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ABSTRACT
Salinity has become one of the major issues in turfgrass maintenance due to
limitations on use of fresh water for turfgrass irrigation. Usage of brackish and
reclaimed water cause damage to turfgrass and soil. Gypsum is widely used to
mitigate the salt injury. The application of Gypsum on sand based root-zone is
also noticed but the applicability of this was not initially designed for sand. The
goal of this research was to evaluate the affect of additional gypsum on warm
season turfgrasses under salinity stress. Poly-house and field experiment
were designed in 2012-2014 and evaluation was carried out on ‘“Zeon’ Zoysia
grass, ‘Platinum’ Seashore paspalum and ‘TifEagle’ bermuda grass. Cultivars
were established and salinity stress was imposed and application of gypsum
was carried out to evaluate the differences.

Significant differences were observed for salinity and grass genotypes.
turf quality, clipping yield, chlorophyll content decreased with increase in
salinity and was not correlated to gypsum. The evapo-transpiration and
electrolyte leakage were significantly reduced by gypsum application.
Indicating that Calcium can be used as an nutrition but not as a sand

amendment for salinity.
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Chapter 1. Salt Stress and Mitigation Literature Review
ABSTRACT

Salinity has been one of the important problems in turfgrass industry for
many reasons including the restriction to use fresh water for turfgrass
irrigation. The restrictions and unavailability of fresh water has encouraged the
turf managers to use brackish water, reclaimed or treated water for the
turfgrass management. The other reasons include various interactions like soll
properties, water quality, and location of the golf course.

Salinity is widely distributed among irrigated as well as non-irrigated
regions of the world. Soil salinity and water salinity are the two main reasons
behind salt stress in turfgrass. Soil salinity is due to cations like Na, Ca, K and
anions like Cl, Sos, HCo3. These cations breakdown soil and deflocculates soil
clay particles resulting in compaction and drainage problems resulting in
physiological problems in the turfgrass site. Salts in water influence the
Electrical Conductivity (EC) of the water, which causes salt stress by stripping
of cations from the cell wall of the turf. This problem is more common in sites
along the ocean as they frequently incur salt spray from the ocean.

In recent years, the golf putting greens and athletic fields are
constructed based on United States Golf Association (USGA) sand based
root-zone mix and California root-zone mix and these mixes has very few clay
content or organic matter in them. At any particular time the sand has limited
Cation Exchange Capacity (CEC). Any addition of ion to them will only replace

the already present ion in the exchange sites.



Salinity causes physiological drought due to compaction of the root-
zone. It also causes thinning of turf cover thereby reducing the turf quality.
Reduction in shoot growth is noticed and up to moderate salinity the root
growth increases and then declines at higher end of salt stress leading to
death of turfgrass.

The mitigation technique like application of gypsum is followed widely in
the turfgrass industry for salinity stress. The Ca in the gypsum replaces the Na
in the soil and results in flocculation of clay particles thereby improving the
infiltration of water in the root-zone. Even though this works on soil based root-
zones the applicability of this technique on sand based turf is unknown.

The goal of this research is to elucidate the physiological responses
such as electrolyte leakage, ion accumulation to salt and gypsum application.
Specifically, this project focuses on the turfgrass visual quality, performance

under salt stress, and after mitigation through gypsum application.



INTRODUCTION AND LITERATURE REVIEW

Urban development has increased the demand for fresh water supply
and this has prompted state as well as local government on restricting the use
of fresh water for turfgrass irrigation. The availability of potable water is
decreasing with the growth of population (Marcum, 1994). A 18-hole golf
course uses about 250,000 and 1,000,000 gallons of irrigation water per day
for maintaining the turf (Huck et al., 2000). Using waste water for irrigation
helps the turf managers to reduce the operating cost (Cuthbert and Hajnosz,
1999). As turfgrass sites are considered as suitable places for use of
alternative water source of irrigation. It resulted in use of brackish water, ocean
water, and treated water for the turf grass management (Dudeck et al., 1983).

In North America alone, 68,500 sg mi of area are affected by salt
(Carrow and Duncan, 1998). Turf managers face various issues due to use of
saline water like soil salinization, salt injury to turf, loss of soil structure due to
sodium, and bicarbonate effects (Marcum, 2006). Salinity may arise because
of one or various interactions which includes water quality, climate, soil
properties and irrigation water during evapotranspiration (Al-Harbi et al.,
1992).

Salinity is one of the widely distributed abiotic stress in irrigated as well
as non-irrigated areas of the world (Ashraf et al., 2008). Thus, the salinity can
be classified as (a) soil salinity and (b) water salinity. Soil salinity is due to
cations like Na+, Ca2+, K+, and anions like CI-, So042, CO32, HCOs". High

sodium content in comparison to calcium in soil deflocculates the clay particles



which results in poor drainage and reduced soil structure (Marcum, 1994).
Salts in soil solution can induce physiological drought and hinder or reduce the
water uptake by turfgrass. The salts in water influence the Electrical
Conductivity (EC) of the irrigation water. Irrigation water containing soluble
salts of about 480 parts per million or 0.75 deciSiemens/meter (dS/m) can
cause salt stress to the turf (Carrow and Duncan, 2004). The golf courses
established near the coastlines are exposed to salt water with high EC. Thus,
the damage due to salt spray in turfgrass has increased (Carrow and Duncan,
1998). Resulting in the development of salt tolerant turfgrass in recent years,
specifically halophytic grasses allowing the use of saline water or reclaimed
water in a broad way (Duncan et al., 2009).

Salinity in Turfgrass

Golf course greens and athletic fields are constructed based on United
States Golf association (USGA), using sandy rootzone mix (Snow, 1993).
Christians (1990) found that these sands may be calcareous or silica based
having Cation Exchange Capacity (CEC) of 1 to 6 cmol/kg. Although
calcareous sand contains 10 to 40% free CaCos by weight it is far greater than
what the silica based sand.

United States Salinity Laboratory (USSL), classifies salt affected sites
as: saline, sodic, and, saline-sodic. Soil with high soluble salts are categorized
under saline soil. The sodic soil has high exchangeable sodium (Na) and
saline-sodic soil has both soluble salts as well as exchangeable sodium at

greater quantity.



Carrow and Duncan (1998) reported white alkali soils or saline soils
with EC of 4 dS m-' and Sodium Absorption Ratio (SAR) less than 12. SAR is
the measure of sodium ions in relation to calcium and magnesium ions. It
represents the sodium status of the soil as it is most harmful to the plants and
soil. Sodic soils has high quantity of sodium resulting in deflocculation of clay
particles in the soil. These soil have SAR = 12 and EC less than 4 dS m-1. The
saline-sodic soil has EC greater than 4 dS m' and SAR = 12. They affect the
plants by creating osmotic stress and reducing the water uptake by plants
through roots (Carrow and Duncan, 1998).

The major salt contributing to soil salinity is Sodium chloride (NaCl)
(Jungklang et al., 2003). Salt affected sites has greater exchangeable Na, high
level of soluble salts, or both. Rubinigg et al. (2003) reported that high NaCl, in
saline soil and irrigated water suppressed the uptake of essential cations and
anions. High salt content is also responsible for ion toxicities and ion
imbalance leading to nutritional problems.

St. John and Christians (2010) demonstrated the difficulties in obtaining
‘ideal-ratio’ of cations in sand-based media with low-CEC. The Basic Cation
Saturation Ratio (BCSR) theory which states that “ there is an ‘ideal-ratio’ of
the basic cations Ca, Mg, and K, and when the ratio is not ideal, fertilizer
application must be made to promote the plant health”. Graham (1959) further
included a range of ideal equivalent percentages, Ca 65-85%, Mg 6-12%, and
K 2-5%. According to Nelson (1991) any excess addition of cation to a sand-

based media may shift the concentration of other cations in the sand. This is



known as nutrient antagonism. Thus, at any particular time there will be limited
number of cations that each sand can hold. Hence the percentage of each
ions on the exchange complex will change frequently (St. John et al., 2001).

Addition of a cation and its affect on other cation is noticed only when
the cation ratio is small. As St. John et al. (2001) reported that the affect of Ca
fertilization on Mg was not noticed on silica sand compared to calcareous
sand, as silica sand had larger Mg to Ca ratio. Spencer (1954) said that the K
mobility in sands is high compared to Ca and Mg. They often tend to leach out
through the root-zone (Lodge and Lawson, 1993) resulting in multiple K
application ( Carrow et al., 2001). Literature shows contradicting results for
cation application and turfgrass performance in both calcareous and silica
sand (Turner and Hummel, 1992).
Salinity Affects on Turfgrass

The ions causing toxicity problems are Na, Cl, and B. Irrigation water
with high Na strips Ca from the shoots. The shoot cell wall are negative in
charge resulting in CEC sites having Ca. The Na in water displaces the Ca in
the plasma membrane and the turgor pressure is lost. It results in leakage of K
from the cell and the osmotic adjustment potential is lost. The increased
salinity exposure leads to calcium deficiency, exhibiting yellowing of the older
leaves in turfgrass (Carrow and Duncan, 2011).

Routine mowing removes the accumulated ions in the turf canopy.
Thereby, reducing the risk of salt injury. Root cells bind Ca to CEC sites of the

root cell wall. It results in competition between Ca and Na for the cell wall



exchange site causing root damage through cell wall deterioration around root
tips (Carrow and Duncan; Best Management Practices for Saline and Sodic
Turfgrass Soils: Assessment and reclamation, CRC press, USA 2011).

Much research is conducted on the physiological response of turfgrass
to increased salinity and literature is available. The thinning of turf canopy is
often noticed under salinity stress. Some halophytic grasses show increased
root growth under low salinity stress (Marcum and Murdoch, 1994). Harivandi
(2004) states that irrigation water with high levels of sodium causes damage to
leaves when absorbed by leaves resulting in fertilizer burn. Wu et al. (1999)
also found that overhead irrigation with salt water resulted in significant
damage to the turf when compared to hydroponic system with same salt
concentration.

Koch and Bonos (2011) evaluated the salinity tolerance screening
methods: an overhead irrigation greenhouse method, hydroponics system,
and field screening method for cool-season turfgrasses. The field screening
method had lower percent green value compared to hydroponic system.
Significant correlation was found between the two greenhouse methods for dry
clipping, root, and shoot weight. Out of the three screening methods the field
method had lower reliability compared to other methods due to the
unpredictable conditions. Nevertheless, it is beneficial as it represents the true

challenge faced by the turfgrass in real growing environment.



Plant Response to Salinity

Plants have different mechanism to tolerate salinity. These include
increased root growth, ion exclusion, osmotic adjustment,
compartmentalization, glandular secretion and formation of compatible
osmolytes (Marcum, 2008a). Removing salt from shoot tissue through different
means is associated with overall salinity tolerance (Qian et al., 2001). Thus,
the ability to exclude Na and CI has been used to classify the cultivars based
on salinity tolerance. The excretion glands are found in the abaxial as well as
adaxial surfaces of the leaves (Marcum, 1999). Salt gland density and
excretion rates are found to have direct correlation with the salinity tolerance
of the turf grass cultivars (Marcum and Murdoch, 1994). Marcum and Pessarkli
(2006) found that the ion secretion was correlated with intra specific salinity
tolerance of Zoysia and Bermuda grass cultivars.

Salinity stress results in physiological drought and to overcome this the
turfgrass produces osmolytes for osmotic adjustment, thereby regulating the
osmolarity of cell cytoplasm to prevent the loss of water (Hellebust, 1976). The
imbalance created in plant due to high Na+ ion concentration is overcome by
maintaining a high K+/Na+ ratio (Marcum and Murdoch, 1990a). Examples of
compatible solutes in plants include glycinebetaine, proline, trigonelline,
polyols, and cyclitols (Gorham, 1996).

Flowers (1985) found that turfgrass accumulate the harmful ions in
vacuoles which accounts for more than 90% of the plant cell. This helps in

preventing the potential damage that the ions would cause to the proper



functioning of the plant. Studies have found that root growth is stimulated
under moderate salinity stress. The roots are responsible for water uptake and
the water transpired by the root tissue. Thus, an increase in root/shoot ratio
takes place with respect to the osmotic stress caused by the high salinity
(Dudeck et al., 1983; Gorham et al., 1985). The grass species such as
bermuda grass (Cynodon spp.) (Dudeck et al., 1983), seashore paspalum
(Paspalum vaginatum Sw.) (Dudeck and Peacock, 1985a), Manila (Zoysia
matrella (L.) Merr.) (Marcum and Murdoch, 1990a) have shown significantly
higher root growth compared to the control plants under salinity stress. But in
high salt conditions, reduction in root growth have been observed.

Salinity response of Bermuda Grass (Cynodon spp. Rich.)

Bermuda grass widely used warm season turfgrass in the world. They
are sterile triploid, fine textured grasses used for golf courses. Tifdwarf and
Tifgreen were most salt tolerant and shoot growth reduced by 22 % and root
growth increased by 270% at the highest salt level. Regression analysis within
cultivars increased Na and decreased K while total Na plus K in top growth
was un-affecetd by salt concentration (Dudeck et al., 1983). Ackerson and
young (1975) found 50% top growth reduction relative to control in cv. Santa
Ana when exposed to 160 meqL-' of a 50/50 mix of NaCl and Cacl2 for 6
weeks. Marcum and Murdoch (1994) reported that the bermuda grass cv.
Tifway (Cynodon dactylon x C. transvaalensis Burtt-Davey) showed
intermediate tolerance to salinity with reduction in 50% shoot growth at

270mM salinity. The salinity tolerance was achieved by excluding the Na+ and
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Cl- ions from the shoots with the aid of salt glands, a common trait in the
grasses of the subfamily Chloridoideae (manila grass, bermuda grass, and
Japanese lawngrass).

A field experiment by Pasternak et al., (1993) showed that the bermuda
grass cv. Suwannee is more salt tolerant than seashore paspalum at Eciw of
14dSm-1. Also two bermuda grass selections from Oahu, Hawai, were more
tolerant than Tifgreen (Marcum and Murdoch, 1990b). In an another study by
Loch et al. (2010) the salinity tolerance of C. dactylon cultivars overlapped with
that of S. secundatum group. Dudeck et al. (1983) studied the effect of sodium
chloride on Cynodon turfgrasses and found that the top growth decreased with
increasing salinity but the root growth increased by 270% at highest salt level
of 9.9 dSm-1. The cultivars differed in their response when salinity was
increased up to 32.5 dSm-1 , ‘Tifgreen’ and ‘Tifdwarf’ were most tolerant
compared to ‘Common’ and ‘Ormond’ which were most sensitive. ‘Tifeagle’
had lower turf quality (6.1) compared to ‘Champion’ (6.9) at 12.90 dSm-1 after
10 weeks of application (Bauerle and Toler, 2006). Cynodon dactylon (satiri)
suffered a 50% shoot and root growth reduction at 30.9 and 33.4 respectively
(Uddin et al., 2012).

