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ABSTRACT 

Bermudagrass is a warm season turf species that is widely used on golf course 

fairways in the Southwestern US because of its adaptions. In semiarid and arid 

regions, turfgrasses rely on irrigation water to maintain performance. The high 

evapotranspiration caused by high temperature and wind conditions results in a higher 

water demand for turfgrass growing in these regions. However, the salts accumulated 

in soil due to the poor quality of irrigation water from the Ogallala aquifer may have 

potentially negative effects on soil and turf. Cleaner water may not always is available 

for leaching. The objective of this research was to determine if application of products 

and cultivation practices can provide benefits for salts remediation and turf quality 

improvement with normal levels of irrigation water.  

Rawls Golf Course and Meadowbrook Golf Club with different soil and turf 

characteristics in Lubbock, TX were selected to conduct this research. Cultivation 

practices, core aerification, slicing, and non-cultivated control were applied in middle 

June 2015 and 2016. The rate and timing of 10 product (surfactants and gypsum based 

products) applications were based on the product label. Soil samples of each 

experimental plot were collected three times each year and analyzed for electrical 

conductivity and pH measurement. Large molecular weight chemical elements were 

measured with the portable x-ray fluorescence instrument. Data including visual turf 

quality, digital image analysis, normalized difference vegetation index, ratio 

vegetation index, and volumetric water content were measured at the frequency of 

every other week from June to October in 2015 and 2016. 
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Precipitation was the main factor to regulate soil EC. The high amounts of 

rainfall received prior to this research in 2015 likely reduced the accumulated salts in 

the soil from extended drought. Gypsum and Verde-Cal G significantly reduced soil 

pH after two years of applications. Granular products generally increased soil EC 

compared to control, especially at Meadowbrook, with normal irrigation levels. 

Cultivation practices were the main factor that caused significant differences on above 

ground turf parameters. Core aerified treatments were slower to heal at the Rawls Golf 

Course, which resulted in poorer cover and color throughout the summers in 2015 and 

2016. The ratio vegetation index and turf quality were significantly improved by 

cultivation practices on the common bermudagrass fairway at Meadowbrook Golf 

Club. The lower volumetric water content by core aerification compared to non-

cultivated or sliced treatments at Meadowbrook may demonstrate a higher infiltration 

rate associated with core aerified practice. Few consistent significant differences on 

turf parameters were observed based on product applications. Soil with 5% more clay 

content at Rawls may have higher buffering capacity to limit soil EC changes in this 

short study period. The high clay content 19.7% and potential poor soil structure at 

Rawls may have limited turf recovery from core aerified treatments. Overall, the salt 

remediation ability was limited by applications of products and cultivation practices 

without leaching fraction. The soil salinity never reached a level that significantly 

impacted the relatively salt tolerant bermudagrass, which may have limited the 

potential benefits that could have been provided by products. 
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CHAPTER 1 

INTRODUCTION 

This study consists of two relatively independent assays, which are in chapter 

3 and chapter 4. The purpose of this study is to provide golf course superintendents 

with best management practices to reduce soil salinity levels and enhance fairway 

conditions in semiarid regions.  

Golf courses irrigated with poor quality of irrigation water may cause 

excessive salts accumulation in soil. The salts in soil affect soil structure and turfgrass 

growth. Management-induced elevated soil EC levels have been observed in golf 

courses in this semiarid region. Young et al. (2015) collected soil samples both in 

managed areas and the adjacent non-managed areas from seven golf courses in 

Lubbock. A comparison was made among three depths (0-10 cm, 10-20 cm, and 20-30 

cm) for the salinity parameter EC and sodicity parameters SAR and ESP. All three 

parameters were significantly higher in the managed areas at all depths compared to 

the non-managed zones. It suggested that the management practices and possibly 

irrigation water tended to increase soil salinity and sodicity at these facilities. The soil 

in these managed areas might be less supportive for turf growth.  

Common methods for salt reductions include leaching, product applications, 

and cultivation practices. However, low salinity water sources are typically 

unavailable to the golf courses for widespread use for leaching due to the cost or 

restrictions on water use rights in many drought stricken areas. Some golf courses do 

not have the financial status or employees required to perform the cultivation practices 
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on a consistent basis. Additionally, widespread drought conditions and higher rates of 

evapotranspiration have limited natural leaching. Although some products are being 

recommended, limited research-based information on their effectiveness alone or in 

combination with recommended cultivation practices is available. Therefore, the 

following objectives were proposed to provide best management practices for salinity 

remediation in golf courses under soil types and turf characteristics in semiarid 

regions. 

1) Determine if application of selected commercial products with and without 

cultivation practices can effectively reduce salt accumulation in the rootzone with 

normal irrigation levels. 

2) Incorporate digital image analysis and normalized difference vegetation 

index (NDVI) to examine enhanced fairway conditions and physiological benefits 

provided with these cultivation practices and products. 

3) Apply the technology of portable x-ray fluorescence (PXRF) for rapid 

quantification and evaluation of salinity hazards in golf courses in the semiarid 

regions. 

Two golf courses (Rawls and Meadowbrook) with different characteristics in 

Lubbock, TX, were selected to conduct this research in 2015 and 2016. Cultivation 

practices (core aerification and slicing applied once per year) and 10 salt reducing 

products were evaluated in this study for their effectiveness alone or in combination to 

reduce soil salinity levels on golf course fairways. Chapter 3 focuses on soil 

characteristics. Soil samples were collected three times each year for determining 
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salinity level changes with cultivation and product treatments. The PXRF instrument 

was applied to rapidly quantify chemical elements in soil samples. Elements measured 

with PXRF was correlated with soil electrical conductivity (EC) of each sample to 

evaluate its capability for soil EC prediction. Chapter 4 discusses the above ground 

tissue parameters. Visual turf quality, percent green cover, normalized difference 

vegetation index (NDVI), ratio vegetation index, and volumetric water content were 

assessed every two weeks for the potential benefits provided by these treatments for 

turfgrass performance.  

Regarding soil parameters in chapter 3, we hypothesize that core aerification in 

combination with commercial gypsum based products Verde-Cal G or DG Gypsum 

can effectively reduce soil salinity levels on golf course fairways with normal 

irrigation level in this semiarid region. For the above ground tissue in chapter 4,  we 

hypothesize that both sliced and core aerified cultivation practices alone or in 

combination with surfactants can benefit turf color and cover on fairways. 
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CHAPTER 2 

LITERATURE REVIEW 

Bermudagrass 

Bermudagrass (Cynodon spp.) is a major grass species distributed throughout 

the tropical and subtropical areas of the world. The origin of the Cynodon species is 

centered around the Indian Ocean ranging from eastern Africa to the East Indies, and 

the grass was introduced into the US during the colonial period (Hanson et al., 1969). 

To date, bermudagrass is grown in Australia, Africa, India, South America, and the 

US. In the US, its area of adaption extends into the southern and central sections of the 

transition zone, but it may experience winterkill in the northern transition zone 

(Christians, 2007).  

Bermudagrass is a warm season, perennial species that has the most rapid 

growth rate among the warm season turfgrasses and also possesses a rapid 

establishment rate. This vigorous growth combined with its rhizome and stolon 

production provides excellent recuperative potential. Bermudagrass survives in a wide 

range of soil pH from 5.5 to 7.5 and adapts to a wide array of soils from deep sand to 

heavy clays (Beard, 1973). However, it usually grows better in fine textured soils 

because of the higher nutrient and water-holding capacity associated with fine textured 

soils (Beard, 1973). Additionally, bermudagrass has exhibited good tolerance to heavy 

traffic and saline conditions. Based on these prominent characteristics, it is widely 

used in sports fields, lawns, parks, and golf courses (Duble, 1996). 

