meanwhile, this
decreased Na uptake might allow more K to be carried across the roots by the
carrier or transport molecules. The end result is that NH4+ would increase the salt
tolerance, as was seen in our study.
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The decrease in shoot ash content (soluble salts content) that occurred due
to the higher N level (Fig.31) is also related to the advantage higher N levels gave
plants under salt stress. Higher N levels could cause higher production of
nonprotein-nitrogen osmoregulating compounds which would reduce soluble salt
uptake. This in turn means a lower tissue ash content.
Comparison of the ionic balance of the root and shoot tissues reveals that
salinity increased ash content in both tissues (Fig.21 and 26). Thus the response
to salinity in terms of ash content was the same. The response was also the same
for K and Ca content (Fig.18 and 27).
The difference in response to N form was most apparent for Na, where Na
was found to decrease in shoot tissues (Fig.29) but not root tissues in response
to salinity by N form. This difference can be explained by the examination of the
effect NH4+ had on the accumulation of Na ions. Both root and shoot tissues
exhibited a lower Na:K ratio in response to NH4+ under salt stress (Fig.25 and 32).
This indicates that the positive effect of NH4+ in this respect was common to both
tissues.
The study conducted by Muhammad and Kumazawa (1974) investigating
the effect of NH4+ versus N03" nutrition on rice at different growth stages found
that rice roots absorbed NH4+

5 to 20 times faster than N03" , and that new

growing tissue preferred NH/ over N03".
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Our results indicated that ash content decreased only in the shoot tissue
due to higher N levels (Fig.31). The reason higher N levels decreased ash content
in shoot tissue alone is that increased synthesis of amino acids took place
primarily, in the shoots, and that is where the decreased accumulation of salt ions
(Na) will be seen most.
Simultaneous investigation of morphological and physiological indicators of
salt tolerance, as we did in this study, helps paint a clearer picture of plant
responses under salt stress. Certainly, a more comprehensive investigation can be
designed, but we hope that the discussion of the previous results along with the
literature review are helpful in showing the advantages NH4+ nutrition may give to
'Tifway' bermudagrass under salt stress.
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Appendix A

Tables of Statistical Significance for responses
and parameters measured.

Key:
S = Salinity (dS m"1 )
NF = Nitrogen Form
NL = Nitrogen Level (mg N L"1)
S*NF = Salinity by N form interaction
S*NL = Salinity by N level interaction
NF*NL = N form by N level interaction
S*NF*NL = Salinity by N form by N level interaction

L = Linear
Q = Quadratic
C = Cubic

TABLE A-1.

Statistical significance of treatments and interactions
for Tifway* bermudagrass root and shoot parameters

Treatment: Salt (S), N Form (NF), N Level (NL)
Source UJL

Root Root: shoot ratio
lenath
d.w.
f.w.

**+
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O

C
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*4*
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*«•

***

*•

Quad.

1

#*•

NS

NS

NS

Cubic

1

NS*

*

NS

***

NF

1

•*

NS

NS*

**•

NL

1

NS

*

NS

*•

S*NF

3

*##

NS

NS

***

NS*

S*NL

3

NS

NS

NS

NS*

NS

NF*NL

1

NS

NS

NS

NS

NS

S*NF*NL

3

NS

NS

*

NS

NS

*: Significant at P<=0.05
Significant at P<=0.01
Significant at P<=0.001
NS: Nonsignificant (P>0.1)
NS*: Nonsignificant (0.1>P>0.05)

NS
NS

NS

TABLE A-2. Statistical significance of treatments and interactions for
Tifway' bermudagrass leaf color and firing.
Source

Color

D.F.