Al-Khalifah (2004) studied the response of bermudagrass cultivars
‘Tifway’ and ‘Tifgreen’ at two salinity levels (4.6 and 10.72 dSm-1). ‘Tifway’
produced higher amount of biomass at high salinity and appeared to tolerate
the increased salt concentration in the soil. Bermuda grass showed good turf

quality with respect to color when compared with Zoysia and St. Augustine
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under similar salinity conditions in a greenhouse. Pessarakli et al. (2008)
found that the canopy color changed to lighter green for bermudagrass as
salinity stress increased from 7000 to 21000 mg/L NaCl. Marcum and
Pessarakli (2006) found that salinity tolerance in bermudagrass turf cultivars
were based on salt glands excretion rate, which are present in both abaxial
and adaxial surfaces of all the cultivars. The 50% shoot weight reduction of
different cultivars ranged from 26-40 dS m-'. Thus, Bermuda has wide range of
cultivars tolerating various salt regimes hence it is wise to evaluate them up to
sea water level, Ecw = 54 dS m-! or 34,560 mg/L (Duncan and Carrow, 1999).
Salinity response of Zoysia Grass (Zoysia spp.)

Zoysia grass consists of several species which are separated based on
texture and cold tolerance: Japanese lawn grass (Zoysia japonica Steud.),
Manila grass (Zoysia matrella [L.] Merr.), and Mascarene grass (Zoysia
tenuifolia Willd. ex Trin.) that are being used as turfgrass (Murray and
Engelke, 1983). Harivandi et al. (1992) classified zoysia grass as salt tolerant
compared to other turfgrasses tolerating up to 16 dSm-'. Emerald hybrid
zoysia grass is found to me more salt tolerant than most of the warm season
turfgrasses (Dudeck and Peacock, 1985). Salinity tolerance is measured using
the 50% growth reduction in shoots. Uddin et al. (2011) conducted salt
tolerance studies on various turfgrass and the result indicated that Zoysia
japonica suffered from 50% shoot growth reduction at 36 dSm-! and root
growth reduction at 44.9 dSm-1, which were higher than St. Augustine,

bermudagrass, bahiagrass, pearl blue, and serangoon grass.
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In decreasing order of salinity tolerance Emerald> FSP-3 seashore
paspalum > Tifway bermudagrass>FSP-1 seashore paspalum>bermuda grass
cv. Tifway II> Floralawn St. Augustine grass>Common centipede
grass>Argentina bahia grass (Dudeck and Peacock, 1985). Marcum and
Murdoch (1994) found that 50% reduction in shoot dry weight was higher for
Japanese lawn grass compared to Manilla grass grown in solution culture up
to 12 dSm-1. Sharon et al. (1998) reported that the percent relative leaf firing
varies between 19-80% at 400mM NaCl for the various species of Zoysia
grass. Thus, indicating a wide range of salinity tolerance. The salinity
tolerance between two zoysia grass species was related to shoot Na+ and ClI-
exclusion, due to variation in salt secretion from leaf salt glands (Marcum and
Murdoch, 1990b).

Marcum et al. (1998) found that Japanese lawn grass cv. Meyer to be
equivalent to bermuda grass cv. Arizona Common in salinity tolerance. Z.
koreana was found to be most salt tolerant, followed by Z. sinica, Z. matrella,
and Z. japonica . Among Fifty-nine zoysia grass species evaluated for salt
tolerance in solution culture by Marcum et al. (1998), Diamond Manila grass
was found to be most tolerant and superior to El Toro, Belair, Meyer, Emerald
zoysia hybrid grass, and Korean common Japanese lawn grass.

Salinity response of Seashore paspalum (Paspalum vaginatum Swartz)

It is a perennial warm season turfgrass, and native of tropical and sub-
tropical regions (Turgeon, 2011). Among the C4 grasses used as turf,

seashore paspalum is the most salt tolerant up to 20 dS m-1 (Carrow et al.,
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2001). Henry et al. (1979) found paspalum cultivars to survive in soils with Ece
of 45dS m-1. A variation in salinity tolerance of seashore paspalum accessions
were noted by Pasternak et al. (1993), where bermuda grass cv. Suwannee
performed better than paspalum. Similarly, Dudeck and Peacock (1985a)
found Emerald Zoysiagrass hybrid to be more salt tolerant in comparison to
FSP-1 and FSP-3. FSP-1 was most salt tolerant, with 50% shoot growth
reduction at EC 28.6 dS m-1, followed by Futurf and FSP-2, and Adalayd.

Shahba et al. (2012) studied salinity affects on salam, Excalibur, and
Adalayd cultivars at different mowing heights and reported that Salam had
higher clipping yield and greater photosynthetic rate(Pn) compared to other
two cultivars. The total nonstructural carbohydrate (TNC) content decreased
while reducing sugar content (RSC) and proline increased with salinity. At
highest mowing level, the root mass increased from 150 to 200 % for Saalam,
Excalibur and Adalayd with increase in salinity from 0 to 44 dSm-1. As Salinity
level increased the proline level increased up to 400%. Paspalum had highest
K/Na selectivity at 45mm height. Increased mowing height increased salinity
tolerance.

Irrigating ‘SeaDwarf’ seashore paspalum with non potable water of
salinity ranging from 0.52 to 49.40 dSm-1 showed that the turf quality was
better for pots irrigated with lower levels of salinity (Berndt, 2007). Shoot and
root lengths and shoot dry matter weights decreased slowly with increased
salinity. The canopy color changed to lighter green as salinity increased from

0-21000mg/L NaCl (Pessarakli et al., 2008).
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The cultivars Aloha and SeaDwarf of Seashore paspalum under
hydroponic condition did not show any symptom of stress up to 15,000 mg/L
NaCl salinity level but with increasing salinity the shoot and root growth
reduced. Also the visual quality deterred and dry matter production was less
but they substantially reduced the salinity level of the culture rhizosphere
(Pessarakli and McMillan, 2014). The turf quality, relative water content, and
leaf photochemical efficiency decreased and electrolyte leakage increased
when the paspalum grass was exposed to salt regimes of 300 and 500 mM
(Liu et al., 2011). Hawaii selection showed 50% shoot growth reduction at 400
mM salinity (Marcum and Murdoch, 1994). This indicates a wide range of
salinity tolerance in seashore paspalum cultivars.

Nutrient Use On Salt Affected Site

Carrow et al. (1998) in his book Salt-affected turfgrass sites:
assessment and management explains that excessive Na reduces soil
permeability and effects the growth of turf grass, the Na in the soil or irrigation
water will require that chemical amendments to be used to add Ca as a
replacement ion to the soil. Any salt effected soil with high Na will need
amendment treatment to provide Ca to the soil. The most common chemicals
added to increase the ratio of Ca to Na are gypsum, elemental S, or sulphuric
acid.

Gypsum is widely used in sodic and saline-sodic amendment to
improve the plant growth by reducing the sodium concentration and the

exchangeable sodium percentage (ESP) of the soil, and by improving soil
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water movement and aeration (Carrow et al.,2001). It is found in the form of
dehydrate, hemihydrate, anhydrite, phospho-gypsum or flue gas
desulfurization gypsum. The solubility of gypsum depends upon the crystal
size. Addition of gypsum (CaSOs) allows the Ca+** to release and replace the
soil-bound Na+. The released Na+is leached out as Na=SOj4, and the soil tends
to granulate due to flocculation (fluffing up and colloidally glued together on
the microscopic level) with more Ca*+ on the exchange sites. This granulated
condition improves soil structure, and soil is then less prone to compaction.
Frequently, application of gypsum is specified for turfgrass grown in
native sand or sand based greens, even though such technology was not
developed for use in sand soils. When soil test results show high sodium
levels it increases the concern regarding the fact that that the soil is not sodic
(15% or more of the cation exchange capacity occupied by Na), or saline
(conductivity of saturation extract>4dS m-1). When treated with gypsum on
sand based turf grass it did not affect pH, or extractable Ca, P or K. It in turn
reduced the Mg content in the soil. The gypsum application did not affect the
SAR or extractable Na. When continuously applied Gypsum produced minor
changes in the soil total pore space, Micropore space and in water holding
capacity. George et al. (2004) stated that repeated application of gypsum at
sand based burmudagrass did not affect the growth or soil physical properties,
even though appreciable Na was supplied in the irrigation water. For these
Non sodic sand soils, Na did not adversely affect the grass performance, and

the use of gypsum appeared to be unwarranted.
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Sand based atheletic fields and golf course greens may contain large
amount of Calcium carbonate. Calcium is frequently applied on those fields
when irrigated with salt water. Treatments include application of different forms
of calcium. Numerous studies conducted on sand based turfgrass
demonstrated that additional Ca application were not needed (St.John et al.,
2001). Even crops grown on quartz sand culture has shown that Ca
fertilization can increase leaf Ca content without improving the health, growth
and color( Spiers,1993; Spiers and Braswell,1994). Therefore we can
conclude that sand has very small CEC, limiting the number of cations it can
hold at any one time. Hence the percentage of each ion on the exchange
complex can change. Adding an excess cation to any sand based medium will
shift the concentration of other cations. This competition for exchange of sites
cause the Mg deficiency in the leaf. The reduced saturation percentages and
soil-exchangeable concentrations of Mg and K could eventually cause plant
deficiencies. Many studies have concluded that maintaing the minimum critical
level Ca and Mg is more important (Saratin,1985). Hence the study regarding
the use of nutrients in sand based turf grass is essential. As the media doesn’t
have any significant clay but during the growth of the plants and in the
rootzone the accumulation of organic content increase and the exact value of
nutrient to be applied is not determined. Further studies are required to study
the effects of regular nutrient application in the sand based turf grass and to
estimate the new or technical assistance required to tackle the high salt

content in the sand based turf.
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Thesis Objectives

Nutrient (Salt mitigation) use on sand based putting greens and athletic
fields irrigated with saline or brackish water has been followed for some time;
yet a clear understanding of how the gypsum affects the turfgrass
performance, quality and root zone is lacking. There is need to study the
performance to justify the widespread adoption of this method of salt mitigation
in the turfgrass industry. The fundamental studies were performed in growth
chamber and greenhouse conditions to evaluate the salinity stress affects on
turfgrass physiological response to mitigation practice.

The second core research goal was to understand how the calcium
application effects whole plant physiology under open field experiment.
Specifically, common turfgrass quality parameters were evaluated. Turfgrass
electrolyte leakage, TNC, proline, phenol, and cation concentration in shoot as
well as soil were evaluated to develop best management practices for

turfgrass under salinity stress.
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Chapter Two: Calcium effects on water consumption, clipping yield and
quality of turfgrass under different salinity levels
ABSTRACT
Turfgrass performance under salt stress is studied world wide and

mitigation techniques are suggested to alleviate compaction and other
problems caused by salt. Calcium application is one of those mitigation
techniques that is widely being used in the turf industry. Field observations and
trade reports suggest that calcium or gypsum is used on pure sand based root
zone, for which this mitigation system was not designed. The effect of calcium
on turfgrass grown in sand, irrigated with sodium rich water have not been
evaluated scientifically. Pot studies were conducted on ‘TifEagle’
bermudagrass, ‘Zeon’ zoysiagrass , ‘Platinum’ seashore paspalum under salt
stress condition. Salt concentrations of 0.0, 10.0 and 20.0 dS m-' was used
and calcium (gypsum) application of 0.0, 11.0 and 22.0 g Ca m-2 was done at
biweekly intervals, to asses the affect of calcium on clipping yield, turf quality
and water consumption of turfgrasses under salinity stress. This study was a
completely randomized design with factorial arrangements, each treatment
was replicated four times. Data on clipping yield, water consumption, and turf
quality was measured and means were compared using LSD test at 5% level.
Regression analysis indicated that salinity had significant affect on turf quality
(TQ), Platinum and Zeon had greater TQ (7.29 and 7.19) compared to

TifEagle (6.84).
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For increasing salinity level from 0 to 20 dS m-! the clipping weight for
genotypes decreased in the order of Zeon> Platinum> TifEagle. The values of
evapotranspiration (ET) decreased from 0.78 mm, 0.62 mm and 0.39 mm for
Platinum> TifEagle> Zeon for gypsum application of 0 to 22 g Ca m2 on
grasses. ET decreased significantly with increase in gypsum application @
11.0 g Cam-2and 22 g Ca m2 by 0.61 mm and 0.53 mm.
INTRODUCTION

Clipping yield is an important measurement to evaluate the
performance or growth of grass and can be influenced by mowing practices,
grass selection, fertilization, and water management (Marcum and Murdoch,
1990a). Some grasses, due to their innate ability are able to tolerate some
level of stress beyond which the reduction in clipping yield takes place (Carrow
and Duncan, 1998). The major stress faced by turfgrasses around the world
include salt stress and drought stress. Turfgrasses can tolerate up to some
level of stress and that is called as threshold of the turfgrass. Turfgrasses
show reduction in clipping yield and to mitigate the loss calcium is applied to
grasses. The effect of calcium on clipping yield is not studied thoroughly and
very little literature is available. Although calcium addition to Kentucky blue
grass on calcareous sand did not increase clipping yield, it increased clipping
yield by 15% for creeping bentgrass (John et al., 2001). When gypsum applied
to creeping bentgrass grown on silica sand, the clipping yield increased by
32-52 % (John et al., 2001). On an average the grasses grown on silica sand

produced more dry clippings when compared to grasses grown on calcareous
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sand with additional calcium treatments. Under salt stress the clipping yield
decreased with increasing salinity (Shahba et al., 2012). The decrease in plant
biomass is due to low water potential, specific ion toxicity (Greenway and
Munns, 1980). Turf quality is a major component of aesthetic quality.
Traditionally turf quality have been evaluated based on visual ratings , on a
scale of 1 t0 9. Yellow to brown representing 1 and 9 representing good turf
(Karcher and Richardson, 2003). Literature suggests that turf quality decrease
is inversely proportional to salinity for most of the turfgrasses and quality plays
an important role to asses the performance of grass under stress. A study by
John et al. (2001) reported that additional Ca to grasses grown on silica sand
is beneficial. The effect of calcium on turf quality with salinity problem were not
studied briefly.