Although the heat and drought tolerances of bermudagrass are excellent, the 

low temperature tolerance is poor (Burton et al., 1954). When the average air 
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temperature drops below 10℃, the grass stops growing and starts to discolor. 

Temperatures below -1℃ may kill bermudagrass. The leaves and stems of 

bermudagrass will remain dormant until the average daily temperature rises above 

10℃ for several days (Christians and Engelke, 1994). However, in central Florida and 

the tropics, bermudagrasses may remain green and actively growing throughout the 

year. Besides the limited cold tolerance, it also exhibits very poor shade tolerance 

(Burton and Deal, 1962; Schmidt and Blaser, 1969). Under shade conditions, 

bermudagrass thins and has a lower coverage compared to full-sunlight, and may lose 

its competitive advantage over weeds and other grasses (Wiecko, 2006). Management 

practices such as applying plant growth regulators, raising mowing height, keeping 

nitrogen fertilization lower, and reducing irrigation could help bermudagrass growth in 

shade conditions. As mentioned above, bermudagrass has several advantages and 

disadvantages, but these may vary among commonly used species.  

The genus Cynodon includes nine species (Taliaferro, 1995). The most 

frequently used are common bermudagrass (Cynodon dactylon (L.) Pers), hybrid 

bermudagrass (Cynodon dactylon (L.) Pers X C. transvaalensis Burt-Davy), and 

African bermudagrass (Cynodon transvaalensis Burt-Davy). All of them have 

different characteristics and benefits adapting to various conditions. The leaf texture 

ranges from the medium texture of common bermudagrass to the very fine texture of 

African bermudagrass. As previously mentioned, shade is generally detrimental to 

bermudagrass growth, but shade tolerance among cultivars and species vary (Baldwin 

et al., 2008; Gaussoin et al., 1988). Trappe et al. (2011) demonstrated that common 

bermudagrass maintained greater green cover than hybrid bermudagrass in shade, 
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which may provide evidence of greater shade tolerance in common bermudagrass. 

Common bermudagrass also tends to be more drought-tolerant and has a lower water 

requirement than hybrid bermudagrass (Christians, 2007). 

Common bermudagrass is typically seeded, although it can also be established 

from vegetative propagules. Common bermudagrass has relatively coarse texture, 

medium green color, and low shoot density (Beard, 1973). Its deeper root system 

allows the turf to absorb water deeper in the soil, which benefits it to sustain 

prolonged drought periods (Duble, 1996). Common bermudagrass is a good choice for 

lower-budget golf courses because it performs well under low-maintenance 

conditions. Cultivars like ‘Yukon’, ‘Riviera’, and ‘Princess 77’ are common 

bermudagrass species that have relatively high shoot densities and a dark green 

genetic color (Morris, 2004; McElroy et al., 2005), and other cultivars most used 

include ‘Arizona common’, ‘Celebration’, ‘Giant’, and ‘Sahara’ (Ball and Pinkerton, 

2002). 

African bermudagrass has the finest texture and highest shoot density within 

the Cynodon species, and its horizontal spread occurs by short stolons and small, 

fleshy rhizomes (Harlan et al., 1970). Its erect leaves with a bright, light green color 

will turn to reddish-purple at low temperature (Youngner, 1956).   

Hybrid bermudagrass is a natural triploid hybrid between common and African 

bermudagrass. Hybrid bermudagrass is sterile and must be established from sod, 

sprigs, or plugs (Patton and Boyd, 2001). It is generally finer textured than common 

bermudagrass and has less hardiness in cold temperature than common bermudagrass. 
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Some well-known cultivars of this hybrid bermudagrass are ‘Tifway’, ‘Tifsport’, 

‘Patriot’, ‘Santa Ana’, ‘Coastal’, ‘Tifton’, and ‘Tifgreen’ (Wiecko, 2006; Augsdorfer, 

1995).  

Management of bermudagrass fairways 

Species and cultivar selection are critical for golf course fairways, but without 

appropriate management practices golf course, fairways will not have desirable 

performance and quality. Golf course fairways are under moderate management 

intensity. 

Mowing 

 Mowing is the most basic practice on course fairways. It provides a uniform 

surface for recreational activities, and can drastically alter the physiological, 

developmental, and growth response of turfgrass. The prostrate growth habit of 

bermudagrass allows for lower mowing heights on golf course fairways. A cutting 

height of 1.3-3.8 cm is best for bermudagrass (Cole et al., 1997), and no more than 1/3 

of the leaf tissue should be removed at any one mowing because it may dramatically 

affect photosynthesis of grass. Reel mowers are preferred because they produce the 

highest quality cut on bermudagrass. The mowing frequency can be as important as 

the cutting height in the overall condition of bermudagrass, and increases as the 

cutting height is lowered. Bermudagrass golf course fairways are generally mowed 

two or three times per week (Fagerness et al., 1998; Trappe et al., 2011). 
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Fertilization 

Soil fertility is another fundamental factor to maintain bermudagrass health. 

Bermudagrass has a relatively high fertilizer requirement to maintain a high level of 

turf quality (Duble, 1996). Nitrogen is the most common and frequently applied 

nutrient. The application can be chosen from slow- or fast-release fertilizer or a 

combination of the two. Fast-release nitrogen is available to bermudagrass 

immediately, while slow release nitrogen becomes available over time. Bermudagrass 

generally needs 190-390 kg N/ha each year, depending on the length of growing 

season. Initial fertilizer applications are made after the grass initiates shoot growth in 

the spring (Taylor and Gray, 1999). It is common for fairways in Lubbock, TX, to be 

fertilized with soluble fertilizers at 49 kg N/ha in May to promote growth following 

spring green-up. An additional 49-75 kg/ha of slow-release nitrogen is applied 4 to 6 

weeks after to maintain adequate growth and recovery during summer months (Taylor 

and Gray, 1999). Late summer applications of nitrogen are not recommended due to 

increased cold injury potential. Soil and tissue testing along with the visual appearance 

are required to diagnose phosphorus, potassium, and other macro- and micronutrient 

deficiencies (Sartain, 2001). In the absence of a soil test, phosphorous application is 

restricted to once a year or use fertilizers with N:P ratio of at least 3:1 because 

excessive phosphorus in soil can interfere with certain micronutrients uptake, such as 

iron and zinc (Fagerness et al., 1998). Potassium can regulate water absorption and 

retention in plants, which influences the heat, cold, and drought hardiness of turfgrass. 

Typically, the amount of K accumulated in turfgrasses is about half compared to N 

element. In the absence of a soil test, the ratio of applications is recommended at 2:1 
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(N:K) (Turgeon, 1996). The micronutrients for turfgrass are just as important as the 

macronutrients, but are required by the plant in much smaller amounts. Most soils 

have adequate micronutrients, but when the soil pH exceeds 7.0, micronutrients such 

as Fe, Cu, Mn, and Zn may become limiting because these nutrients will be less 

soluble in the soil water (Sartain, 2001). 