Lest Firina
1
2 Piff,

1

2 Piff, (3)

3

**

*

*

**

**•

NS

Linear

1

NS

*

**

**

**•

NS

Quadratic

1

*

•

NS

NS

NS

NS

Cubic

1

•«*

NS

NS

NS

NS

NS

NF

1

***

NS

NS

•

NS

NL

1

NS

NS

NS

NS

NS

NS*

S*NF

3

•*

*

NS

NS NS*

NS

S'NL

3

NS

NS

NS

NS

NS

NS

NF'NL

1

NS

*

*

NS

NS

NS

S*NF*NL

3

NS

•

NS* NS

NS

S

(1): Color on a scale of 1-9, 9 being best.
(2): Leaf firing on a scale of 0-9, 9 being complete leaf burn.
(3): Difference between color or leaf firing on day 15 and day 33.
*: Significant at P<=0.05
Significant at P<=0.01
***: Significant at P<=0.001
NS: Nonsignificant (P>0.1)
NS*: Nonsignificant (0.1>P>0.05)

TABLE A-3. Statistical significance of treatments and interactions
for solution ECw and pH using the SAS repeated
measures polynomial Anova procedure.
P.F,

Source;

ECw

L

*"

L

Q

**#

Q fttt

c

eH

source:

c

NF

*

NF
L.Q

NL

NS

NL
C

3

(S*NF)

**

(S*NF)

Q
3.

S'NL

1

(NF'NL)
Q

L, Q. C
NS
"

*
Q

NS:

NS

(NF'NL)
L

(S'NF'NL)

*:
**:

S'NL

Significant at P<=0.05
Significant at P<=0.01
Significant at P<=0.001
Nonsignificant (P>0.1)

L: Linear, Q: Quadratic, C: Cubic.

(S'NF'NL)
0

TABLE A-4.

Statistical significance of treatments and interactions for
Tifway' bermudagrass shoot tissue concentration of free
amino acids.

Treatment: Salt (S)t N Form (NF). N Level (NL).
Amino Acid
S: l Q C NF NL S'NF S*NL NF'NL S*NF*r
JELE*
3 1
1
1
1
1
3
3
1
3
Aspartic acid
Glutamic acid
Asparagine
Serine
Histidine
Glutamine
Glycine
Threonine
Argenine

***

+*•

*

••

NS* *

** NS

*** NS

**+

*•

NS

NS

NS NS

** NS

NS

*

NS

NS

NS NS* NS* NS

NS

NS

NS

NS

NS

NS

NS

*•*

•*#

*

NS

*

*

•«

••

*

*

NS NS

NS* NS NS
•*»

•**

*

NS NS

*

NS

•*

*

NS

NS

«

NS

NS

*** NS

NS

NS

NS

NS

*

NS

NS

NS

NS*

NS'

*

NS

•

NS*

NS

NS

NS* NS NS NS*

** NS

NS

NS*

NS

NS*

NS NS

** NS

**

NS*

NS

NS

NS NS

NS NS

Alanine
Tyrosine

NS* *

NS

NS

NS

NS

Methionine

NS NS NS NS NS* NS* NS

NS

NS

NS*

NS

NS

NS

NS

NS

NS

•

NS

NS

NS

NS

NS

NS

NS

NS

Valine

**+

**•

NS

*

*** NS

Phenylalanine

*•*

***

NS

*

*** NS

IsoLeucine
Leucine
Lysine

NS NS*
***

*#•

NS NS*

NS

*

NS NS

*•

** NS
t*t

«

** NS

NS
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*: Significant at P<=0.05
**: Significant at P<=0.01
Significant at P<=0.001
NS: Nonsignificant (P>0.1)
NS*: Nonsignificant (0.1>P>0.05)

TABLE A-5. Statistical significance of treatments and interactions
for Tifway' bermudagrass root parameters measured.
Treatment: Salt (S), N Form (NF), N Level (NL).

Source

QJL

%Ash

Ha

3

«•

***

Linear

1

**

•»*

Quad.

1

*

Cubic

1

NF

Root tissue
£a
K
Mfl

Na ; K fNa tKl;
[Ca + Mgl

*

NS

**#

••

NS

NS

NS

NS

*

NS*

NS

NS*

NS

•

NS

NS

NS

NS

1

NS

NS

*

#

NS

NS

•**

NL

1

NS

NS

NS

NS

NS

NS

NS

S*NF

3

NS

NS

•

NS

NS

NS

*

S*NL

3

NS

NS

NS

NS

NS

NS

NS

NF*NL

1

NS

NS

NS

NS

NS

NS

NS

S*NF*NL

3

NS

NS

+•

NS

NS

*

NS

S

*: Significant at P<=0.05
Significant at P<=0.01
*": Significant at P<=0.001
NS: Nonsignificant (P>0.1)
NS*: Nonsignificant (0.1>P>0.05)

*«#

NS
NS

TABLE A-6. Statistical significance of treatments and Interactions
for Tifway' bermudaqrass shoot parameters measured.
t

Treatment: Salt (S), N Form (NF), N Level (NL).