The goal of this project was to evaluate the calcium effect on clipping
yield, water consumption, and its influence on turf quality. The first objective
was to determine if calcium improves the turf quality and clipping yield of the
turfgrasses. The additional objective were to determine how salinity and
calcium affects water consumption by the grass. Finally interactive effects of
calcium application and salt applied on turfgrasses were evaluated.

MATERIALS AND METHODS
Experiment Description

This study was conducted in Guterman green house, growth chamber

facility and poly-house facility at the Cornell University, Bluegrass Lane Turf

and Landscape Research center in Ithaca, NY initiated in 2012. Three different
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warm season salt tolerant turf grass ‘TifEagle’ Bermudagrass, ‘Zeon’
Zoysiagrass and ‘Platinum’ Seashore paspalum grass were selected for their
excellent turf quality, salt tolerance, and difference in salt tolerance
mechanism. They were vegetatively propagated from plugs. After removing
soil from roots by hand washing using ‘Calgon’, the grass plugs were
transplanted to cylinder type lysimeter pots (46 x 10 cm) constructed from
polyvinyl chloride pipe (PVC), fitted with base. A small opening was made near
the base for drainage purpose. Pea gravel (3 to 6 mm diameter) were put up
to 0.5 cm at the bottom of the pots for drainage purpose. To ensure that the
pots are uniformly packed with sand, the process was divided into two parts.
First the pots were fully filled with the sand and was wetted than allowed to
settle down. After that the next portion of sand was added and the pots were
saturated and allowed to drain for 24 hours before planting. The sand used
was ‘disney sand’ as it is an inert material and doesn’t have any salt to
interfere with the study.

The pots were initially grown in Gutermann green house growth
chamber facility under 80°F/70°F day/night temperature and 400 ppm N ( 3
times a week). Full density canopy was achieved in 8 weeks for ‘Platinum’ and
‘TifEagle’ but the “Zeon’ had to be grown under 85°F/80°F day/night
temperatures and 600 ppm N to achieve good density. The grass were clipped
4-5 times a week and watered twice a day with regular tap water. Occurrence

of sucking pests were taken care by yellow sticky trap. Once the grasses were
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fully grown they were transferred to ‘Bluegrass Lane Turf and Landscape
Research Center’, Cornell University.
Experimental Design

The experimental design is a randomized complete block design with 3
grasses, salt, and gypsum treatments and 4 replications. Salt treatments
include salinity level of 10 dS/m, 20 dS/m and non treated control. Gypsum
treatments are 0, 11, and 22 g Ca /m2. The Irrigation water of different
salinities were prepared by adding synthetic sea salt (Instant Ocean) to
distilled water to obtain desired Electrical conductivity (EC) of 10 and 20 dS/m.
Before salinity treatment ET was calculated by irrigating the pot, till the water
was running from the drainage hole. After 12 hours the drainage was blocked
since we want to accumulate the salt to see the affect. Based on the ET loss
the pots were irrigated with salt water and 150 ppm N will be applied every two
days along with irrigation water. To reduce the salt shock the EC was gradually
increased every two days from 2, 4, 8, 10,15 and 20 respectively during first
week and than grown under full salt conditions for one week and the top
growth was clipped. After second week mitigation was applied to the pots by
adding gypsum once in two weeks.

Irrigation was applied after calculating the weight loss through
evapotranspiration using load cells, to measure the difference in weight.
Gypsum was applied to pots by dissolving it in distilled water and using hand
held pressure sprayer (2 Lit.) and walking around the treatments to apply

uniform spray.
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Data Collection

Turf quality ratings was recorded weekly based on color, texture,
uniformity, and density of the surface. Quality was visually evaluated from 1-9,
1= brown dead turf, 7= acceptable turf, 9= ideal turf. Clippings were collected
on weekly basis by placing the pots on a large cardboard sheet and cutting the
top growth above the pot rim by using Black and Decker clippers. Clippings
were then collected from the sheet into a paper bag and oven dried at 65°C for
24h and dry weight was taken.

The water used for plant growth was calculated by measuring the
lysimeter pots using load cells. Initially the pots were saturated 100% and
allowed to drain for 12 hours. Then bottom drainage slot was blocked using
ear plugs and initial weight was taken. Thereafter based on the reduction in
weight (initial weight - present weight) the water was applied to the plots using

‘Dispensette’ for precise application of salt treatments.

Statistical Analysis

All the data obtained will be subjected to analysis of variance or
regression analysis in JMP 10 (Version 10.0.1, SAS Institute, Cary, NC). The
main effect of grass, salt and gypsum, and all interactions were examined.
Non-significant terms were systematically removed from each model. Means

were separated with Fisher’s LSD (a=0.05) when appropriate.
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RESULT AND DISCUSSION

Turf quality (TQ) was found to be influenced by the salinity regime and
grass genotype is presented in Table. 2.1. The averages of TQ were 8.35 for
control and 6.93, 6.04 for salinity regimes. Salinity had significant effect on
clipping yield (p<0.0001). The overall TQ remained above acceptable level 6
for all the grass genotypes. The genotype ‘Zeon’ and ‘TifEagle’ exhibited
significant difference among them while ‘Platinum’ did not exhibit any
significant difference with ‘Zeon’. The highest overall mean was shown by
‘Platinum’ (7.29) genotype followed by ‘Zeon’ (7.19) and ‘TifEagle’ (6.84). Over
the course of five week study TQ changed due to salinity stress and genotype
and can be seen in Figure 2.1 also no interaction effect was found between
gypsum and grass at the conclusion of the study.

The results suggested that use of gypsum did not account for increase
or decrease in TQ of the grass genotypes under salt stress. Similar results
were found by St.John et al. (2001) on creeping bentgrass and Kentucky
bluegrass. TifEagle showed acceptable TQ under salinity stress (Shahba,
2010) and Platinum and Zeon showed greater TQ compared to hybrid
bermudagrass (Dudeck et al., 1983; Sharon et al., 1998).

Clipping yield was determined on weekly basis by drying the clippings
for 24h at 65°C. Grass and salinity significantly influenced the clipping yield of
the grass genotypes during the study period. Salinity treatments significantly
(p<0.0001) resulted in an average clipping weight of 0.019 g cm-2 for 10 dS

m-" and 0.016 g cm-2 for 20 dS m-' compared to control salinity 0.026 g cm-.
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Average clipping yield for ‘Zeon’ was 0.030 g cm-2compared to 0.025 and
0.024 g cm-2for ‘Platinum’ and ‘TifEagle’ (Table 2.2). Also a significant
turfgrass species*salinity level interaction was noticed in the study (Figure
2.2). Reduction in biomass production of grass genotypes under salinity stress
is more obvious (Pessarakli and Touchane, 2006). The decrease may be due
to ion toxicity or imbalance, water potential difference and lower accumulation
of carbon products ( Greenway and Munns, 1980; Munns and Termatt, 1986).
At higher salinity growth limitation can also be due to depletion of energy and
loss of torgor (Marcum, 2006).

Gypsum treatment did not show any effect on the clipping yield of the
grass genotypes. ‘Zeon’ exhibited higher clipping yield compared to ‘TifEagle’
and ‘Platinum’ at the conclusion of the study. Literature on vegetable research
suggest that external application of calcium help to improve Ca content in
leaves (Spiers, 1993; Spiers and Braswell, 1994) but did not improve color,
plant health or quality by increased Ca. In contrast, the clipping yield was
found to be improved under external Ca application for grasses grown on silica
sand (St.John et al., 2001).

Evapotranspiration (ET) was determined weekly based on the average
of the week during the study period. ET was influenced by salinity and gypsum
on grass genotypes. Salinity levels significantly affected the ET (p<0.0001);
control had the highest ET of 0.80 mm followed by 10 dS m-! and 20 dS m-1 at
0.58 mm and 0.41 mm respectively (Table 2.3). There was no difference

between the control gypsum treatment (0.65 mm) and 11 g Ca m-2 (0.61 mm).
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However, gypsum applied @ 22 g Ca m-2 showed significant difference (0.53
mm) from other treatments. Among the genotypes all the grasses showed
significant differences (p<0.001), ‘Platinum’ recorded the highest ET of 0.78
mm followed by ‘TifEagle’ and ‘Zeon’ (Figure 2.3).

Sand has very low Cation Exchange Capacity (CEC), thereby limiting
the amount of cations that they can hold at any time (Nelson, 1991). This
suggests the significance of gypsum application on ET of the grass types in
the study (Figure 2.4). Due to higher osmotic potential in the root zone the
grass genotypes were unable to uptake the water. Thus reducing the water
use with increase in salinity levels during the course of the study.

CONCLUSIONS

The examination of mitigation has been conducted in common warm
season turfgrasses under salinity stress. Foliar application of gypsum did not
show any significant effect on turf quality and clipping yield during the study
period. However, ET showed significant difference for gypsum application to
the grass genotypes. Platinum showed greater TQ (Marcum and Pessarakli,
2006) and ET values under salinity stress indicating that the genotype is able
to perform well under high salinity level compared to other grass genotypes in
the study. It was interesting to note that ‘Zeon’ had higher clipping yield
production under salinity stress compared to TifEagle and Platinum. However,
no significant difference was noticed in clipping weight performance for
Platinum and TifEagle but both these genotype showed significant decrease in

the TQ in the study. It is possible that Zeon was able to produce greater
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clipping yield under salinity stress with reduced TQ. Future research
examining the performance of Zeon under various salt concentrations needs
to be determined.

Among the interaction grass*salt showed significant difference for ET in
the study. Although control and 11.0 g Ca m-2 application did not show any
significant difference for ET between them. This might be because the
additional gypsum did not affect the soil CEC thereby showing no significance.
But gypsum applied @ 22.0 g Ca m2, there was significant change in ET for
the grasses in the study. The ET reduced with increase in gypsum application
as Ca from the treatment occupied the CEC of the sites. Which increased the
osmotic potential of grass root zone to be higher compared to the osmotic
potential inside the roots resulting in lower uptake of water by the

grasses.
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TABLES AND FIGURES

Table 2.1. Turf quality of ‘Zeon’ zoysiagrass, ‘TifEagle’ bermudagrass
and ‘Platinum’ seashore paspalum as influenced by salinity regime,
gypsum regime, genotype at the end of study period.

Main effects Turf quality
Salinity (S) (dS/m)
Control 8.35a
10 6.93b
20 6.04c

Gypsum Regime (g Ca /m2)

Control 7.18a
11g 7.08a
22 g 7.05a
Genotype(G)
Platinum 7.29a
Zeon 7.19a
TifEagle 6.84b
ANOVA
Grass e
Salt i
Grass*Salt e

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

** Significant at the 0.001 probability level

T Within columns, means followed by the same letter are not significantly different according to LSD
(0.05).




Table 2.2. Evapotranspiration of ‘Zeon’ zoysiagrass, ‘TifEagle’
bermudagrass and ‘Platinum’ seashore paspalum as influenced by
salinity regime, gypsum regime, genotype at the end of study period.
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Main effects Evapotranspiration (mm)
Salinity (S) (dS/m)
Control 0.80a
10 0.58b
20 0.41c
Gypsum Regime (g Ca /m2)
Control 0.65a
11g 0.61a
22 g 0.53b
Genotype(G)
Platinum 0.78a
Zeon 0.39b
TifEagle 0.62c
ANOVA
Grass e
Salt o
Gypsum i
Grass*Salt **

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

*** Significant at the 0.001 probability level

1 Within columns, means followed by the same letter are not significantly different according to LSD
(0.05).




Table 2.3. Clipping weight of ‘Zeon’ zoysiagrass, ‘TifEagle’ bermudagrass
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and ‘Platinum’ seashore paspalum as influenced by salinity regime, gypsum
regime, genotype at the end of study period.

Main effects

Clipping yield (g/cm?)

Salinity (S) (dS/m)

Control 0.026a
10 0.019b
20 0.016b
Gypsum Regime (g Ca /m2)
Control 0.021NS
11g 0.020
22 g 0.021
Genotype(G)
Zeon 0.030a
Platinum 0.025b
TifEagle 0.024b
ANOVA
Grass **
Salt ok
Grass*Salt **

(0.05).

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

*** Significant at the 0.001 probability level

T Within columns, means followed by the same letter are not significantly different according to LSD
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Chapter Three: Effect of salinity and gypsum mitigation on warm-season
turfgrasses
ABSTRACT

Salinity have been a major issue world wide for turfgrass manager who
use effluent or reclaimed water for irrigation on turfgrass or in areas with
natural sodic soils. It is essential to identify warm-season turfgrasses with
increased salinity tolerance and to identify mitigation techniques applied to salt
affected turfgrass sites, especially for sand based golf greens and athletic
fields. A field screening method utilizing overhead irrigation was developed in
India to mimic the challenges caused by saline water and for applying gypsum
as a mitigation technique in the field. Zoysiagrass(Zoysia matrella),
bermudagrass (Cynodon dactylon x Cynodon transvaalensis) and seashore
paspalum (Paspalum vaginatum. Swartz) were planted in a sand rootzone
arranged in a randomized complete block design with 3 replications and were
irrigated with salt water (EC= 5, 10 and 15 dS m-') and followed by mitigation
treat with gypsum application (23 g Ca m-2). There were differences in salinity
tolerance among the grass genotypes based on physiological, morphological
and biochemical parameters. Seashore paspalum was the most salt tolerant
followed by zoysiagrass The least salt tolerance was exhibited by
bermudagrass. After the 6 weeks of initial salt treatment gypsum was applied
and the visual turf quality, percent leaf firing, clipping weight and relative water
content were measure weekly. The visual turf quality was reduced and the leaf

firing increased as the salinity level increased. Electrolyte leakage and proline



36

increased under this stress conditions. Additional calcium from the gypsum
application helped in maintaining membrane stability thereby reducing the
electrolyte leakage. The level of chlorophyll that was degraded increase as the
amount of salinity increased. Sodium content in root and shoot tissue were
found to be irrespective of the grass and salinity while the K and Mg
decreased with an increase in salinity levels. Calcium application affected the
Ca content in root tissue. These results however indicate additional calcium
does not help to improve growth, turf quality or clipping yield in turfgrass under
salinity stress.
INTRODUCTION

Salinity is an important plant growth abiotic stress all over the world
(Ashraf et al., 2008). Pessarakli and Szabolics (1999) reported that worldwide
100 M ha of land have become salt affected because of using saline irrigation
water. A major problem with using saline irrigation water is decreased soll
permeability (Carrow and Duncan, 1998) which results in decrease in soil
oxygen, increase in water holding capacity, reduced pore space and increase
in soil hardness (Pessarakli, 1994). The change is mainly due to the sodium
(Na) ions, which dominates CEC (Cation exchange Capacity) causing
dispersion (Bauder and Brock, 2001). But this might not be a problem on sand
based root zones with low CEC (Christians, 1990).