Cultivation practices 

Soil compaction and heavy thatch are common problems associated with golf 

course fairways due to heavy turf equipment and/or inappropriate management 

practices. Turfgrass cultivation refers to a variety of mechanical processes that are able 

to loosen soil and reduce compaction, control thatch, or groom turf surface (Brown 

and Walworth, 2010). The normal cultivation practices operated on fairways include 

periodic core aerification and vertical mowing. Topdressing with sand would be 

helpful, but on the areas as large as fairways, it may be cost prohibitive and only 

occasionally applied. Core aerification is a cultivation method in which small holes are 

made in soil surface, usually by removal of small plugs of soil and turf, which is an 

effective way for relieving compaction, improving root growth, and increasing water 

infiltration velocity and retention (Morgan, 1962). Vertical mowing is used to remove 

organic matter and cut stolons, which is helpful to alleviate thatch and encourage 

lateral growth. Topdressing with sand is helpful for thatch management, smoothing 

soil surface, modification of the surface soil, and winter protection of turf. These 

cultivation practices contribute to optimum turf quality and performance. Cultivation 

is best accomplished during periods of active turfgrass growth; therefore, these 
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practices are generally conducted in summer months on warm season grasses. Hollow 

metal tines measuring to 1-2 cm in diameter can penetrate to a depth of 5 to 10 cm, 

and solid tines can penetrate deeper to 25 cm depths without removing soil cores 

(Brown and Walworth, 2010). Both cultivation practices are disruptive to the 

uniformity of turf and require lots of time and money to be completed on golf course 

fairways; for this reason, low-budget courses may not apply these cultural practices on 

a consistent basis. 

Irrigation 

In arid and semiarid areas, the total quantity and seasonal distribution of 

precipitation are not adequate to maintain a dense, acceptable quality turf on golf 

course fairways. Hence, bermudagrass requires supplemental irrigation to reach the 

expectations of fairways in these regions. Considerations in developing an irrigation 

program include 1) irrigation frequency, 2) water quantity to apply, 3) water source, 4) 

water quality, and 5) irrigation method (Watson, 1950). The irrigation frequency of 

bermudagrass increases with enhancing maintenance levels, higher temperature, and 

lower humidity (Tovey et al., 1969). Bermudagrass usually needs a weekly application 

of 2.5 to 3.2 cm water to retain its color during summer (Patton and Boyd, 2001). In 

Lubbock, annual total rainfall is often below 50 cm. This lower quantity of 

precipitation increases the irrigation water requirement. Additionally, the average high 

temperature,  low humidity, as well as windy conditions in summer months cause 

elevated evapotranspiration from turf systems. Hence, greater quantities of irrigation 

water will be required to maintain adequate turf quality. 
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Water resources 

Groundwater 

Among all kinds of water resources, groundwater is an indispensable water-

supply source worldwide (Zektser and Everett, 2004). In the High Plains of West 

Texas, groundwater is mainly pumped from the Ogallala aquifer, which is one of the 

world’s largest underground water sources. It underlies parts of eight states in the 

central US from  Texas to South Dakota, and covers an area of around 45 million 

hectares (Hernandez et al., 2013). About 66 million cubic meters of groundwater is 

withdrawn per day from this aquifer to meet agriculture and urban water demands 

(Maupin and Barber, 2005), and 94 percent of the groundwater is used for agriculture 

production (Gurdak et al., 2009).  

However, since the 1980s, there has been increasing concern over the aquifer 

depletion rate and quality of groundwater (Hernandez et al., 2010; Scanlon et al., 

2010). The groundwater level has been steadily declining with some areas 

experiencing more than 60% reduction in saturated thickness (Buchanan et al., 2009). 

The water is lost through evapotranspiration, runoff, and other water losses. 

Meanwhile, recharge of the aquifer occurs through movement of precipitation water. 

Water flow through the vadose zone must follow a tortuous path that limits recharge to 

0.06 cm to 15.25 cm annually in the Southern High Plains (Kromm and White, 1992).  

The salinity of groundwater, a main water quality parameter, is measured by 

total dissolved salt (TDS) in the water and electrical conductivity (EC) of water. 

Irrigation water is classified into four categories based on salinity levels (Table 2.1). 



Texas Tech University, Li Li, May 2017 

12 

Classifications identify potential for plant damage and management practices required 

if this irrigation source is used (Carrow and Duncan, 1998). 

Groundwater salinization may result from a combination of natural (e.g. 

upwelling of highly mineralized groundwater from the underlying formations) and 

anthropogenic processes (e.g. irrigated agriculture and hydrocarbon exploration 

activities) that have surpassed environmental salinity thresholds (Gurdak et al., 2009; 

Mehta et al., 2000). As withdrawal rates of groundwater continually exceed recharge 

rates due to high irrigation demand, the salt concentration has increased over time. The 

poor water quality of this aquifer has been observed by many scientists. Litke (2001) 

evaluated water quality parameters from 29,041 sites from 1930 to 1998 and reported 

substantial increases in nitrate and salinity over time. McMahon et al. (2004) 

conducted a survey in the Southern High Plains, Texas in 2002. The results showed 

high levels of sodium, chloride, sulfate, and bicarbonate, which are indicators of poor 

groundwater quality. The bicarbonate in water irrigated into soil may deposit calcium 

and make it less available to offset the sodium hazard in soil. the Chaudhuri and Ale 

(2014a) identified groundwater TDS levels in Texas frequently exceeding the brackish 

water limit (1000 mg/L) in recent decades. Similar observations were also reported by 

Fahlquist (2003) who found high groundwater salinity in Lynn, Terry, Gaines, 

Andrews, Lubbock, and Dawson counties. Chaudhuri and Ale (2014b) also indicated 

persistent salinity issues in the Ogallala aquifer that have worsened in recent times, 

and the total dissolved salt (TDS) levels of more than 60% of observations from the 

shallow wells exceeded the medium salinity level (>500 mg/L) (Table 2.1).  
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Effluent water 

Besides groundwater, effluent water (recycled, non-potable, wastewater, 

reclaimed) is an alternative irrigation water resource for golf courses. Population 

growth has caused great pressure on the limited fresh water supply (Marcum, 2006). 

The demand for irrigation water in semiarid and arid regions is greater, and high 

quality water is typically allocated for human consumption (Skiles et al., 2014; Devitt 

et al., 2004). Additionally, the use of water for landscape and turfgrass are considered 

as a lower priority than that for human life (Kjelgren et al., 2000). Many states and 

local governments have reacted by placing restrictions on the use of potable water for 

irrigating turfgrass landscapes (Marcum, 2006). As a result of these situations, many 

golf courses in the southwestern US have started using effluent water (Huck et al., 

2000; Zupancic, 1999). A survey conducted by the National Golf Foundation (NGF) 

reports that approximately 13% of golf courses nationwide use effluent irrigation 

sources (NGF, 1999), and this number is likely higher today. However, golf course 

managers are often concerned about salinity and sodicity issues associated with 

effluent water irrigation.  

The quality of effluent water in the US varies by region, level of treatment, and 

quality of the source water (Devitt et al., 2005), but it generally contains higher levels 

of salinity than potable water (Brown and Walworth, 2010; Toze, 2006). Most effluent 

water ranges from 200 to 3000 ppm of TDS or 0.30 to 4.7 dSm-1 of EC (Feigin et al., 

1991), which can lead to saline soil conditions that make these sources undesirable as 

irrigation water (USGA, 1994). Qian and Mecham (2005) found increasing levels of 

sodium absorption ratio (SAR), electrical conductivity (EC), exchangeable sodium 
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percentage (ESP), and pH with sites using effluent water compared to those irrigated 

with surface water. Coppola et al. (2004) researched the hydrological conditions of 

soil under effluent irrigation, and observed increased surface soil bulk density and 

decreased hydraulic conductivity. In contrast, water reuse is a powerful means of 

water conservation, reclamation, and nutrient recycling (Skiles et al., 2014). Effluent 

water may contain plant essential nutrients such as N, P, and K, so fertility application 

must be adjusted to a lower level to maximize turfgrass performance and minimize 

environmental impact (King et al., 2000; Bauder et al., 2011). Effluent water can also 

be a good choice for the bottom line of the budget, considering that effluent water cost 

is often negotiated to 80% less than fresh water (Huck et al., 2000). 