S

%Ash Na

3
•**

z

••

D.F.

DC

Source

Shoot tissue
K
£a Mfl

TNa +Kl;
[CP + Mfll

•*

*

***

«*

NS

NS*

NS

***

*

NS

«*

NS

Quad.

1

Cubic

1

*

NS

*

NS

NS

NS

NS*

NF

1

NS

*

NS

*

NS

**

NS

NL

1

*

NS

NS

NS

NS

NS

NS

S*NF

3

NS

NS

NS

NS

NS

+

NS

S*NL

3

NS

NS

NS

NS

NS

NS

NS

NF*NL

1

NS

NS

NS

NS

NS

NS

NS

S*NF*NL

3

NS

NS

NS

NS

NS

NS

NS

*

1

ot
z

Linear

**

*: Significant at P<=0.05
Significant at P<=0.01
Significant at P<=0.001
NS: Nonsignificant (P>0.1)
NS*: Nonsignificant (0.1>P>0.05)

*#

Appendix B

Nutrient Solution Formulations.

107
Table B-1. Quarter strength Hoaalands solution.

Macro elements:

Stock fa L'1)

ml L'1 solution

Calcium Nitrate - Ca(N03" )2

59.05

4

Potassium Nitrate - KN03"

25.28

6

Ammonium Phosphate - NH4+ H2 P04+ 28.75

1

Magnesium Sulfate - MgS04+

2

61.63

Micro elements: (add 1 ml of the total stock solution per liter of solution).
Boric acid

0.715

Manganese Chloride

0.455

Zinc Sulfate

0.055

Copper Sulfate

0.02

Molybdic acid

0.005

Iron in chelated form3
(add 1 ml L"1 solution)

4.16

a

: Ferriplus, trademark.

** To formulate a half strength Hoagland's solution, simply double the weight
L*1 of the quarter strength solution when making up the stock. **

Table B-2. For nitrate nitrogen at 52.5 mq L'1 solution:

EC= 1.56 dS m"1

pH= 5.5-6.0

Macro elements:
Stock fp L'1 )

ml L'1 solution

Potassium Phosphate

3.403

20

Magnesium Sulfate

12.325

20

Calcium Nitrate

7.381

20

Potassium Nitrate

12.638

20

Calcium Sulfate

38.25

20

Micro elements: 2 ml of the quarter strength stock per liter solution.

Iron in chelated form: 2 ml of quarter strength stock per liter solution.

Table B-3. For nitrate nitrogen at 210 mg L'1 solution:

EC= 1.73 dS m"1

pH= 5.5-6.5

Macro elements:
Stock fa L"1 )

ml L'1 solution

Potassium Phosphate

3.403

20

Magnesium Sulfate

12.325

20

Calcium Nitrate

738.125

20

Potassium Nitrate

12.638

20

Micro elements: add 2 ml of quarter strength stock per liter solution.

Iron in chelated form: add 2 ml of quarter strength stock per liter solution.
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Table B-4. For ammonium nitrogen at 52.5 ma L'1 solution.

EC= 2.21 dS m"1

pH= 4.5-5.5

Macro elements:
Stock fg L'1)

ml L'1 solution

Potassium Sulfate

26.1

20

Ammonium Phosphate

2.874

20

Ammonium Sulfate

10.725

20

Calcium Sulfate

42.5

20

Magnesium Sulfate

12.325

20

Micro elements: add 2 ml of quarter strength stock per liter solution.

Iron in chelated form: add 2 ml of quarter strength stock per liter solution.
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Table B-5. For ammonium nitrogen at 210 ma L'1 solution.