In turfgrass sites, water related issues due to use of recycled water
causes reduced growth, nutritional imbalance, ion toxicity and tissue

dehydration (Kateriji et al., 2000). Proper management and grass selection is
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important to tackle this situation. The stress caused by increased salt in
irrigation water results in foliar burn thereby reducing the turf quality. Harivandi
(2004) found that Ca ions were stripped from leaf tissues and often resulted in
K leakage which in turn reduced the osmotic potential. Turfgrass canopy
usually showed yellowing in older leaves exhibiting Ca deficiency (Duncan et
al., 2000). The USGA (United States Golf Association) specification golf
course putting greens utilize sand based root zones (Snow, 2003). Sand
based root zones have high infiltration rate, limited compaction, and very good
drainage. Additionally, sand based root zones have low CEC and also the
sand can be calcareous or silica based. St.John et al. (2001) found that
additional calcium was helpful for turfgrasses grown on silica based sand but
not on calcareous sand. No study has been done to study the affect of calcium
on salt affected turfgrass sites that are based on silica sand. Salinity
screenings for turfgrass done most under green house conditions (Pessarakli
and Kopec, 2009; Suplick-Ploense et al., 2002). Very few research has been
published on warm season turfgrasses under salinity stress in open field
conditions (Koch, 2012). Three warm season turfgrasses examined in this
study: bermudagrass, seashore paspalum, and zoysiagrass, were chosen
based on their salinity tolerance mechanism, wide spread nature and overall
performance (Dudeck et al., 1983; Dudeck and Peacock; 1985 Carrow and
Duncan, 1998; Marcum, 2008Db).

Due to the popularity of gypsum as a calcium source to mitigate the salt

stress in turfgrass management, this study was done to evaluate if the
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application of gypsum on sand based turfgrass under salinity stress would
significantly influenced warm season turfgrass performance and physiology.
The objectives of the study were 1) to identify the physiological changes in
each grass genotype in response to salinity 2) to study the nutrient status of
three popular warm-season putting green turfgrasses in response to salinity
and 3) to determine the effect of gypsum application on grasses growth and
nutrient status under salinity stress.
MATERIALS AND METHODS

Field Preparation and Planting

This study was taken up at the Botanical Garden, Department of
Floriculture and Landscaping, Horticultural College and Research Institute,
Tamil Nadu Agricultural University, Coimbatore, India during the year 2014.
The experimental site was prepared by removing the top soil to a depth of 45
cm and filled with two different layers. The bottom layer was lined with granite
pebbles of 0.4-1cm diameter and top 30 cm was filled uniformly with sand. The
physical, chemical, and size distribution of the sand media are displayed in
Appendix A-1 and A-2. Plots of 1.2 x 1.2 m2 were formed and differentiate
between plots hollow blocks were used. The zoysiagrass was established
through sprigs collected from Turfgrass Research Facility in Department of
Floriculture and Landscaping on January 24, 2014 and ‘Tif’ series
bermudagrass was procured from ‘Coimbatore Golf Club’ and established
through sprigging method at the research plot on January 25, 2014. Seashore

paspalum was brought in from Rakindo Golf, Coimbatore and sprigged at the
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experimental plot on March 11, 2014. The roots were washed free of sail
before planting them in the research plot. Each plot contained 25 sprigs
planted at a spacing of 10 cm2. A total of 6 replications of each grass
genotypes were planted in a randomized block design
Plant culture and Treatment Application

During planting the plots were fertilized with 90 Kg N Ha-' and fresh
water irrigation was applied as needed. Throughout the growing season foliar
application of nitrogen was applied at the rate of 4 g N m-2 with a CO»
pressurized back pack sprayer with a ASPEE 5008 nozzle. The grasses were
mowed weekly at 3.5 cm with clippings removed and pest incidence of aphids
and thrips were taken care by timely application of imidacloprid @ 1 ml in 3-4
liters of water. After establishment, grasses were irrigated with saline solution
made of Na Cl salts. The salt solutions were made to an Electrical
Conductivity (EC) of 5, 10 and 15 dS m-' and was made in a 200 liter tank
each with a mechanical agitator and electricity powered pump was attached.
The pump and tanks were connected through hoses and each plot were
irrigated with 10 liters of the salt solution daily for the 12 week of study period.
This amount of irrigation resulted in 6.94 mm. Applications began on 28 July
2014 with final application on 20 October 2014. Throughout the experiment
untreated control was maintained for each grass genotype that were irrigated
with 10 L of water without any salt.

Following the salinity regime for 6 weeks, gypsum was applied at a rate

of 23 g Ca m2 by dissolving it in water and applying using ASPEE backpack
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sprayer at biweekly intervals to half of the replicates. Applications were carried
out on 8 Sept, 22 Sept, 16 Oct, and 20 Oct 2014. The salinity treatment was
continued until the end of experiment. This study was a randomized block
design with three replications. Treatments included three salinity levels (5, 10,
and 15 dS m-), salinity with gypsum, and a non-treated control in which the
plots received salinity treatment but not the additional gypsum application.
Data Collection and Analysis

The following parameters were measured: turf quality (TQ), leaf firing
(LF), relative water content (RWC), clipping weight (CW), root length (RL),
electrolyte leakage (EL), proline content, and plant tissue nutrient analysis. On
a weekly basis TQ was rated after gypsum treatments were initiated. TQ is
based on a combination of factors composing of color, density, uniformity, and
texture. TQ was evaluated on a scale of 1 to 9 where 1= brown or dead
turfgrass, 6= minimum acceptable turfgrass, 9= perfect turfgrass condition
(Turgeon, 2011). Per cent LF was taken weekly for all plots to estimate the leaf
senescence due to salinity stress and mitigation. Clippings were collected
weekly by cutting the grass at 5 cm height and dried for 48h at 65°C, and
weighed. For leaf RWC analysis, 100 mg of leaf samples were clipped and
weighed (W). The clippings were then put into petri dish with de-ionized water
for 24 h at 4°C. The leaf tissue were then removed from the water bath, dried
and weighed for obtaining turgid weight (TW). Leaf clippings were then dried in

oven at 80°C for 72 h and weighed (DW) (Barrs and Weatherly, 1962). RWC is



41

then calculated by using the equation RWC (%) = [(W-DW) / (TW-DW)] x 100
(Barrs and Weatherly, 1962).

To estimate the membrane integrity, leaf electrolyte leakage (EL) was
determined. First, 0.5 g fresh leaf tissue was taken and rinsed using Millipore
water to ensure that excess salt, fertilizer and gypsum residue were removed.
Next, 20 ml of deionized water added and the tubes were incubated for 24 h at
4°C. Following the incubation, initial conductance (Ci) was measured with
conductance meter after which the leaves were autoclaved for 50 minutes and
Millipore water was made up to the original level before autoclave and
conductance was measured (Cmax). The relative EL was estimated by using
the equation (Ci/Cmax) x 100 (Blum and Ebercon, 1981).

Proline content was analyzed from 100 mg leaf sample according to
Bates (1973) utilizing spectrophotometer at 520 nm. The chlorophyll content
was measured biweekly using the formula mg/g= ([20.2 (OD @ 645 nm) +
(8.02) (OD @ 663 nm )] x V) / (fw x 1000), according to the method of Yoshida
etal. (1971). At the end of the treatment period plugs were taken from the
research plot using core sampler of 10 x 20 cm and the sand from root zone
media was gently shaken from the root sample and length were measured
using a meter scale.

The root and shoot samples were dried in oven and 100 mg of dried
sample were place in 100 ml digestion flask and 5 ml of triple acid extract
(HNOs: H2S04 : H202) was added to each flask. The flasks were then digested

over sand bath at 200°C until a clear solution was obtained. After digestion the
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flasks were removed from the digestion plate and cooled to room temperature.
The volume in each flask was adjusted up to 100 ml using distilled water. The
samples were analyzed for Na+, K+, Ca++, and Mg+ by Atomic Absorption
Spectrophotometer expressed as mg g-'-
Statistical Analysis

The JMP pro (version 10.0.0; SAS Institute, Cary, NC) Software
package was used for the data analysis. Main effects include salinity levels,
gypsum, and time in weeks. All possible interactions of main effects were
evaluated. Non-significant terms were systematically removed from each
model from highest order of non-significant interactions. Means were

separated with Fisher’s protected LSD (a = 0.05) when applicable.

RESULTS

By the end of July the grasses established uniformly and the initial salt
treatments began on 28 July, 2014. After 6 weeks of salinity treatment,
gypsum application was done on biweekly basis. The gypsum did not have
any effect on the visual turfgrass quality (Table 3.1). The turfgrass quality
rating was lower as the experiment progressed, independent of gypsum
treatment indicating that the grasses were experiencing salinity stress. Leaf
firing was the major factor leading in reduction of turf quality and several plots
of bermudagrass experienced severe quality loss.

There was a significant Grass x Salt interaction for visual turfgrass
quality scores (Table 3.1). Turf quality scores were highest for seashore

paspalum grass among all the grasses. All the grass controls did not show any
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sign of stress for the treatment period of 6 weeks with visual turf quality above
8.0 (Appendix A-4). The gypsum control and salt control had similar turf quality
throughout the experiment indicating no affect of gypsum on salinity stress.
Also there was no significant difference between the gypsum treatments
suggesting that gypsum was not able to regulate the turf quality of grasses
under salinity stress grown of sand.

A significant Grass x Salt x Week interaction occurred for turf quality in
the study (Table 3.1). Increase in the duration of salinity the turfgrasses were
exposed to the turf quality reduced. The visual turf quality decreased with
increase in salt concentration irrespective of the grass genotype (Appendix
A-4). The salinity and week also had significant interaction on visual turf
quality which was evident throughout the study. (Table 3.1).

Leaf firing was significantly reduced under Grass x Salt x Week
interaction (Table 3.1). The seashore paspalum had the lowest leaf firing
compared to bermudagrass and zoysiagrass (Appendix A-4). The salinity
control and gypsum control had similar no leaf firing during the entire study
period. A significance at (0.05) was noticed for Salt x Gypsum after 3 weeks
which later subsided. This might be due to significant effect of gypsum on
electrolyte leakage (Table 3.2). Reduced leakage may contribute towards the
reduction of leaf firing in grasses.

Relative water content was affected by salt treatment (Appendix A-6).
The gypsum treatment did not influence the relative water content of the grass

genotypes. The gypsum control and salinity control had similar relative water



44

content throughout the study period implementing no significance. The relative
water content showed significance in consecutive weeks with increase in
salinity (Table 3.1). Seashore paspalum grass had greater relative water
content followed by zoysiagrass and bermudagrass.

Clipping weight was affected by salinity levels (Appendix A-7). The
salinity reduced the clipping yield significantly while gypsum application did not
stop the reduction in clipping weight. Clipping weight was greatest at the
beginning and in the progressing weeks the clipping weight reduced. A
significant interaction between salinity x week was noticed in the study (Table
3.1). The seashore paspalum recorded the lowest reduction of clipping yield
among all the grass genotypes (Appendix A-7).

Electrolyte leakage increased with increase in salinity in the study
(Appendix A-8). Gypsum treatment significantly reduced the EL in grasses
compared to non-treated grass genotypes. After 6 weeks of gypsum treatment
significant reduction in leaf firing was noticed for grasses exposed to salinity
(Appendix A-8). A significant interaction between Grass x Week x Salinity x
Gypsum was noticed in the study (Table 3.2).

Proline content increased with increase in salinity and gypsum
treatment did not have any significant affect on proline content in leaf tissue
(Table 3.2). There was significant Salt x Week interaction for proline
accumulation in shoot tissue (Appendix A-9). Seashore paspalum

accumulated the least amount of proline among all the grass genotypes.
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Chlorophyll content changed from 2, 4 and 6 weeks of the gypsum
application (Appendix A-10). The chlorophyll content decreased with increase
in salinity for different grass genotypes. A significant Grass x Gypsum x Week
interaction was found in the study (Table 3.2). This might be due to reduction
in EL after gypsum treatment which might have reduced the leaf firing to some
extent (Table 3.1, 3.2).

There was significant Grass x Salt interaction for root Ca and Na in the
study except for Mg and K while Ca and K were significant for gypsum
treatment Mg and Na were non significant (Appendix A-11). Bermudagrass
had highest Ca and Na in root tissues compared to other grass genotypes.
Seashore paspalum showed significant amount of Mg and K in the root tissue
compared to other grasses. A significant Grass x Gypsum and Salt x Gypsum
was noticed only for Ca in the study (Appendix A-11). Salinity had significant
effect on root length of the grass genotypes. There was significant Grass x
Salt effect for root length in the study. Gypsum treatment did not have any
significant effect during the study period. The root lengths were longer at 5 dS
m-1 salt treatment compared to control but with increase in salinity the root
length decreased. Seashore paspalum recorded the lowest root length among
the grass genotypes in the study (Appendix A-11).

A significant Grass x Salt interaction was found for shoot Ca, Mg, and
Na in the study while K was found to be non significant (Appendix A-12). Only
Ca was found to be significant for gypsum treatment in the study. Also Mg was

found to be significant for Grass x Gypsum interaction (0.05) and K for Grass x
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Salt x Gypsum interaction. Control salinity recorded the highest Ca, Mg, and K
content in shoot tissue. Seashore paspalum recorded the highest nutrient
content in shoot tissue compared to other grass genotypes.

DISCUSSION
Grass response to salinity stress mitigated with additional calcium

Salinity irrigation treatment resulted in significant differences in the
grass genotypes reponses. It resulted in decreased turf quality (Figure 3.1),
clipping weight (Figure 3.2 ), relative water content (Figure 3.3), electrolyte
leakage (Figure 3.4), and chlorophyll content (Figure 3.5). These results are
coincided with other salinity tolerance research by (Koch and Boncos, 2010;
Pessarakli and Kopec, 2008; Dai et al., 2008; Lee et al., 2005; Qian et al.,
2004), who also found similar pattern of reduction in parameters with
increased salinity treatments.

Seashore paspalum exhibited the highest relative water content
chlorophyll content, and clipping yield thereby was able to suffer less reduction
in growth compared to bermuda grass that exhibited greater reduction in
growth under salt stress. These results are in par with (Pessarakli et al., 2008;
Bauer et al., 2009; Marcum and Murdoch, 1990; Marcum and Pessarakli,
2006).