Drought conditions 

From the beginning of the 21st century, continuous drought conditions and 

increased temperatures have generally prevailed in the southwestern US (MacDonald, 

2008; MacDonald, 2010). Climate models have indicated the US might see persistent 

droughts in the next 20–50 years (Dai, 2011) with more severe drought expected in the 

Southwest (Cayan et al., 2010). In general, drought is characterized by a lack of 

available water. The average annual precipitation rate for Lubbock is approximately 

50 cm; however, the drought conditions from 2011 to 2013 were more severe with 

only rate of 25 cm in average (e.g. 2011 was 15 cm; 2012 was 29 cm; 2012 was 32 

cm). The effects of low precipitation have been exacerbated by high temperatures and 

increased evapotranspiration. Overall, the increased temperature and low precipitation 

have been the main factors of the development of persistent aridity (MacDonald, 

2010). These drought conditions have further increased the usage and depletion of 
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groundwater sources for irrigating golf fairways. These situations facilitate the 

accumulation of salts in the managed areas of golf courses over time. 

Soil salinity problems on fairways 

Soil salinity has become an escalating problem worldwide, with nearly 10% of 

the earth’s total land surface covered with salt-affected soil, and up to 100 Mha 

classified as saline soil due to low quality irrigation water (Pessarakli and Szabolics, 

1999). The types and quantities of salts contained in irrigation water that are applied to 

the turf system have a dramatic influence on turfgrass and soil. Sodium can cause soil 

structural deterioration when sodium concentration is high, especially in conjunction 

with high bicarbonate and relatively low calcium and magnesium levels (Carrow et al., 

1999). The characteristics of the soil containing high levels of sodium are heavily 

compacted areas, which result in reduced water movement and limited oxygen in the 

rootzone (Duncan et al., 2000b). Meanwhile, the undesired salts in irrigation water 

restrain the balance of nutrients available in the soil and reduce the soil’s effectiveness 

to support plant life. Electrical conductivity of the saturated extract (ECe), sodium 

adsorption ratio (SAR), and exchangeable sodium percentage (ESP) are three main 

parameters used to classify salt-affected soils (Rengasamy, 2010). Base on these 

parameters, salt-affected soils can be classified into three categories (Amini et al., 

2016) (Table 2.2). Saline soil has ECe greater than 4.0 dS m-1 because of high levels of 

soluble salts. Sodic soil contains high levels of exchangeable sodium (SAR >13 and/or 

ESP >15), but the ECe is generally less than 4.0 dS m-1. Saline-sodic soil has both salts 

and sodium related problems and is considered to be the most degraded of salt-

affected soil (Amini et al., 2016; Rengasamy, 2002). 
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Plant growth and productivity are influenced by high levels of salt from 

irrigation water worldwide (Baghalian et al., 2008). The shoot and root biomass will 

decrease as salinity increases to a critical level when warm season turfgrasses 

physiologically respond to salinity stress (Adavi et al., 2006; Alshammary et al., 

2004). Salt-induced problems are mostly caused by an osmotic effect on the turfgrass 

plant. In high salinity conditions, wilting can occur when soil is moist due to osmotic 

potential contributors, inhibiting water uptake by turfgrass. Other symptoms like 

discoloration, root desiccation, leaf curling, and even leaf firing can occur, especially 

when evapotranspiration exceeds irrigation quantities, coupled with prolonged hot, 

dry, and windy conditions. Besides these visible symptoms caused by the high soil 

salinity level, there are a number of physiological effects on turfgrass that are not 

visible. The physiological effects are similar to drought affected turf. The turgor 

pressure of shoot cells is reduced due to the reduced water uptake, and wear injury is 

greater on these turfgrasses with reduced turgor pressure. The reduced available water 

for turfgrass can increase high temperature injury because of the reduced 

transpirational cooling effect. Stomata close more rapidly in high soil salinity 

conditions, which may reduce CO2 exchange from air to leaf cells and cause reduced 

photosynthesis (Carrow and Duncan, 2011).  

Methods for reducing soil salts 

Leaching 

The most common and easy method of addressing excessive salt accumulation 

in the soil is frequent leaching of the soil with good quality irrigation water or rainfall 
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(Camberato, 2001). However, rainfall is quite limited in Lubbock, TX due to the 

semiarid climate. Precipitation alone will likely not provide adequate leaching to 

manage acceptable soil salinity levels. In some cases, the amount of rainfall may be 

adequate to leach salts, but low permeability and infiltration rate of soil caused by high 

amounts of sodium may prevent water from effectively moving through the soil 

profile. These conditions lead to increased runoff and further demonstrate the 

challenge of relying on rainfall alone to leach excessive salt accumulation in soils. 

The standard leaching method in semiarid regions is to increase the amount of 

water applied through the irrigation system. For a particular golf course, it is critical to 

determine the amount of extra water required to flush the fairways with high salinity 

levels. The leaching fraction (LF) is presented as 

LF = ECW / ECDW 

Where ECW is the EC (electrical conductivity) of irrigation water, and ECDW is the EC 

of drainage water. This equation was created by United States Salinity laboratory staff 

in 1954, and used to evaluate soil salt balance.  In order to avoid salt injury, soil 

salinity levels must be maintained below the salinity tolerance of the particular 

turfgrass species. Leaching requirement (LR) refers to the minimum amount of water 

that must pass through the effective rootzone to flush salts to an acceptable level 

(Carrow et al., 1999). The method that determines the LR is based on the relationship 

LR = ECw / 5ECc – ECw 

Where ECw is the EC of irrigation water, and ECc is the threshold soil EC measured 

with saturated paste extract at which turfgrass will not exhibit visual stress symptoms 
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(Carrow and Duncan, 1998). This method is only effective for sites where soil salinity 

spatial difference is minimal. The quality of irrigation water strongly affects the 

quantity of water required. Salts can move back up through the soil micropores by 

capillary action if irrigation water is not adequate for leaching  (Carrow and Duncan, 

2011). This process usually occurs when ET exceeds the amount of water applied to 

soil during prolonged high temperature or windy conditions.  

The fresh water demand is doubling every two decades in the world (Duncan et 

al., 2000a), and serious water shortages are occurring in many semiarid and arid 

regions, which may lead to salinity related problems in soil and water resources. 

Based on the consideration of water conservation and allocating more fresh water for 

human beings, laws have been passed in several western states of the US such as 

California and Arizona that require the application of saline water for turfgrass 

irrigation (Marcum, 2006). Hence, low salinity water sources are not always available, 

and saline irrigation water must be applied to irrigate turfgrass, which might 

exacerbate the soil salinity issues. Additionally, leaching with extra water has potential 

to affect nutrient availability for plants, particularly with mobile ions such as 

potassium (K+), magnesium (Mg2+), and nitrate (NO3
-) in soil. Based on these 

circumstances, alternative methods combining water use efficiency and conservation 

techniques need to be evaluated to solve salinity problem (Carrow and Duncan, 2011). 

Products application 

Many products developed to remediate salt-affected soils are commercially 

available, particularly those that help to resolve Na-induced soil problems. These 
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products include several categories with various functions, such as water acidification 

to release Ca and Mg from cation exchange sites or to control bicarbonate and 

carbonate, soil application of gypsum or lime and sulfur to create gypsum, or addition 

of organic amendments to improve soil physical properties. 