EC= 3.56 dS m'1

pH= 4.5-5.0

Macro elements:
Stock (q L1)

ml L'1 solution

Potassium Sulfate

26.1

20

Ammonium Phosphate

2.874

20

Ammonium Sulfate

47.85

20

Calcium Sulfate

42.5

20

Magnesium Sulfate

12.325

20

Micro elements: add 2 ml quarter strength stock per liter solution

Iron in chelatd form: add 2 ml quarter strength stock per liter solution.
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Table B-6.
Elemental concentrations in full, half and quarter strength Hoaaland's solutions.

Element (mg L'1): N

P

K

Ca

Mg

S

Full

210.0 31.0 234.0 180.0 48.6

64.0

Half

105.0 15.5 117.0 90.0

24.3

32.0

12.2

16.0

Quarter

52.5

NOg-at 1/2Na

52.5

N03- at 2Nb
NH4+ at 1/2N
NH4+ at 2N

a

: 52.5 mg N L'1

b

: 210 mg N L'1

7.74 58.5

45.0

15.5 117.0 250.0

210.0 15.5 117.0 250.0
52.5

24.3 106.0
24.3

16.0

15.5 117.0 250.0

24.3 190.0

210.0 15.5 117.0 250.0

24.3 280.0

Table B-7. Salinization of nutrient solutions

To half strength Hoagland's solution add the following (grams L"1):

EC:

0 dS m"1

10 dS rrf1

22 dS m*1

42 dS m"1

Solution
N03- 1/2N, NOg" 2N, and NH4+ 1/2N;
NaCI
CaCI2

0
0

49.5
9.4

119
22.66

254
48.24

0
0

45.35
8.6

114.5
21.7

249.35
47.35

NH4+ 2N;
NaCI
CaCI2

Sodium Adsorption Ratio (SAFfl of the solutions:

EC (dS m*1 ):

0

10

22

42

SAR
N03" 1/2N, N03" 2N,
and NH4+ at 1/2N:

NH4+ 2N:

0

0.44

1.07

2.28

0

0.41

1.03

2.24
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Appendix C

Tissue extraction procedures for amino acid and ion analysis.
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A.

Procedure for extraction of free amino acids (Cook and Bieleski, 1969):

1.

Grind a 1 to 2 gram sample of dry tissue using a mortar and pestle and
silica sand in 20 ml of cold Methanol/Chloroform/Water (MCW) in a
12/5/3 ratio.

2.

Centrifuge the homogenate at 500 rpm for 5 minutes and collect the
supernatant, then reextraxct the pellet with MCW for 5 more minutes.

3.

Centrifuge again and add the supernatant to that from the first extraction.

4.

Add 1 volume of chloroform and 1 volume of water to the MCW extract.

5.

The resulting two phase mixture is placed in a separatory funnel to
complete the separation of the two phases.

6.

Discard the chloroform layer (the bottom), and save the aqueous layer (the
top).

7.

Place the volume of combined extract in a 25 ml glass vial, place the vial
without the cover on in an oven set at 35 degree and leave to evaporate
dry.

8.

Resuspend in 2ml of methanol, place in oven again to evaporate dry.

9.

Place 2ml of methanol in the glass vials to resuspend the amino acids and
seal for analysis with the amino acid analyser.
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B.

Procedure for tissue ashing for ion analysis (Metson, 1972):

1.

Weigh a sample of ground tissue into a tared crucible.

2.

Place the crucible in a muffle furnace and heat at 500 degrees centigrade
for four hours.

3.

Remove and cool in a dessicator.

4.

Weigh the ash and crucible.

5.

Moisten with a few ml of distilled water and add 10 ml 6N H2S04+.

6.

Evaporate dry on a hot plate.

7.

Add 5 ml 6N H2S04+ and 20 ml water.

8.

Heat to dissolve salts.

9.

Filter into 100 ml volumetric flask.

10.

Dilute to 100 mL with distilled water and analyze with the atomic absorption
spectrophotometer.

Calculation of % ash =

(wt. crucible + ashri - wt. crucible
x 100
(wt. crucible + sample) - wt. crucible
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