The different salinity levels resulted in significant reductions in most of
the parameters independent of gypsum treatment suggesting the effect due to
stress caused by salinity. Furthermore, visual turf quality reduced drastically

when grass genotypes were irrigated with different salinity levels. Longer the
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grass exposed to salinity the lower the turf quality score (Figure 3.6). Higher
concentration of sodium exposed to grass is known to cause leaf firing and
reduction in turf quality (Dudeck and Peacock, 1984). Salinity reduces visual
turf quality and leads to increased leaf firing (Qian and Meccham, 2005).
Seashore paspalum and zoysia grass were able to maintain turf quality above
the acceptable score (6) and bermuda grass turf score fell below the
acceptable level at the end of the study. Gypsum treatment did not have any
significant effect on turf quality (Figure B-1). Similar results were found by
Spiers (1993) on vegetable crops where additional Ca did not improve plant
health, growth or color.

Salt stress injures to the canopy occur as the higher concentration of
NaCl turns the canopy color to light green to brown (Pessarkli and Kopec,
2008). Salinity increased leaf firing in the turfgrasses during the study (Figure
3.7) and gypsum did not have any significant affect on leaf firing (Appendix
B-2). Leaf firing is closely related to salinity tolerance of the grass (Uddin and
Juraimi, 2013). Compared to their respective controls, the increase in leaf
firing and decrease in turf quality were more for bermudagrass followed by
zoysiagrass and seashore paspalum.

Bermudagrass has been shown to have the least tolerant to salinity with
the highest leaf firing (Dudeck et al., 1983) followed by zoysia grass (Qian et
al., 2001) and the most tolerant of the turfgrasses being seashore paspalum
(Shahba et al., 2010). Leaf firing can be correlated with turf quality of the

turfgrasses. In this study, increase in leaf firing resulted in decrease of visual
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turf quality (Appendix B-3). Qian and Meccham (2005) found similar pattern in
turf quality and leaf firing in their studies.

Even though irrigateion was provided in excess of field capacity,
significant difference in water status was noticed in the study. Higher water
status within leaves is related to salinity tolerance (Alshammary et al., 2004).
In this study bermudagrass showed more severe decline in relative water
content (RWC) compared to zoysiagrass and seashore paspalum under
increased salinity levels (Figure 3.8). The available water to the grass could
have been reduced at higher salt concentrations resulting in decrease of RWC
in grasses (White et al., 2001). Compared to the control, seashore paspalum
and zoysia grass lost relatively less water suggesting that they are more salt
tolerant compared to bermudagrass. The superior salt tolerance in seashore
paspalum might be because of its ability to adjust stomatal opening at higher
concentrations of salt (Liu et al., 2011).

Munns and Tester (2008) suggested that the response of a plant to
salinity stress in mainly due to osmotic changing phase and ion specific phase,
both of them have significant effect on water uptake or status of the plant.
Salinity causes osmotic stress causing decrease in cell water content resulting
in turgor loss leading to reduction in RWC (Morant-Manceau et al., 2004). The
results observed in the study are in corroboration with that of Lee et al.,
(2004).

Clipping weight are also used to quantify the salinity stress tolerance of

a grass genotype (Marcum, 2001). Seashore paspalum showed the highest
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clipping yield suggesting that it is more tolerant to salinity compared to other
grass genotypes in the study (Figure 3.2). The increase in salinity
corresponded with decrease in clipping weight of the grass. These results are
consistent with the research done by (Marcum and Pessarkli, 2006; Qian et
al., 2001; Dudeck et al., 1983).

Chlorophyll content is an indirect measure of photochemical efficiency
of photosystem Il (Zhang et al., 2003). Salinity tolerant cultivars should be able
to maintain higher photochemical efficiency thereby high chlorophyll content.
Seashore paspalum recorded the lowest chlorophyll reduction compared to
bermuda and zoysiagrass (Appendix B-4). Gypsum application had significant
affect on the chlorophyll content in the leaves of three warm-season
turfgrasses with increase in duration of salt exposure (Figure 3.9). In
comparison to control, bermudagrass had a steep decline in chlorophyll
content indicating it to be the least salt tolerant of the grass genotypes studied.
Increase in salinity stress significantly reduced the clipping yield and
chlorophyll content. Stomatal opening and non-stomatal process involved in
reduction of RWC (Berndt, 2007). Increase in salinity damaged the cell
membranes in turfgrasses resulting in decreased turf quality and increased
leaf firing in association with lipid peroxidation (Huang et al., 2001).

In many parts of the world, salinity stress is found along with drought
stress. Grass genotypes are found to be able to maintain root production
under stress conditions (Alshammary et al., 2004). Turfgrass can adapt to

intermediate saline environment by increasing the root length (Ackerson and
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Younger, 1975). Similar results were found in the study where at (5 dS m-)
root length of the grass genotypes increased compared to the control.
Zoysiagrass showed the highest difference in comparison to control but with
increase in salinity root length dropped significantly for zoysia as well as
bermudagrass (Dudeck et al., 1983;Marcum and Murdoch, 1990). Seashore
paspalum was able to maintain relative root length even at higher salt
concentration (Marcum and Murdoch, 1990). However, in salt sensitive
species the root length decreased with increase in salinity as shown by zoysia
and bermudagrass (Figure 3.10). Even though at higher salinity the root length
was greater for plants treated with gypsum, the effect was not significant.
Further studies will be helpful to determine this.

Salinity can damage cellular membranes and lead to chlorophyll
degradation (Brown, 1982). The damage is quantified by electrolyte leakage,
which is commonly used to measure heat, drought and salinity stress
(Hodgkinson and Mackley, 1995). Electrolyte leakage decreased with
application of gypsum (Figure 3.11). Gypsum treatment had significant effect
on salinity stresses after 2 weeks of treatment (Figure 3.12). Seashore
paspalum demonstrated least leakage at high salinity levels (Figure 3.4). Salt
tolerant turfgrasses has strong membrane integrity, which prevents osmolytes
from leaking out (Alarcon et al., 1993). This might contribute to its superior salt
tolerance along with higher RWC, Cw, chlorophyll content and lower
electrolyte leakage (Liu et al., 2011). Plants tolerate stress by osmotic

adjustment (Smith et al., 1989). Additional calcium in found to reduce the
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electrolyte leakage in the study. This is in corroboration with the studies done
by (Cooke et al., 1986; Coria et al., 1998).

Calcium application is found to inhibit loss of chlorophyll under heat
stress by reducing photo oxidation or by enhanced membrane integrity (Wise
and Naylor, 1987; Coria et al., 1998). External Calcium is found to increase
salinity tolerance in bean (Phaseolus vulgaris L.) roots (Cachorro et al., 1993).
Jiang and Huang (2001) found that the osmotic adjustment increased during
short term stress but external application of calcium did not effect the osmotic
adjustment.

The additional calcium not only affects the membrane stability, but is
also involved in regulation of antioxidant enzyme and oxidative signal
transduction (MsAinsh et al., 1996; Gong et al., 1997). Thus, further long term
studies should be done to determine the effect of external calcium on
membrane integrity and salinity tolerance in plants.

Proline is one of the most common biochemical indicator to assess
salinity tolerance (Chen et al., 2001). Accumulation of proline is observed in
plants under stress as a protection to stabilize the structure of proteins and
membranes (Szabados and Savoure, 2010; Phang et al., 2008). Under saline
conditions, the amount of proline is found to increase in turfgrasses (Mattioli et
al., 2009; Huimin et al., 2001), similar to the one observed in this study.

The addition of salt increased proline accumulation in leaves of
bermudagrass, zoysiagrass and seashore paspalum over the course of the

study (Figure 3.13). Similar results have been observed in turfgrasses
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(Borowski, 2008; Huimin et al., 2001). Hadam and Wronchna (2012) found
increased proline content in perennial ryegrass and smooth-meadow grass
with increase in salt concentrations. Under highest salinity level seashore
paspalum showed the least amount of proline compared to bermudagrass and
zoysiagrass (Figure 3.14). Bermudagrass accumulated the highest proline
content compared to control treatment, this species is unable to defend itself
from salinity stress (Marcum, 2002). The additional calcium did not have any
significant effect on proline in the turfgrasses studied.

Seashore paspalum did not have more proline in relation to the control
but it showed an increasing trend in proline contents in the study. This might
be because of proline acting as a carbon and nitrogen sink for recovery as well
as being the primary compatible osmolytes for osmotic adjustment (Ashraf and
Foolad, 2007). Proline also functions as stabilizer of membrane and protein
structure and buffers redox potential at cellular level during stress (Bartles and
Sunkar, 2005; Ashraf and Foolad, 2007).

Impact of additional calcium on ion accumulation in turfgrasses

Salinity tolerance is related with high levels of K and Ca, as these ions
help in maintaining cell membrane/wall integrity and controls turgor pressure
(Flowers and Yeo, 1986; Lee et al., 2007). Seashore paspalum maintained
higher levels of K and Ca in this study (Appendix A-12), implying paspalum to
be the salt tolerant grass among the different genotypes studied. Increasing
salinity decreased shoot Ca concentration respectively (Figure 3.15). This

might be because of replacement of water soluble parts of these elements by
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Na as cellular osmolytes (Lee et al., 2001). Additional calcium significantly
increased the calcium content in the shoot tissue (Appendix A-12). Significant
difference between grasses for Ca and Na is noticed in the study. Mg was
highly significant for the grass genotypes (Appendix B-5). Irrespective of the
salinity, Mg was higher than Ca for all the turfgrasses in the study.

Maintaining higher K content in shoot tissue contributes towards salinity
tolerance of grass species (Colmer et al., 1995). Seashore paspalum had
higher K content compared to other turfgrasses in the study (Appendix B-6).
This is in par with studies done by (Dudeck and Peacock, 1985; Marcum and
Murdoch, 1990). High sodium accumulation with increase in salinity
corresponding with increased accumulation in salinity tolerant seashore
paspalum compared to other grasses was noticed. Na uptake enhances the
water potential gradient between grass and substrate thereby helping to
maintain turgor pressure for shoot growth (Reimann and Breckle, 1993).

Correlation between salinity levels and K/Na ratio in shoots of the grass
genotypes studied were not significant, suggesting that the different genotypes
managed to maintain greater K concentration in shoot despite the salinity
levels imposed on them (Figure 3.16). This result is similar to the results
observed by (Uddin et al., 2012).

On the root plasma membrane Mg competes with Ca for the binding
sites (Grattan and Grieve, 1999). Salinity had significant affect on the Ca
concentration in roots of grass genotypes in the study (Figure 3.17). Additional

Ca in the root zone definitely had significant effect on salinity as well as grass
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genotypes for root length (Appendix B-7, Figure 3.18, 3.19). No obvious
effects of Mg uptake on salinity tolerance was noticed in the turfgrasses in the
study (Appendix B-8). Na content in roots increased with increase in salinity
(Figure 3.20). The percent increase compared to control salinity was greater
for Na (Appendix B-9). The concentrations of Mg and K decreased with
increase in salinity levels.

There was no significant effect for turfgrass and salinity for K and Mg in
the study. High external Na would usually affect the K in the root zone due to
similar physiochemical properties (Maathuis and Amtmann, 1999). The non
selective cation channels allows both K and Na to enter and also there are
selective transporters like KUP (potassium uptake permease), HKT+ (high
potassium transporters) to transport Na and K into the turfgrass (Uddin et al.,
2012). But by addition of Ca in the root zone the Na is replaced thereby
reducing the Na uptake and increase in K uptake which in turn causes non
significant correlation between salinity levels and K/Na ratio in roots (Amtmann
and Sanders, 1999). Which was observed in this study (Figure 3.21). Further
studies is recommended to understand the effect of additional calcium on ion
accumulation in turfgrasses.

CONCLUSIONS

Salinity treatment significantly affected the growth and quality of the
turfgrasses studied. Additional gypsum in a sand based system did not
increase turfgrass quality, clipping weight, chlorophyll content, leaf firing, and

relative water content. Salinity treatment increased electrolyte leakage but



55

calcium treatment reduced leakage after the second week of treatment.
Increase in proline content suggests that the plants were responding to
stressful conditions. Increased K and Na levels were observed in turf tissue as
salinity stressed increased. Mg and Ca decreased with increase in salinity.
Additional calcium exhibited amplified interaction between grass sand salinity

levels. Further research is needed to investigate the mitigation effect involved.
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Tables and Figures

Table 3.1. Analysis of variance of salinity tolerance and gypsum mitigation
measurements on turf quality (TQ), leaf firing (LF), relative water content
(RWC), and clipping weight (CW) evaluated in field conditions at salinity
treatments (0, 5, 10, 15 dS m-) for zoysiagrass, bermudagrass and seashore
paspalum over 6 weeks.

Source df P- value

TQ LF RWC cw
Grass (G) 2 ** NS e o
Salt (9) 3 e e o o
Gypsum (M) 1 NS NS NS NS
Week (W) 5 NS NS NS NS
G'S 6 e e o o
G*M 2 NS NS NS NS
G*W 10 NS NS NS NS
S*M 3 NS * NS NS
M*W 5 NS NS NS NS
S*W 15 e e o o
G*S*M 6 NS NS NS NS
G'S'W 30 o e * NS
S*M*W 15 NS NS NS NS
G*W*M 10 NS NS NS NS
G*S*W*M 30 NS NS NS NS
* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level
NS Not significant at any level
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Table. 3.2. Summary of repeated measures ANOVA table of main effects and
their interactions on zoysiagrass, bermudagrass and seashore paspalum

performance under salinity and gypsum regime.