When high concentrations of carbonate (CO3
2−) and bicarbonate (HCO3

−) are 

present in irrigation sources, acid injection should be used to treat water (Camberato, 

2001), because CO3
2− and HCO3

− could enhance Na+ hazard indirectly by precipitating 

Ca2+ and Mg2+ ions in soil as insoluble forms of CaCO3 and MgCO3. The high levels 

of CO3
2− and HCO3

− in irrigation water can be reduced by sulfur dioxide, sulfuric 

acid, or other acidifying materials by evolving the CO3
2− and HCO3

− off as CO2 and 

water (Camberato, 2001). 

Acid injection can also be used to reduce soil pH and make more nutrients 

available for plants because the high soil pH keeps a number of nutrient elements 

insoluble in soil. Unfortunately, soil pH cannot be changed easily by such acid 

applications because the soils on golf course fairways containing a high proportion of 

clay have a high buffering capacity (Christians, 1999). Therefore, it is much more 

practical and less expensive to control soil pH by spreading sulfur over dry soil as an 

amendment. Sulfur can be converted to sulfuric acid by soil microbes and acidify the 

soil, which increases exchangeable calcium level by reducing soil pH and dissolving 

calcium carbonate. The calcium released by this reaction displaces sodium from soil 

exchange sites, improving soil structure over time. 

Rates, timing, and frequency of sulfur applications depend on the quantity and 

timing of irrigation and soil properties as well as a number of other factors making 
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sulfur needs variable over time. However, sulfur has a high potential to burn plant 

tissues and may reduce soil pH excessively if used inappropriately (Camberato, 2001). 

Applications are best conducted when temperatures are warm enough for the bacteria 

to oxidize sulfur products (21- 27 °C). The rates of application must be considered to 

avoid potential damage to plant tissue. Rates applied to bermudagrass may be as high 

as 245 kg/ha, and total annual applications should not exceed 490 kg/ha on fairways 

(Camberato, 2001). After each application, irrigation water should be applied 

immediately to wash the sulfur from the turfgrass leaves.  

The soil exchange complex has a negative charge, which is generated mostly 

by clay and organic matter. Clay minerals have permanent negative charges primarily 

caused by structural substitution in their lattices (isomorphic substitution). Conversely, 

the negative surface charges of organic matter are pH dependent as a result of 

dissociation of the carboxyl acid groups (-COOH) of humic and fulvic acids. Sodium 

is a positive charged non-essential nutrient, but the “small” cation surrounded by a 

cluster of water molecules results in a large hydrated ion that could compete with 

other cations and bind to soil exchange sites. When sodium accumulation exceeds 

certain thresholds, soil aggregates will be dispersed, which may lead to degradation in 

soil structure and affect infiltration and soil aeration (Walworth, 2006). 

If soil tests suggest that appreciable sodium is present in soil, then a variety of 

soil amendments are required on a planned basis to counteract the adverse effects on 

soil physical structure. The most frequently used amendment for the treatment of sodic 

soils is gypsum, which can gradually adjust the ratio of calcium and sodium in soil. 
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Calcium, arising from gypsum, reacts with sodium and displaces it from the cation 

exchange sites on clay minerals and organic matter particles, via the reaction 

2Na + X + CaSO4 → CaX2 + Na2SO4 

Where X is soil colloids. The calcium released by gypsum is bound to the soil colloid 

causing the soil to flocculate, improving soil water infiltration and percolation 

(Carrow et al., 1999). The sodium sulfate (Na2SO4) formed in the soil must be 

removed from the soil profile by leaching to limit the possibility of negative effects 

later (Mitra, 2001). 

The amount of gypsum required to reduce soil sodium level is dependent on 

exchangeable sodium percentage (ESP) and cation exchange capacity (CEC) of the 

soil. Ideally, maintaining the ESP below 15% is critical to ensure soil is free from the 

sodium hazard (Rengasamy, 2002). It is generally considered a standard value, but 

may vary from country to country in different soil conditions. Typical application 

rates range from 980 to 2450 kg/ha, and leaching irrigation levels should be applied 

post application (Camberato, 2001). The effectiveness of gypsum applications varies 

from situation to situation. When gypsum is added to the soil, the gypsum may convert 

to insoluble lime (CaCO3) in the presence of excess HCO3
- and CO3

2- (Christians, 

1999). Hence, it is necessary to use a weak acid and gypsum to remove excessive 

HCO3
- and CO3

2-. Lowering sodium levels by gypsum is a gradual process in soil, so 

the time period required to resolve these problems becomes a concern. Additionally, 

the application of gypsum may increase the salinity level in soil because of the 

calcium sulfate component in gypsum products. The leaching process may also flush 

essential nutrients through the soil making them unavailable for plant uptake. 



Texas Tech University, Li Li, May 2017 

22 

Cultivation practices 

Poor quality irrigation water in conjunction with poor internal water drainage 

and/or heavily thatched turf may require intensive cultivation programs to keep salts 

moving downward. Cultivation practices assist in maintaining water infiltration, 

percolation, drainage, and soil aeration. Therefore, these practices are essential to 

maximize salt leaching and compensate for Na deterioration of soil structure. 

Aerification with hollow or solid tines creates large macropores for water 

movement and relieves compaction caused by heavy traffic on golf course fairways. 

The holes created by aerification serve as tiny reservoirs that can collect and store 

water, which allows more time for the infiltration process, greatly reducing the 

chances for runoff, and improving water use efficiency. Topdressing with sand to 

create a surface sand layer is common on fine-textured soils to increase infiltration and 

to protect soil from structure degradation (Carrow and Duncan, 2011). In general, 

aerification of fairways with hollow or solid tines followed by backfilling with sand 

topdressing performs a number of functions: 1) create additional channels for water to 

infiltrate; 2) improve root development due to more oxygen in rootzone; 3) help 

turfgrass rapidly recover from wear (Huck et al., 2000). Therefore, cultivation can 

serve as an integral part of regular management in salt-affected soils, and can 

minimize soil problems associated with deficit and poor quality irrigation water. With 

these cultivation practices, more salts in soil are removed with the same amount of 

water, and sodium induced soil deterioration is compensated to some extent. However, 

some golf courses may not have enough employees or money to apply these 

cultivations practices consistently.  
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Capping with sand is an alternate method of improving water infiltration. 

When soil has high clay percentages, sand-capping from 7.5 to 30 cm depth may be 

necessary to improve soil structure, especially when irrigation water contains high 

total soluble salts and appreciable sodium (Carrow and Duncan, 2011). Although sand 

capping can improve surface infiltration rates, the procedure only buries the previous 

soil with poor infiltration characteristics. Salts will likely accumulate above this 

interface if no management practices are adopted to improve the infiltration capacity 

of the previous soil surface. Sand capped fairways are very expensive to apply to the 

large area of fairways, so it is not practical on most golf courses. Research is needed to 

investigate more feasible and cost-effective techniques to manage the salinity issues. 
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Table 2.1. Total salinity hazard classification guideline for variable quality irrigation 

water based on ECw and TDS (Carrow and Duncan, 1998). 

Salinity 

Class 

Electrical 

Conductivity 

(µS/cm) 

Total 

dissolved 

salts (ppm) 

Management requirement 

Low <750 <500 No detrimental effects expected 

Medium 750-1500 500-1000 
Moderate leaching to prevent salt 

accumulation  

High 1500-3000 1000-2000 

Turf species and cultivar selection, 

good irrigation, leaching, and 
drainage 

Very High >3000 >2000 

Most salt-tolerant cultivars, 

excellent drainage, frequent 
leaching, intensive management 

 

Table 2.2. Chemical characteristics of salt-affected soils (Amini et al., 2016). 

Salt-affected soils ECe
x (dS/m) SARe

y ESPz pH 

Saline soil >4.0 <13 <15 <8.5 

Sodic soil <4.0 >13 >15 >8.5 

Saline-sodic soil >4.0 >13 >15 >8.5 

xElectrical conductivity of saturated extract, 1 dS/m = 1000 µs/cm 
ySodium absorption ratio measured in saturated extract 
zExchangeable sodium percentage 
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CHAPTER 3  

REDUCING SOIL SALTS WITH CULTIVATION PRACTICES 

AND PRODUCTS ON GOLF COURSE FAIRWAYS 

Abstract 

Groundwater from the Ogallala aquifer is the main source for irrigating golf 

courses in the High Plains of West Texas. The increased soil salinity caused by the 

depletion of the groundwater has diminished water quality. Additionally, high 

evapotranspiration (ET) and frequent drought increase supplemental irrigation 

requirements. This study was conducted to evaluate the effectiveness of commercial 

products with or without cultivation practices to reduce soil salinity with normal 

irrigation (2.54 cm per week). Two golf courses in Lubbock, TX, were selected to 

conduct this research on their fairways. Cultivation practices (core aerification, slicer, 

or untreated control) were applied in June of each of the two years, while the rate and 

timing of product applications were based on the product label. Soil electrical 

conductivity (EC) and pH were analyzed using 1:2 (soil:water) ratio for the samples 

collected three times each year. Chemical elements were measured with the portable 

x-ray fluorescence (PXRF) meter. Soil pH was significantly reduced with dry product 

(Gypsum and Verde-Cal G) treatments (monthly in growing season) after two years of 

applications. However, dry products generally significantly increased soil EC values 

approximately from 100 to 350 µs/cm, while most liquid products maintained soil EC 

at both courses with normal irrigation levels. Sulfur levels measured with PXRF 

exhibited moderate correlations with soil EC for dry products (four kinds) other than 

DG Gypsum. Precipitation was the main factor to regulate soil EC. Salinity levels at 
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the Meadowbrook course (ranging from 379 to 1094 µs/cm) remained lower values 

than Rawls (ranging from 443 to 1411 µs/cm) following rain events, likely benefited 

by higher sand content soils. The 4.5% greater clay content in average at the Rawls 

course may have limited the leaching potential from that fairway. The results from this 

research demonstrated limited salt remediation ability by products or cultivation 

practices without applying leaching fractions of water. 

Introduction 

Groundwater is an indispensable water-supply source worldwide (Zektser and 

Everett, 2004). In the High Plains of West Texas, groundwater is mainly pumped from 

the Ogallala aquifer, which is one of the world’s largest underground water sources 

(Hernandez et al., 2013), and 94 percent of the groundwater is used for agriculture 

production (Gurdak et al., 2009). Golf courses in Lubbock also rely on groundwater to 

maintain turf quality due to redundant. However, since the 1980s, there has been 

increasing concern over the aquifer’s depletion rate and quality of groundwater 

because of the low recharge rate and high withdrawals (Hernandez et al., 2010; 

Scanlon et al., 2010). The groundwater level has been steadily declining with some 

areas experiencing more than 60% reduction in saturated thickness (Buchanan et al., 

2009). The salinity of groundwater is one of major parameters to indicate water 

quality, which is measured by total dissolved salts (TDS) in the water or electrical 

conductivity (EC). Irrigation water is classified into four categories based on salinity 

levels in Table 2.1, which have different potential for damaging plants.  
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The poor water quality of this aquifer has been observed by many scientists. 

McMahon et al. (2004) conducted a survey in Texas in 2002. The results showed high 

levels of sodium, chloride, sulfate, and bicarbonate, which are indicators of poor 

groundwater quality. Chaudhuri and Ale (2014) also indicated persistent salinity 

issues in the Ogallala aquifer that have worsened in recent times. Similar observations 

were also reported by Fahlquist (2003) who found high groundwater salinity in Lynn, 

Terry, Gaines, Andrews, Lubbock, and Dawson counties. As discharge rates of 

groundwater continually exceed recharge rates due to high irrigation demand, the salt 

concentration has increased over time.  

From the beginning of the 21st century, continuous drought conditions and 

increased temperatures have generally prevailed in the southwestern US (MacDonald, 

2008; MacDonald, 2010). Climate models have indicated the US might see persistent 

droughts in the next 20–50 years (Dai, 2011) with more severe drought expected in the 

Southwest (Cayan et al., 2010). The average annual precipitation for Lubbock is 

approximately 50 cm, which is not adequate to maintain turf performance on fairways. 

The effects of low precipitation have been exacerbated by high temperatures and 

windy conditions in summer months, which result in increased evapotranspiration 

(ET). As the water is evaporated from soil, the salts remain in the soil, accumulating 

over time.   

The types and quantities of salts contained in irrigation water applied to the 

turf system have dramatic influence on soil. The salts are primarily derived from 

carbonates, bicarbonates, chlorides, and sulfates of sodium, magnesium, and calcium 

(Manchanda and Garg, 2008). Sodium can cause soil structural deterioration when 
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sodium concentration is high, especially in conjunction with high bicarbonate and 

relatively low calcium and magnesium levels (Carrow et al., 1999). Soils containing 

high levels of sodium are generally characterized as heavily compacted areas with 

reduced water movement and limited oxygen in the rootzone, which impact the growth 

of turfgrass (Duncan et al., 2000). Sodicity affects soil aggregate stability, which in 

turn affects soil hydraulic properties such as permeability. Generally, salts can offset 

the sodium caused soil deflocculation. The influences of the interaction of water 

sodium adsorption ratio and water electrical conductivity on soil permeability are 

presented in Table 3.1 (Harivandi and Beard, 1998). Meanwhile, the undesired salts in 

irrigation water alter the balance of nutrients available in soil and reduce the soil’s 

effectiveness to support plant life. The high concentration of salts in soil water 

changes water potential, and makes water less available for plant use. Electrial 

conductivity of the saturated extract (ECe), sodium adsorption ration (SAR), and 

exchangeable sodium percentage (ESP) are three main parameters used to classify 

salt-affected soils (Rengasamy, 2010). Base on these parameters, salt-affected soils 

can be classified into three categories (Amini et al., 2016) (Table 2.2). Saline soil has 

ECe greater than 4.0 dS m-1 because of high levels of soluble salts. Sodic soil 

contains high levels of exchangeable sodium (SAR >13 and/or ESP >15), but the ECe 

is generally less than 4.0 dS m-1. Saline-sodic soil has both salts and sodium related 

problems and is considered to be the most degraded of salt-affected soil (Amini et al., 

2016; Rengasamy, 2002). Additionally, soil pH is an indicator for sodic and saline 

sodic soils. 
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The most common and easy method of addressing excessive salt accumulation 

in the soil is frequent leaching of the soil with good quality irrigation water or rainfall 

(Camberato, 2001). The semiarid region of the US does not receive enough 

precipitation for adequate leaching. Leaching fractions can be calculated to apply a 

greater volume of water to leach salts from the rootzone. However, the lack of high 

quality (TDS<500 ppm, Table 2.1) water limits the effectiveness of this practice in 

most regions with poor water quality. Many products have been developed to relieve 

salinity stress in the turf market. These products include several categories with 

various functions, such as water acidification to control bicarbonate and carbonate and 

reduce soil pH, soil application of gypsum or lime and sulfur to create gypsum, or 

addition of organic amendments to improve soil physical properties. If soil tests 

suggest that appreciable sodium is present in soil, the most frequently used 

amendment for the treatment of sodic soil is gypsum, which can gradually adjust the 

ratio of calcium and sodium in soil. The calcium released by gypsum is bound to the 

soil colloid causing the soil to flocculate, improving soil water infiltration and 

percolation (Carrow et al., 1999). However, the effectiveness of gypsum applications 

vary from situation to situation, and it will be a potential source of Ca addition to these 

already high-Ca soils. Lowering sodium levels by gypsum is a gradual process in soil, 

so the time period required to resolve these problems becomes a concern.  