Source df F- ratio
Electrolyte |Proline content| Chlorophyll

Leakage Content
Grass (G) 2 0.42 17.55*** 270.98***
Salt (S) 3 548.53*** 1535.96*** 633.12***
Gypsum (M) 1 0.17 1.27 0.11
Week (W) 2 0.52 0.58 0.13
G*S 6 59.00*** 115.61*** 139.13***
G*M 2 0.03 0.58 0.00
G*W 4 0.49 0.27 0.06
S*M 3 16.44*** 1.46 0.44
S*W 6 10.79*** 2.24* 11.35***
M*W 2 0.19 0.10 0.05
G*S*M 6 2.14 0.98 1.42
G*S*W 12 1.14 1.96* 3.55
S*M*W 6 4.44** 0.81 0.33
G*M*W 4 0.13 0.09 0.12**
G*S*M*W 12 1.84* 0.66 0.75

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
“** Significant at the 0.001 probability level
NS Not significant at any level
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Figure 3.2. Clipping weight of three warm-season turfgrasses as influenced by
different salt regimes. Means were separated at P<0.05 by protected LSD.
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Figure 3.3. The effect of salinity on relative water content of three warm-
season turfgrasses. Means were separated at P<0.05 by protected LSD.
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Figure 3.6. Visual turfgrass quality of three warm-season turfgrasses as
influenced by salinity over the course of 6 weeks



1 %99 M

’
2XeeMm

(

1|

|t

1\

[

|

|

|

|
€399 M

Leaf Firing (%)

(=]

\
[

|

|

(

|

[

XM

Il
I\
|
|
|
|
v OPaM

|
|
1
|
G XM

10 —_ L ——
0-] _/74-*

20-] — ::'31'7—47;‘;7* — =
30 oz &
20 = I o

Salt levels (dS m-1)

64

Grass Genotypes
—— Bermuda
——Paspalum
——Zoysia

Figure 3.7. Leaf firing of three warm-season turfgrasses as influenced by

salinity over the course of 6 weeks



Relative Water Content (%)

 © o AN 7V

ﬁ##########ﬁ##ﬁ#########

Wsek

o o AN T D &

65

Grass Genotypes
I Bermuda

I Paspalum
I Zoysia

Figure 3.8. Relative water content of three warm-season turfgrasses as
influenced by salinity over the course of 6 weeks. Means were separated at

P<0.05 by protected LSD.
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Figure 3.9. Effect of gypsum on chlorophyll content of three warm-season
turfgrasses over the course of 6 weeks. Means were separated at P<0.05 by
protected LSD.
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Figure 3.10. Root length of three warm-season turfgrasses as influenced by
different salt regimes. Means were separated at P<0.05 by protected LSD.
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Figure 3.11. Effect of gypsum on electrolyte leakage of turfgrasses as
influenced by different salinity regimes.
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Figure 3.12. Effect of gypsum on electrolyte leakage of turfgrasses as
influenced by different salinity regimes over the course of 6 weeks.
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Figure 3.13. Proline content of three warm-season turfgrasses as influenced
by salinity over the course of 6 weeks. Means were separated at P<0.05 by

protected LSD.
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Figure 3.14. Effect of salinity on proline content in leaves of three warm
season turfgrasses. Means were separated at P<0.05 by protected LSD.
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Figure 3.15. Calcium content in shoots of three warm-season turfgrasses as
influenced by different salt regimes
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Figure 3.16. Relationship between salinity levels, grass species, and K/Na

ratio in shoot.
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Figure 3.17. Calcium content in roots of three warm-season turfgrasses as
influenced by different salt regimes
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Figure 3.18. Effect of gypsum on calcium concentration in roots of three warm-
season turfgrasses as influenced by different salinity regimes.
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Figure 3.19. Effect of gypsum on calcium content in roots of three warm-
season turfgrass. Means were separated at P<0.05 by protected LSD.
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Figure 3.20. Effect of salinity on Sodium (Na) content in leaf tissue of three
warm season turfgrasses.
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Figure 3.21. Relationship between salinity levels, grass species, and K/Na
ratio in root.
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Chapter 4: Summary and Future Research

Primary goal of this thesis were to determine the effect of additional
calcium through gypsum application on warm-season turfgrass under salinity
stress, grown in a non-calcareous sand based media. Secondary objective
included determining the effect of Sodium (Na) and additional Calcium (Ca) on
other cations in the leaf and root tissue of the turfgrass. The work of this thesis
studied various morphological, physical and bio-chemical changes related to
salinity stress and mitigation through calcium. In addition, a greenhouse study
was conducted in 2013 to study the water loss during salt stress. While these
results have answered many problems, they have also opened up new
potential areas of research to be done in future.

Field evaluations of both salinity regime and gypsum regime produced
interesting results. Irrigation water with salt (NaCl) induced salinity stress two
weeks at the higher salt concentrations. After 6 weeks on continuous salinity
treatment, gypsum application was done every two weeks at 23 g m2. Turf
quality decreased following application of saline water and it continued even
after gypsum application. Leaf firing increased with increase in salinity and
additional gypsum did not have any impact. Osmotic stress due to high salt
concentrations reduced the relative water content in the leaf and degrades the
chlorophyll content. Gypsum treatment had minimal influence on any of these
parameters.

Turfgrass clipping yield reduced with increased saline conditions and it

did not stop following gypsum application. Proline content too increased with
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increase in salinity levels. Electrolyte leakage reduced when treated with
supplemental calcium. Calcium is known to enhance the membrane stability
and protect membrane from degradation. A comprehensive investigation of
additional Ca in turfgrasses under salinity stress is needed to study the
electrolyte leakage and membrane stability.

Additional calcium applied along with saline water on turfgrasses
significantly affected the ion accumulation in shoot and root tissue. Increased
Na concentrations in leaf reduced K and Mg in the leaf tissue as well as root
tissue. Na damages the cell wall resulting of loss of K from the cells. The Ca in
roots was significant affected by additional gypsum application. Findings from
this study suggest that seashore paspalum is more salt tolerant compared to
bermudagrass and zoysiagrass.

A greenhouse experiment conducted to examine the water loss or
evapotranspiration suggested that at higher salinity levels water uptake by
plants is less and ET is also small compared to the control salinity levels.
Increase in gypsum decreased the ET in the grass genotypes.

Many questions regarding the effect of calcium supplementation on
turfgrass under salinity stress is unanswered. Future studies involving long
term evaluation is needed to fully understand the use of additional calcium. As
our understanding of salinity stress mitigated with additional calcium by the turf
industry should only help in decrease in electrolyte leakage not the salinity by
itself. Thus, the use of calcium should be monitored on sand based medium

since, no profound importance is noticed in turfgrass systems.
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A-1. Physical and chemical properties of soil media used in the study at Tamil
Nadu Agricultural University

S.NO PARAMETERS VALUE
1 Organic carbon 0.56%
2 pH 8.61
3 EC 0.06 dS m-1
4 Available N 76 kg ha
5 Available P(Olsen’s) 9.9 kg ha
6 Available K 204 kg ha-
7 Available Zn 0.72 ppm
8 Available Cu 1.79 ppm
9 Available Fe 0.54 ppm
10 Available Mn 2.41 ppm
11 Available S 28 ppm
12 Extractable Mg 69.5 ppm
13 Extractable Ca 115.9 ppm
14 Particle density 2.44 gcm-3
15 Bulk Density 1.41 gcm-3
16 Infiltration Rate 21 cm h-1
17 Total Porosity 49.1%
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A-2. Sand size distribution analysis of the sand mix used in the study at Tamil
Nadu Agricultural University.

Soil Separation (%)

Sieve Size Fraction Retained (%)

No. 10 [No. 18 V.No. 35 |No. 60 ';'i‘r’]'emo No. 270
Gravel [Coarse |Coarse [Medium 0.15 V. Fine
2mm 1mm 0.5 mm 0.25 mm|_’ 0.05 mm
Sand [Slit  [Clay mm
950 be |ba [04 PRI 26.0 486  [13 4.1




A-3. Weather Data during turfgrass establishment and treatment period at

Tamil Nadu Agricultural University, Coimbatore.

Temperature (°C) Relative humidity
Month Rainfall
(2014) (mm)
. - at 07.00 | at 14.00
Maximum | Minimum
hrs hrs

January 30.10 19.70 84.00 41.97 0.0

February 32.40 24.40 79.00 39.39 0.0

March 34.50 22.30 74.00 34.48 0.0

April 36.60 24.30 81.00 39.17 0.0
May 34.30 24.40 84.77 52.29 125.8
June 32.84 24.32 78.57 52.73 10.6
July 30.67 23.29 77.61 59.77 41.20
August 30.55 23.10 81.88 59.29 2.38
September 31.82 22.66 85.4 55.03 3.01
October 30.06 22.53 93.03 68 11.35




84

Table A-4. Turf quality as influenced by salinity regime, gypsum regime, and
species for 6 weeks under open field conditions.

Main effects Week 1 Week 2 Week 3 | Week 4 Week 5| Week 6
(1-9, >6)
Salinity (S) (dS/m)
Control 8.47 | 8.45 8.39 8.25 8.30 8.34
5 7.62 6.94 6.84 6.47 6.19 6.03
10 6.95 6.46 6.14 5.91 5.55 5.40
15 6.62 5.85 5.23 5.11 5.02 4.62
Gypsum Regime (C) (g/m2)
Control 8.47 | 8.45 8.39 8.25 8.30 8.34
23 8.52 8.41 8.38 8.26 8.15 8.22
Genotype (G)

Zoysia 8.54 8.31 8.41 8.19 8.22 8.26
Bermuda 8.12 8.00 7.66 7.60 7.63 7.68
Paspalum 8.76 9.03 9.10 8.96 9.05 9.08

ANOVA
Grass NS NS * * NS NS
Salt wxx xx - . xk xk
Gypsum NS NS NS NS NS NS
Grass*Salt . . wxx oxx . wxx

(0.05).

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level
NS Not significant at any level

T Within columns, means followed by the same letter are not significantly different according to LSD
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Table A-5. Leaf firing as influenced by salinity regime, gypsum regime, and
species for 6 weeks under open field conditions.

Main effects Week 1 Week 2 Week 3 | Week 4 Week 5| Week 6
(%)
Salinity (S) (dS/m)
Control 0.05 0.24 -0.16 | -0.02 0.03 -0.12
5 9.69 14.22 | 18.40 | 20.09 | 22.23 | 23.80
10 16.69 | 21.94 | 25.65 | 28.48 | 32.45 | 33.85
15 26.52 | 3244 | 36.40 | 37.73 | 40.45 | 41.52
Gypsum Regime (C) (g/m?2)
Control 0.05 0.24 -0.16 | -0.02 0.03 -0.12
23 -0.05 | -0.24 0.16 0.02 -0.03 0.12
Genotype (G)

Zoysia 0.11 2.74 3.36 3.93 4.40 417
Bermuda 6.94 7.11 8.24 7.97 9.07 8.71
Paspalum -6.91 -9.12 | -12.08 | -11.97 | -13.37 | -13.23

ANOVA
Grass NS NS NS NS NS NS
Salt wxx xx xx ok xx xx
Gypsum NS NS NS NS NS NS
Grass*Salt wxx oxk wxx oxk . wxx
Salt*Gypsum NS NS NS * NS NS

(0.05).

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level
NS Not significant at any level

1 Within columns, means followed by the same letter are not significantly different according to LSD
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Table A-6. Relative water content as influenced by salinity regime, gypsum

regime, and species for 6 weeks under open field conditions.

Main effects Week 1 Week 2 Week 3 | Week 4 Week 5| Week 6
(%)
Salinity (S) (dS/m)
Control 82.95 | 83.41 | 83.44 | 83.72 | 83.94 | 83.16
5 73.82 | 70.57 | 67.75 | 64.47 | 61.68 | 59.51
10 67.17 | 63.18 | 59.81 | 58.11 | 54.92 | 52.63
15 62.36 | 56.24 | 52.62 | 48.70 | 47.32 | 44.82
Gypsum Regime (C) (g/m?2)
Control 82.95 | 83.41 | 83.44 | 83.72 | 83.94 | 83.16
23 83.62 | 83.44 | 83.93 | 83.59 | 83.98 | 83.60
Genotype (G)

Zoysia 79.69 | 80.15 | 79.51 | 79.06 | 80.40 | 80.25
Bermuda 77.08 | 76.19 | 75.58 | 75.21 | 75.41 | 73.41
Paspalum 92.09 | 93.89 | 95.24 | 96.89 | 96.00 | 95.80

ANOVA
Grass x o x x o o
Salt x x xx ox x xx
Gypsum NS NS NS NS NS NS
Grass*Salt xx - e xx e e

(0.05).

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level
NS Not significant at any level

T Within columns, means followed by the same letter are not significantly different according to LSD
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Table A-7. Clipping weight as influenced by salinity regime, gypsum regime,

and species for 6 weeks under open field conditions.

Main effects Week 1 Week 2 Week 3 Week 4 Week 5| Week 6
(g m?)
Salinity (S) (dS/m)
Control 2.00 1.99 2.01 1.99 2.00 1.99
5 1.95 1.93 1.93 1.88 1.85 1.80
10 1.87 1.80 1.70 1.63 1.53 1.46
15 1.75 1.65 1.58 1.46 1.26 1.15
Gypsum Regime (C) (g/m2)
Control 2.00 1.99 2.01 1.99 2.00 1.99
23 1.99 1.99 2.00 2.00 2.01 1.98
Genotype (G)

Zoysia 1.44 1.41 1.45 1.42 1.42 1.43
Bermuda 1.42 1.42 1.40 1.39 1.42 1.39
Paspalum 3.15 3.15 3.17 3.15 3.17 3.14

ANOVA
Grass e e o o e e
Salt e - o o e o
Gypsum NS NS NS NS NS NS
Grass*Salt e - o - NS o

(0.05).

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level
NS Not significant at any level

T Within columns, means followed by the same letter are not significantly different according to LSD




Table A-8. Electrolyte leakage content in leaf tissue of zoysiagrass,

bermudagrass and seashore paspalum as influenced by salinity regime,
gypsum regime, and grass genotypes at three harvest events (2, 4 and 6
weeks after initiation of gypsum treatment).
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Main effects Week 2 Week 4 Week 6
(%)
Salinity (S) (dS/m)
Control 18.62 19.08 18.94
5 22.19 23.26 24.40
10 25.81 28.23 29.80
15 29.64 31.17 33.48
Gypsum Regime (C) (g/m?2)
Control 24.23 26.46 28.43
23 23.90 24.40 24.88
Genotype (G)
Zoysia 23.25 23.99 25.72
Bermuda 27.40 29.17 30.73
Paspalum 21.55 23.14 23.53
ANOVA
Grass NS NS NS
Salt o e o
Grass*Salt e e x
Salt*Gypsum NS > o
Grass*Salt*Gypsum NS NS **

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level
NS Not significant at any level

(0.05).

T Within columns, means followed by the same letter are not significantly different according to LSD




Table A-9. Proline content in leaf tissue of zoysiagrass, bermudagrass and
seashore paspalum as influenced by salinity regime, gypsum regime, and
grass genotypes at three harvest events (2, 4 and 6 weeks after initiation of

gypsum treatment).
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Main effects Week 2 Week 4 Week 6
(mg g-' fw)
Salinity (S) (dS/m)
Control 0.80 0.85 0.87
5 1.41 1.50 1.59
10 1.95 2.35 2.41
15 3.61 3.80 3.96
Gypsum Regime (C) (g/m?2)
Control 1.97 2.1 2.21
23 1.92 2.14 2.20
Genotype (G)
Zoysia 2.20 2.30 2.45
Bermuda 2.43 2.72 2.72
Paspalum 1.20 1.35 1.44
ANOVA
Grass o e *
Salt o e o
Grass*Salt e e x

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level
NS Not significant at any level

(0.05).