Other recommendations for increasing leaching to reduce soil salinity are 

cultivation practices (hollow-tine or solid-tine aerification). They may promote deeper 

root growth and can assist in maintaining water infiltration, drainage, and soil 

aeration, which are essential to maximize salt leaching and compensate for Na 
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deterioration of soil structure. Aerification with hollow-tine or solid-tine creates large 

macropores for water movement, and relieves compaction caused by heavy traffic on 

golf course fairways. Therefore, cultivation serves as an integral part of regular 

management in salt-affected soils, and can minimize soil problems with poor quality 

irrigation water.  

Portable x-ray fluorescence (PXRF) instrument is able to rapidly quantify 

elements including S, Cl, Ca, and K in soil. These elements may contribute to soil 

salinity. Previous research has demonstrated the ability of PXRF to predict soil 

salinity levels from the concentration of other elements such as Cl, S, and Ca 

measured with the instrument (Swanhart et al., 2014; Aldabaa et al., 2015; Young et 

al., 2015). The instrument has the ability to quantify a suite of elements in 90s using 

the soil mode with minimal soil preparation. Hence, it consumes much less labor and 

time (Kalnicky and Singhvi, 2001) compared to traditional soil salinity measurement 

methods (soil EC using saturated paste extract or dilution method). Therefore, given 

the predictive ability of soil salinity and time-saving, the PXRF was used to in this 

study to extend its applicability for soil salinity examination in golf courses in the 

semiarid regions. 

Some golf courses do not have the financial status or employees required to 

perform the cultivation practices on a consistent basis. Low salinity water sources are 

typically unavailable to the golf courses for widespread use due to the cost or 

restrictions on water use in many drought stricken areas. Although some products are 

being recommended, limited research-based information on their effectiveness alone 

and in combination with recommended cultivation practices is available. The 
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following objectives were proposed to provide best management practices for salinity 

remediation for golf courses in semiarid climates. 

1) Determine if application of selected commercial products with and without 

cultivation practices (hollow-tine aerification and slicing) can effectively reduce salt 

accumulation in the rootzone with normal irrigation levels. 

2) Apply the technology of portable x-ray fluorescence (PXRF) for rapid 

quantification and evaluation of salinity hazards in golf courses in the semiarid 

regions. 

Materials and methods 

Study site description 

The study was conducted at the Rawls Golf Course (33˚26' N, 101˚53' W) and 

Meadowbrook Golf Club (33˚36' N, 101˚50' W) in Lubbock, TX, and they are close in 

proximity (Fig. 3.1). This region is characterized by a semiarid climate, and the 

average rainfall is only 48.7 cm per year. The Rawls Golf Course is an 18-hole facility 

with a high budget, and Meadowbrook Golf Club is a 36-hole facility with a limited 

budget. The Rawls is a newer golf course, while the Meadowbrook Golf Club is more 

than 80-year-old. The Rawls selected ‘Tifsport’ hybrid bermudagrass (Cynodon 

dactylon (L.) Pers X C. transvaalensis Burt-Davy) as fairway turfgrass, while 

Meadowbrook used common bermudagrass (Cynodon dactylon (L.) Pers). 

Groundwater from the Ogallala aquifer is used at both the Rawls Golf Course and 

Meadowbrook Golf Club as irrigation water, Meadowbrook Golf Club has limited 

pumping capability to effectively irrigate the entire facility to leach salts. Water with 
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high NO3
- from Lubbock Land Application Site is also a water soure for 

Meadowbrook. A fairway at each location was selected as the experimental area. The 

study was established in each fairway as a randomized complete block design with 

strip-split plot arrangement and three replications based on the treatment combinations 

of cultivation practices and products. There were nine strips at each location and each 

strip was divided into 10 experimental units with an area of 2.78 m2 each. The layout 

and orientation of the research areas at both golf courses were provided in Fig. A.4 

and A.5. 

The Rawls course irrigated fairways three times per week with total 2.54 cm 

irrigation water. Fertilizers included 49 kg/ha quickly released nitrogen and 98 kg/ha 

slow released nitrogen, and 147 kg/ha potassium fertilizer was were applied on 

fairways each year at the Rawls course. In contrast, Meadowbrook Golf Club applied 

irrigation water every other day to apply a total of 2.54 cm each week. Generally, no 

fertilizer applications were applied to fairways. The nitrates from irrigation water may 

have sustained turf growth. However, in 2016 there was an application of an organic 

based fertilizer applied at 37 kg N/ha on the Meadowbrook fairways. Pesticide 

applications were similar at both golf courses. Pre-emerge herbicides were used to 

prevent annual weed emergence and growth, and post-emerge herbicides were used in 

spot-treatment for specific weed control. No other products were applied to fairways at 

either golf course (insecticides, fungicides, plant growth regulators, etc.) 

Water quality analyses were conducted to have a better understanding of the 

potential salinity and sodicity hazard from irrigation water at each golf course. The 

irrigation water samples from both golf courses were collected and sent to XENCO 
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laboratory of Lubbock to have water tested. Results are provided in Table 3.2 and 3.3. 

ECw and TDS were indicators of water salinity hazard, and SARw, Adj SAR (adjusted 

sodium absorption ratio), and Adj RNa (adjusted residual sodium) were parameters for 

indicating sodium permeability hazard. 

Cultivation practices and product applications 

Cultivation practices were applied in mid-June of 2015 and 2016 as a strip 

treatment with tractor mounted hollow-tine aerifier (ProCore 648, The Toro Company, 

Bloomington, MN), slicer (AerWay Turf, Norwich, ON, Canada), or untreated control. 

The hollow-tine aerifier removed soil cores with 1.9 cm diameter and 7.6 cm depth, 

and the space between cores was 5.1 cm, which affected 11% of the turf surface. The 

soil cores left by the aerifier were removed from the trial area following core 

aerification. The slicer provided a “solid-tine like” treatment that could be applied 

more efficiently than hollow-tine aerification to all fairways at a golf course because it 

would not require cleanup after application. Non-cultivated strips were used to 

determine the effectiveness of the products alone without the cultivation component. 