T Within columns, means followed by the same letter are not significantly different according to LSD




90

Table A-10. Chlorophyll content in leaf tissue of zoysiagrass, bermudagrass
and seashore paspalum as influenced by salinity regime, gypsum regime, and
grass genotypes at three harvest events (2, 4 and 6 weeks after initiation of

gypsum treatment).

Main effects Week 2 Week 4 Week 6
(mg g-' fw)
Salinity (S) (dS/m)
Control 3.00 2.98 3.00
5 2.37 2.05 1.69
10 2.10 1.84 1.54
15 1.86 1.60 1.36
Gypsum Regime (C) (g/m?2)
Control 2.31 2.10 1.90
23 2.35 213 1.90
Genotype (G)
Zoysia 2.10 1.88 1.68
Bermuda 2.56 2.19 1.75
Paspalum 2.33 2.28 2.26
ANOVA
Grass o e o
Salt o e o
Grass*Salt e e x

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level
NS Not significant at any level

(0.05).

T Within columns, means followed by the same letter are not significantly different according to LSD




Table A-11. Effect of salinity and gypsum regime on root length, root Calcium
(Ca), Magnesium (Mg), Sodium (Na), and Potassium (k) concentrations of
three turfgrass genotypes exposed to salinity at the conclusion of the study.
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Main effects Root Ca Mg Na K
length
(cm) (mg g7)
Salinity (S) (dS/m)
Control 10.33b 1.99 3.39 0.82 20.55
5 13.67a 1.68 3.01 1.20 20.33
10 7.56¢C 1.47 2.86 1.64 19.54
15 7.00c 1.22 2.51 2.20 16.23
Gypsum Regime (C) (g/m2)
Control 10.33a 1.99 3.39 0.82 20.55
23 11.44a 3.34 3.54 0.70 22.88
Genotype (G)
Zoysia 11.54a 1.63 3.27 0.50 16.11
Bermuda 10.42a 2.33 2.97 1.23 17.25
Paspalum 7.75b 2.00 3.93 0.73 28.27
ANOVA
Grass o - x - o
Salt e e e e e
Gypsum NS i NS NS *
Grass*Salt ** > NS ** NS
Grass*Gypsum NS i NS NS NS
Salt*Gypsum NS * NS NS NS

(0.05).

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level
NS Not significant at any level

T Within columns, means followed by the same letter are not significantly different according to LSD




Table A-12. Effect of salinity and gypsum regime on shoot Calcium (Ca),
Magnesium (Mg), Sodium (Na), and Potassium (k) concentrations of three

turfgrass genotypes exposed to salinity at the conclusion of the study.

92

Main effects Ca Mg Na K
(mg g7)
Salinity (S) (dS/m)
Control 2.04 3.54 0.70 22.60
5 1.85 3.36 1.29 21.77
10 1.75 3.25 1.58 20.74
15 1.66 3.10 1.92 19.52
Gypsum Regime (C) (g/m2)
Control 2.04 3.54 0.73 22.60
23 2.12 3.57 0.70 22.21
Genotype (G)
Zoysia 2.00 2.98 1.25 17.94
Bermuda 1.58 3.36 1.37 19.20
Paspalum 2.54 4.28 1.55 30.65
ANOVA
Grass o o * o
Salt o x o x
Gypsum ** NS NS NS
Grass*Salt * i * NS
Salt*Gypsum NS * NS NS
Grass*Salt*Gypsum NS NS NS *

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level
NS Not significant at any level

(0.05).

T Within columns, means followed by the same letter are not significantly different according to LSD
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APPENDIX-B

Figure B-1.Turf quality of three warm-season turfgrasses as influenced by
salinity and gypsum.
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Figure B-2. Leaf firing of three warm-season turfgrasses as influenced by
salinity and gypsum
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Figure B-3. The effect of turf quality on leaf firing of the warm season
turfgrasses under salinity stress.
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Figure B-4. The effect of salinity and gypsum on chlorophyll content in the
turfgrass leaves over the course of study.
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Figure B-5. Effect of salinity on Magnesium (Mg) content in leaf tissue of three
warm season turfgrasses. Means were separated at P<0.05 by protected LSD.
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Figure B-6. Effect of salinity and gypsum on Potassium (K) content in leaf
tissue of three warm season turfgrasses. Means were separated at P<0.05 by
protected LSD.
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Figure B-7. Effect of salinity and gypsum on root length of the grass genotypes
at the end of the study.
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Figure B-8. Effect of salinity and gypsum on Magnesium (Mg) content in root
tissue of three warm season turfgrasses. Means were separated at P<0.05 by
protected LSD.
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Figure B-9. Effect of salinity on Sodium (Na) content in root tissue of three
warm season turfgrasses. Means were separated at P<0.05 by protected LSD.
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Figure B-10. Salinity and gypsum effect on electrolyte leakage of the

turfgrasses.
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Figure B-11. Effect of salinity and gypsum on Calcium (Ca) content in leaf

tissue of three warm season turfgrasses. Means were separated at P<0.05 by
protected LSD.
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Figure B-12. Effect of salinity and gypsum on Calcium (Ca) content in root
tissue of three warm season turfgrasses. Means were separated at P<0.05 by

protected LSD.

Ca Concentration (mg g-1)

45—

4.0

3.5+

3.0

2.5+

2.0

0.5+

0.0-

Salt
10
=
=I= T
KN & &
° N »
,Lo‘\ o & &Qfo

Grass Genotypes

15

Gypsum (g m-2)
0
23



105

REFERENCES

Ackerson, R.C and V.B. Younger. 1975. Response of Bermuda grass to salinity.
Agronomy Journal. 67:678-681.

Alarcon, J.J., M J. Sanchez-Bianco, M.C. Bolarin and A. Torrecillas. 1993. Water
relations and osmotic adjustment in Lycopersicon esculentum and L. pennellii

during short-term salt exposure and recovery. Physiol. Plant., 89: 441-447.

Al-Harbi, Abdulaziz R., and Stan W. Burrage. 1992. Effect of root temperature and Ca
level in the nutrient solution on the growth of cucumber under saline
condition In: Symposium on Soil and Soilless Media under Protected

Cultivation in Mild Winter Climates. p.323.

Al-Khalifah, S. N. (2004). Response of some turfgrasses to salinity and environmental
conditions of Saudi Arabia. Emirat Journal of Agricultural Sciences 16(2):

09-17.

Alshammary, S.F., Y.L. Qian and S.J. Wallner. 2004. Growth response of four turfgrass
species to salinity. Agric. Water Manage., 66: 97—111.

Amtmann, A., T.C. Jelitto and D. Sanders. 1999. K+-selective inward-rectifying

channels and apoplastic pH in barley roots. Plant Physiology 120: 331-338

Anderson Sharon J., M.C. Engelke, and Kenneth B. Marcum. 1998. Salt gland ion
secretion: a salinity tolerance mechanism among five Zoysiagrass species.

Crop Science. 38(3):806.

Ashraf, M. and M.R. Foolad. 2007. Roles of glycine-betaine and proline in improving

plant abiotic stress tolerance. Environ. Exp. Bot., 59: 206-216.

Ashraf, M., H.R. Athar, P.J.C. Harris and T.R. Kwon. 2008. Some prospective

strategies for improving crop salt tolerance. Adv. Agron., 97: 45-110.



106

Bartels, D and R. Sunkar. 2005. Drought and salt tolerance in plants. Critical Reviews
in Plant Sciences 24: 23-58

Bates, L.S., R.P. Waldren and 1.D. Teare. 1973. Rapid determination of free proline for
water stress studies. Plant Soil. 39: 205-207.

Bauder, J.W. and T.A. Brock. 2001. Irrigation water quality, soil amendment, and
crop effects on sodium leaching. Arid Land Research and Management. 15:

101-113.

Bauer, B.K., R. E. Poulter, A.D. Troughton and D.S. Loch. 2009. Salinity tolerance of
twelve hybrid bermudagrass [Cynodon dactylon (L.) pers. x C.
transvaalensis burtt davy] genotypes. International Turfgrass Society

Research Journal. 11:313- 326.

Bauerle and J.E. Toler. 2006. Effects of trinexapac-ethyl on the salinity tolerance of

two ultra-dwarf bermudagrass cultivars. HortScience 41:808—814.

Berndt, W. L. 2007. Salinity affects quality parameters of ‘Sea Dwarf’ seashore
paspalum. HortScience, 42(2): 417-420.

Blum, A. and A. Ebercon. 1981. Cell membrane stability as a measurement of drought

and heat tolerance in wheat. Crop Sci. 21: 43-47.

Borowski, E. 2008. Studies on the sensitivity of some species and cultivars of lawn
grasses on salinity with sodium chloride during the seed germination and first

year of growth. Fol. Hort. 20 (1): 81-98

Cachorro, P., A. Ortiz and A. Cerda. 1993. Effects of saline stress and calcium on lipid

composition in bean roots. Phytochemistry 32: 1131-1136.

Carrow, R. N and R. R. Duncan. 2004. Soil salinity monitoring: present and future.
Available from: www. gcsaa. org/gem/2004/nov04/pdt/089-092. Nov04. pdf.

Carrow, R. N and R.R. Duncan. 2011. Best management practices for saline and sodic

turfgrass soils: assessment and reclamation. CRC Press.



107

Carrow, R. N. 2004. Golf Course Water Conservation: Best Management Practices

(BMPs). In: Workbook for Golf Course Super. Assoc. Amer. Seminar. 734.

Carrow, R.N. and R.R. Duncan. 1998. Salt affected turfgrass sites: Assessment and

management. Ann Arbor Press: Chelsea, MI.

Carrow, R.N., D.V. Waddington and P.E. Rieke. 2001. Turfgrass Soil Fertility and
Chemical Problems. Assessment and Management. John Wiley and Sons Inc.

Hoboken, NJ.

Chen, C. T., LM. Chen, C.C. Lin and C.H. Kao. 2001. Regulation of proline
accumulation in detached rice leaves exposed to excess copper. Plant Science,

160(2), 283-290.

Christians, N.E. 1990. Dealing with calcareous soils. Golf Course Management.58(6):
60- 66.

Colmer, T.D., E. Epstein and J. Dvorak. 1995. Differential solute regulation in leaf
blades of various ages in salt sensitive wheat and a salt-tolerant wheat x

Lophopyrum elongatum (Host) amphiploid. Plant Physiology 108: 1715-1724.

Cooke, A., A. Cooksen and M.J. Earnshaw. 1986. The mechanism of action on
calcium in the inhibition of high temperature induced leakage of betacyanin

from beet root discs. New Phytologist 102: 491-497

Coria, N.A., J.I. Sarquis, I. Penalosa and M. Urzua. 1998. Heat-induced damage in
potato (Solanum tuberosum) tubes: membrane stability, tissue viability, and
accumulation of glycoalkaloids. Journal of Agricultural and Food Chemistry

46: 4524-4528.

Cuthbert, R.W and A.M. Hajnosz. 1999. Setting reclaimed water rates. J. Amer. Water
Works Assoc. 91:50-57.

Dai, J., M.J. Schlossberg and D.R. Huff. 2008. Salinity tolerance of 33 greens-type

Poa annua experimental lines. Crop Science. 48: 1187-1192.



108

Dudeck, A.E. and C.H. Peacock. 1985a. Effects of salinity on Seashore Paspalum

turfgrasses. Agronomy Journal. 77:47-50.

Dudeck, A.E., S. Singh, C.E. Giordano, T.A. Nell and D.B. McConnell. 1983. Effects
of sodium chloride on Cynodon turfgrasses. Agronomy Journal. 75: 927-930.

Duncan, R and R.N. Carrow. 2002. Seashore paspalum offers alternative for the future.

Turfgrass Trends, 11(5): T7-T12.

Duncan, R.R and R.N. Carrow. 1999. Turfgrass molecular genetic improvement for

biotic / edaphic stress resistance. Adv. Agron. 67: 233-305.

Duncan, R.R., R.N. Carrow and M.T. Huck. 2009. Turfgrass and landscape irrigation
water quality. CRC Press. Boca Raton, FL.

Duncan, R.R., R.N. Carrow, and M.T. Huck. 2000. Effective use of seawater
irrigations on turfgrass. USGA Green Section Record. Jan/Feb: 11-17.

Flowers, T.J and A.R.Yeo. 1986. Ion relations of plants under drought and salinity.

Australian Journal of Plant Physiology 13: 75-91.
Flowers, T.J. 1985. Physiology of halophytes. Plants and Soil. 89:41-56.

Gong, M., S.N. Chen, Y.Q. Song and Z.G. Li. 1997. Effect of calcium and calmodulin
on intrinsic heat tolerance in relation to antioxidant systems in maize

seedlings. Functional Plant Biology, 24(3): 371-379.

Gorham, J. 1996. Mechanisms of salt tolerance of halophytes. In: Halophytes and
biosaline agriculture. Marcel Dekker. New York. pp. 31-53.

Gorham, J., R.G. Wyn Jones and E. McDonnell. 1985. Some mechanisms of salt
tolerance in crop plants. Plant Soil. 89:15-40.

Graham, E.R.1959. An explanation of theory and methods of soil testing. Agric. Exp.

Stn. Bull. Univ. Missouri, Columbia.



109

Grattan, S.R. and C.M. Grieve. 1999. Salinity-mineral nutrient relations in

horticultural crops. Scientia Hort. 78:127-157.

Greenway, H and R. Munns. 1980. Mechanisms of salt tolerance in nonhalophytes.

Ann. Rev. Plant Physiol. 31:149-190.

Harivandi, M.A. 2004. Evaluating recycled waters for golf course irrigation. USGA
Green Section Record. Nov/Dec: 25-29.

Harivandi, M.A., J.D. Butler and L. Wu. 1992. Salinity and turfgrass culture.
In :Turfgrass. ASA, CSSA, SSSA. Madison, WI. pp. 207-229

Hellebust, J.A. 1976. Osmoregulation. Annual Review of Plant Physiology. 27:
485-505.

Henry, JM., M.A. Gibeault, V.B. Youngner and S. Spaulding. 1979. Paspalum
vaginatum ‘Adalayd’ and ‘Futurf.” California Turfgrass Culture. 29: 9 — 12.

Hodgkinson, M.C and A.P. Mackey. 1995. Measuring phytotoxicity of diluent
hydrocarbons and  oils by betacyanin efflux. New Zealand Forest Research

Institute International Bulletin ~ Series 193:255-259.

Huang, B., X. Liu, and Q. Xu. 2001. Supraoptimal soil temperatures induced oxidative
stress in leaves of creeping bentgrass cultivars differing in heat tolerance.

Crop Sci. 41:430-435.

Huck, M., R.N. Carrow and R.R. Duncan. 2000. Effluent water: nightmare or dream
come true. USGA Green Section Record. March/April. pp. 15-29.

Huimin, L., X. Yang, D. Feng and Z. Puijn. 2001. Effects of NaCl stress on
physiological and  biochemical indices of resistance of 2 turf grasses (Poa

pratensis and Lolium perenne). Grassland of China 23 (5): 27-30.

Jiang, Y and B. Huang. 2001. Drought and heat stress injury to two cool-season
turfgrasses in  relation to antioxidant metabolism and lipid peroxidation. Crop

Science, 41(2): 436-442.



110

Jungklang,J., K. Usui and H.Matsumoto .2003. Differences in Physiological
Responses to  NaCl Between Salt-Tolerant (Sesbania rostrata Brem. and
Oberm.) and Non tolerant (Phaseolus vulgaris L.). Weed Biol. Manage., 3:
21-27.

Kamal Uddin, M., A.S. Juraimi, M.R. Ismail, M.A. Rahim and O. Radziah. 2012.
Physiological and growth responses of six turfgrass species relative to

salinity tolerance. Scientific World Journal 10: 1-10.

Kamal Uddin, M., A.S. Juraimi, M.R. Ismail, M.A. Rahim and O. Radziah. 2011.
Relative salinity tolerance of warm season turfgrass species. Journal

Environmental Biology ~ 32:309-312.

Karcher DE, Richardson MD (2003) Quantifying turfgrass color using digital image
analysis. Crop Science 43: 943-951

Katerji, N., JJW. van Hoorn, A. Hamdy and M. Mastrorilli. 2000. Salt tolerance
classification of crops according to soil salinity and to water stress day index.
Agricultural Water Management. The results of an unpublished research 43:

99-109.

Koch, M.J. 2012. Screening and evaluation of cool season turfgrasses for increased
salinity tolerance. Ph.D. Thesis, The State University of New Jersey,
Rutgers, NJ

Koch, M.J. and S.A. Bonos. 2010. An overhead irrigation screening technique for

salinity tolerance in cool season turfgrasses. Crop Science. 50: 2613-2619.

Koch, M.J. and S.A. Bonos. 2011. Correlation of three salinity tolerance screening

methods for cool-season turfgrasses. HortScience. 46(8):1198-1201.

Lee, D.H, Y.S.Kim and C.B. Lee. 2001. The inductive responses of the antioxidant
enzymes by salt stress in the rice (Oryza sativa L.). Journal of Plant Physiology

158: 737-745



111

Lee, G. J.,, R.R. Duncan and R.N. Carrow. 2007. Nutrient uptake responses and
inorganic ion contribution to solute potential under salinity stress in

halophytic seashore paspalums. Crop science, 47(6): 2504-2512.

Lee, G., R.N. Carrow and R.R. Duncan. 2004. Photosynthetic responses to salinity
stress of halophytic seashore paspalum ecotypes. Plant Science. 166:

1417-1425.

Lee, G., R.N. Carrow and R.R. Duncan. 2005. Criteria for assessing salinity tolerance

of the halophytic turfgrass seashore paspalum. Crop Science. 45: 251-258.

Lee, G., R.R. Duncan and R.N. Carrow. 2004. Salinity tolerance of seashore
paspalum ecotypes: Shoot growth responses and criteria. HortScience, 39(5):

1138-1142.

Liu, Y.Y,, E. Dell, H.Y. Yao, T. Rufty and W. Shi, 2011. Microbial and soil properties
in bent grass putting greens: Impacts of nitrogen fertilization rates. Geoderma,

162: 215-221.

Loch, D. S., N.-W. Menzies and J.D.Hull. 2010. Book Review on “Nutrition of Sports
Turfin  Australia” by J. Spencer. Tropical Grasslands, 44(4): 308-310.

Lodge, T. A and D.M. Lawson. 1993. The construction, irrigation and fertiliser
nutrition of golf greens. Journal of the Sports Turf Research Institute, 69:
59-73.

Maathuis, F.J.M and A. Amtmann. 1999. K+ nutrition and Na+ toxicity: the basis of

cellular K+/Na+ratios. Annals of Botany 84: 123.

Marcum, K. B. (2001). Salinity tolerance of 35 bentgrass cultivars. HortScience,
36(2), 374-376.

Marcum, K. B., M. Pessarakli and D.M. Kopec. 2005. Relative salinity tolerance of 21
turf-type desert saltgrasses compared to bermudagrass. HortScience, 40(3):

827-829.



112

Marcum, K. B., S.J. Anderson and M.C. Engelke. 1998. Salt gland ion secretion: A
salinity tolerance mechanism among five zoysia grass species. Crop Science,

38(3): 806-810.

Marcum, K.B and C.L. Murdoch. 1990 a. Growth responses, ion relations, and

osmotic adaptations of eleven C4 turfgrasses to salinity. Agronomy Journal.

82: 892-896.

Marcum, K.B and C.L. Murdoch. 1990 b. Salt glands in the Zoysieae. Annals of
Botany. 66:1-7.

Marcum, K.B and C.L. Murdoch. 1994. Salinity tolerance mechanisms of six C4 turf
grasses. J. Am. Soc. Hortic. Sci. 119: 779-784.

Marcum, K.B. 1999. Salinity tolerance mechanisms of grasses in the sub-family

Chloridoideae. Crop Sci. 39:1153-1160.

Marcum, K.B. 2006. Use of saline and non-potable water in the turf grass industry:

Constraints and developments. Agricultural Water Management. 80: 132-146.

Marcum, K.B. 2008 a. Physiological adaptations of turfgrasses to salinity stress. In:
Handbook of turfgrass management and physiology. CRC Press. Boca Raton,
FL. pp. 407-416.

Marcum, K.B. 2008 b. Relative salinity tolerance of turfgrass species and cultivars. In:
Handbook of turfgrass management and physiology. CRC Press. Boca Raton,
FL. pp. 389-406.

Marcum, K.B. and M. Pessarakli. 2006. Salinity tolerance and salt gland efficiency of
Bermuda grass turf cultivars. Crop Science. 46: 2571-2574.

Marcum, K.B. and M. Pessarakli. 2006. Salinity tolerance and salt gland efficiency of
Bermuda grass turf cultivars. Crop Science. 46: 2571-2574.

Mattoli R., P. Costantino and M. Trovato. 2009. Proline accumulation in plants. Plant

Sig. Behav. 4 (11): 1016-1018.



113

McAinsh, M. R., H. Clayton, T.A. Mansfield and A.M. Hetherington. 1996. Changes
in stomatal behavior and guard cell cytosolic free calcium in response to

oxidative stress. Plant Physiology, 111(4): 1031-1042.

Morant-Mancea, A., E. Pradier and G.Tremblin. 2004. Osmotic adjustment, gas
exchange, and chlorophyll fluorescence of hexaploid reticule and its parental

species under salt stress. J. Plant Phys. 161: 25-33.

Munns, R. and A. Termaat. 1986. Whole plant responses to salinity. Aust. J. Plant
Physiol., 13: 143-160.

Munns, R. and M. Tester. 2008. Mechanisms of salinity tolerance. Annual Review of

Plant Biology. 59: 651-681.

Murray, J.J and M.C. Engelke. 1938. Exploration for zoysia grass in Eastern Asia.
USGA Green Section Record, May — June: pp. 8 — 12.

Nelson, P. V. 1991. Greenhouse Operation and Management, 4th ed. Prentice-Hall,
Inc., Englewood Cliffs, NJ.

Pasternak, D., A. Nerd, Y. de Malach. 1993. Irrigation with brackish water under
desert conditions and the salt tolerance of six forage crops. Agric. Water

Manage., 24: 321-334.

Pasternak, D., Nerd, A., de Malach, Y. 1993. Irrigation with brackish water under
desert conditions and the salt tolerance of six forage crops. Agric. Water

Manage., 24: 321-334.

Pessarakli, M and D.M. Kopec. 2009. Screening various ryegrass cultivars for salt

stress tolerance. Journal of Food, Agriculture and Environment. 7: 739-743.

Pessarakli, M. (Ed.).2007. Handbook of turfgrass management and physiology. CRC

press.

Pessarakli, M. 1994. Handbook of plant and crop stress. Marcel Dekker, Inc. New
York, NY.



114

Pessarakli, M. and D.E. McMillan. 2014. Seashore Paspalum, a High Salinity Stress
Tolerant Halophytic Plant Species for Sustainable Agriculture in Desert
Regions and Combating  Desertification. International Journal of Water

Resources and Arid Environments. 3(1): 35-42.

Pessarakli, M. and D.M. Kopec. 2008. Establishment of three warm-season grasses

under salinity stress. Acta Hort. Science. 783: 29-37.

Pessarakli, M. and Hayat Touchane, 2006. Growth Responses of Bermudagrass and
Seashore Paspalum under Various Levels of Sodium Chloride Stress. Journal

of Food, Agriculture and Environment. 4(3&4): 240-243.

Pessarakli, M. and 1. Szabolics. 1999. Handbook of plant and crop stress. 2nd edition.
Marcel Dekker, New York. pp. 1-16.

Pessarakli, M., D.M. Kopec and J.J. Gilbert. 2008. Growth responses of selected
warm- season turf grasses under salt stress. Turfgrass, Landscape and Urban

IPM Research Summary. January: 47- 54.

Phang M., J. Pandhare J and Y. Liu. 2008. The metabolism of proline as

microenvironmental stress substrate. J. Nutri. 138 (10): 2008-2010.

Qian, Y.L and B. Mecham. 2005. Long-Term effect of Recycled Wastewater irrigation
on Soil chemical Properties on Golf Course Fairways. American Society of

Agronomy Journal. 97: 717-721.

Qian, Y.L., R.F. Follett, S. Wilhelm, A.J. Koski, and M.A. Shahba. 2004. Carbon
isotope discrimination of three kentucky bluegrass cultivars with contrasting

salinity tolerance. Agron. J., 96: 571-575.

Qian, Y.L., S.J. Wilhelm and K.B. Marcum. 2001. Comparative responses of two
Kentucky bluegrass cultivars to salinity stress. Crop Science. 41(6):1895-1900.

Reimann, C. and S.W. Breckle. 1993. Sodium relations in Chenopodiaceae: a

comparative  approach. Plant Cell Environ. 16:323-328.



115

Rubinigg, M., F. Posthumus, M. Ferschke, J.T.M. Elzenga, and 1. Stulen. 2003. Effects
of NaCl salinity on 15N nitreate fluxes and specific root length in the
halophyte Plantago martima . Plant Soil. 250: 201-213.

Sartain, J. B. 1985. Effect of acidity and N source on the growth and thatch
accumulation of Tifgreen bermudagrass and on soil nutrient retention. Agron.

1., 77(1): 33-36.

Shahba, M.A .2010. Comparative responses of bermudagrass and seashore paspalum
cultivars commonly used in Egypt to combat salinity stress. J. Hortic.

Environ. Biotechnol. 51(5):383-390.

Shahba, M.A., S.F. Alshammary and M.S. Abbas. 2012. Effects of salinity on seashore
paspalum cultivars at different mowing heights. Crop Sci., 52:1358-1370.

Smith, M.A.L., A.L. Spomer and E.S. Skiles. 1989. Cell osmolarity adjustment in
Lycopersicon in response to stress pretreatments. Journal of Plant Nutrition

12, 233-244.

Snow, J.T. 1993. USGA recommendations for a method of putting green construction.

WWW.Usga.org.

Snow, J.T. 2003. Water conservation on golf courses. USGA Green Section Record

March/April: pp.1-3. www.usga.org.

Spencer, W. F. 1954. Influence of cation-exchange reactions on retention and

availability of cations in sandy soils. Soil Science 77.2: 129-136.

Spiers, J. M. 1993. Calcium, magnesium, and sodium uptake in rabbiteye blueberries.

J.Plant Nutr. 16: 825- 833.

Spiers, J. M. and J. H. Braswell. 1994. Response of ‘Sterling’ muscadine grape to

calcium, magnesium, and nitrogen fertilization. J. Plant Nutr. 17: 1739-1750.

St John, Rodney A., and Nick E. Christians. 2010.Special approaches are needed when

testing calcareous sands. Applied Turfgrass Science 7.1


http://www.usga.org
http://www.usga.org
http://www.usga.org
http://www.usga.org

116

St. John, R.A., N.E. Christians, and H.G. Taber. 2001. Supplemental calcium
applications to turfgrass established on calcareous soils. Int. Turfgrass Soc.

Res. J. 9 (1): 437-441,

Suplick-Ploense, M.R., Y.L. Qian and J.C. Read. 2002. Relative NaCl tolerance of
Kentucky bluegrass, Texas Bluegrass, and their hybrids. Crop Science. 42:
2025-2030.

Turgeon, A. J. 2011. Turfgrass Management 9 Edition. Prentice Hall. Upper Saddle
River, NIJ.

Turner, T.R. and N.W. Hummel, Jr. 1992. Nutritional requirements and fertilization.
In: D.V. Waddington, R.N. Carrow, and R.C. Shearman (eds.) Turfgrass-
Agronomy Monograph, = Madision, WI.

White, R.H., M.C. Engelke, S.J. Anderson, B.A. Ruemmele, K.B. Marcum and G.R.

Taylor II. 2001. Zoysia grass water relations. Crop Sci. 41:133-138.

Wise, R.R and A.W. Naylor. 1987. Chilling-enhanced photo-oxidation. The
peroxidative  destruction of lipids during chilling injury to photosynthesis

and ultrastructure. Plant ~ Physiology 83: 278-282.

Wu, L. 1981. The potential for evolution of salinity tolerance in Agrostis stolonifera L.

and Agrsotis tenuis Sibth. New Phytologist. 89:471-486.

Yoshida, S., D.A. Forno and J.H. Cock. 1971. In: Laboratory manual for physiological
studies of rice. IRRI, Philippines. pp. 36-37.

Zhang, X., E.H. Ervin, and R.E. Schmidt. 2003. Plant growth regulators can enhance
the recovery of Kentucky bluegrass sod from heat injury. Crop Sci. 43:
952-956.