Products recommended and labeled for the removal of salts were obtained 

from industry partners and applied at the recommended rates and timings in 

experimental units within one of the cultivation practices. There were nine different 

products and an untreated control randomized within each cultivation treatment. A 

detailed list of products, rates, and application timings is provided (Table 3.4). Kelly’s 

Gypsum (Kelly Limestone, Kirksville, MO) containing 86% CaSO4·2H2O could 

correct sodium alkaline soil and loosen heavy clay soils. All the Aquatrols (Aquatrols, 
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Paulsboro, NJ) were experimental products and may help water penetrate in soil and 

optimize soil-water-plant interactions, but the information about these products was 

very limited. Verde-Cal G (Aqua-Aid Inc., Rocky Mount, NC) is a granular calcium 

sulfate based product and may react in soil more quickly, while Oars PS (Aqua-Aid 

Inc., Rocky Mount, NC) is a penetrating surfactant, which aids in controlling soil 

water repellency and helps provide uniform soil moisture. DG Gypsum (The 

Andersons, Maumee, OH) is also a granular product, and the main components are 

48% CaSO4·2H2O and 21% humic acid. Cal-Pull (EnP Investments, Mendota, IL) is a 

liquid calcium product, and it helps remediate soil conditions impacted by high 

salinity and poor irrigation water. Two combinations of products (treatment 5 and 8 in 

Table 3.4) were evaluated in this research, and each product in the combinations had 

different mechanism to reduce soil salinity and improve soil structure. Granular 

products were weighed precisely for each plot and spread evenly with a shaker over 

the plot. The volumes of liquid products were measured with a syringe according to 

the plot area and mixed with water. All the liquid products were applied with CO2 

powered backpack sprayer at 310 KPa using a four-nozzle boom equipped with 8006 

flat-fan nozzles at a height of 45 cm to deliver 817 l/ha. Product applications were 

followed with a quick irrigation cycle to wash off the products from leaf canopy, but a 

more thorough irrigation cycle was run the night following application to avoid 

slowing golf play during the day.  
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Soil sampling and handling 

Three soil samples with dimensions 10 cm × 7.5 cm × 1.3 cm were arbitrarily 

collected from each plot using a soil profile sampler (MPS1-S Mascaro, Turf-Tec 

International, Tallahassee, FL). The three soil samples were combined to get a 

representative sample for each experimental plot. Soil samples were obtained from the 

experimental areas prior to initiating research to determine baseline levels at each 

study site. Additional soil samples were collected in August and October each year to 

determine the change in soil chemical properties. There were 90 soil samples obtained 

from each course and collection date, and 1,080 samples for the entire study. All soil 

samples were transported to the Texas Tech laboratory of Department of Plant and 

Soil Science, air-dried, crushed, and sieved to pass a 2 mm mesh screen before 

analyzing soil properties.  

Soil texture analysis 

Soil texture was determined with the hydrometer method (Gee and Bauder, 

1986), which is widely used for mechanical analyses of soil. Soil samples from plots  

1-22 of each golf course were collected in June 2016 to measure soil texture. Fifty-one 

grams of air-dry soil were transferred to a mixing cup, and 50 ml of 0.2N Na-

hexametaphosphate and 75 ml of distilled water were added to the cup. The 

suspension was stirred with a mixer machine for 4 minutes and transferred to a 1,000 

ml graduated cylinder. Distilled water was added to get the total volume to 1,000 ml. 

Before taking hydrometer and temperature readings, a plunger was needed to stir the 

suspension for 1-2 minutes, moving it up and down through the cylinder. The first 
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hydrometer and temperature readings were taken at 40 seconds following thorough 

mixing, and the second reading was taken at 3 hours after the first readings. 

Sand% = 100.0 - [H1 + 0.2 (T1 - 68° F）- 2.0] x 2.0                                       (1) 

Clay% = [H2 + 0.2 (T2- 68°F）- 2.0] x 2.0                                                      (2) 

Silt = 100.0 - (Sand%  + Clay%)                                                                      (3) 

Where H1 is hydrometer reading at 40 seconds, T1 is temperature at 40 seconds, H2 is 

hydrometer reading at 3 hours, and T2 is temperature at 3 hours. For each degree over 

68°F, 0.2 is added to the hydromenter reading before computation, while for each 

degree under 68°F, 0.2 is substracted from the reaing. The soil texture class was 

determined with the textural triangle (NRCS, 1993) from the data calculated from 

above equations.  

Soil pH and EC measurement 

The soil pH and EC of these soil samples were measured using a 

pH/conductivity meter (Orion 4-Star Plus Benchtop, Thermo Scientific, Waltham, 

MA) in a 1:2 (soil:water) suspension (Rhoades, 1996). Ten grams of soil were mixed 

with 20 ml of distilled water in a tube, and then shaken for 20 minutes. The tube was 

allowed to stand for at least 10 minutes prior to measurement with pH and EC meter. 

Every 10th sample was measured twice as an internal duplicate to verify measurement 

accuracy. The dilute soil:water extract methods are widely accepted and popular 

because they are easier and consume less time than saturated paste extract, but 

saturated paste extract for measuring soil EC is a more reliable and direct method 
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(Carrow and Duncan, 2011). Other ratios of dilution were used to measure soil EC to 

have a better understanding of the soil EC level. Six soil samples with two high EC, 

two moderate EC, and two low EC (determined based on prior 1:2 method) from each 

golf course were selected to be measured with 1:1, 1:3, and 1:4 soil:water dilution 

ratios. All the measurement procedures were same as the 1:2 soil:water dilution ratio. 

The linear regression analysis results at high, moderate, and low EC levels from each 

golf course are provided in Fig. 3.2. Each fit line had relatively high R square values 

with mean 0.90. 

PXRF scanning 

Soil samples collected in June, August, and October of 2015 and 2016 were 

scanned with a PXRF (DP-6000 Delta Premium, Olympus, Waltham, MA) for a suite 

of chemical elements including P, S, Cl, K, Ca, Ti, Vr, Cr, Mn, Fe, Co, Ni, Cu, Zn, 

As, Se, Rb, Sr, Zr, Mo, Ag, Cd, Sn, Sb, Ba, Hg, and Pb. The limits of detection vary 

among elements. For the purpose of this study, only S, Cl, K, and Ca were considered. 

S and Cl lower than 200 ppm, and K and Ca lower than 50 ppm in soil cannot be 

detected. The PXRF was equipped with a 4W advanced x-ray tube and an integrated 

ultra-high resolution (165 eV), large-area silicon drift detector (SDD) for element 

quantification. The air-dried samples were placed in a plastic container for scanning. 

Before analysis, the PXRF was standardized using a stainless steel ‘316’ alloy clip, 

which contains 16.13% Cr, 1.78% Mn, 68.76% Fe, 10.42% Ni, 0.20% Cu, and 2.10% 

Mo fitted over the aperture. The instrument was operated using the soil mode, which 

consists of three beams scanning operation with 30 seconds each beam, and 90 
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seconds for one complete measurement (Zhu et al., 2011). After each scan, the 

aperture was cleaned by air blowing to prevent dust from contaminating the plastic 

film-covered aperture. However, it is critical to note that Na cannot be quantified by 

this instrument given its small ion size and stable electron cloud. Therefore, the 

potential sodium hazard in soil cannot be evaluated by this tool.  

Statistical analysis 

All data collected from the research were compiled and analyzed in Statistical 

Analysis Software (SAS 9.4, SAS Institute, Cary, NC) using Proc Glimmix. This  

procedure incorporated random effects in the analysis, so allowed for subject-specific 

and population-averaged inference. Mean separation was conducted using least 

significant differences at alpha of 0.05. All figures were created in SigmaPlot 

(SigmaPlot 12.3, Systat Software Inc., San Jose, CA). Element sulfur in ppm of all 

granular products treated soil samples detected with the PXRF instrument was 

correlated with soil EC of the same sample using SigmaPlot, and the linear fit 

equation and R square were provided for each trendline. 

Results and discussions 

Soil texture 

The soils in both golf course fairways were dominated by sand with average 

72.1% on Meadowbrook fairways and 65.5% on Rawls. All soil samples from 

Meadowbrook were classified as a sandy loam. In contrast, the Rawls course 

contained sandy loam (12/22 samples) and sandy clay loam (10/22 samples). The 

details of particle analysis of each soil sample are provided in Table A.1 and A.2. The 
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average clay content in Rawls course was about 4.5% higher than Meadowbrook 

(Table 3.5). The higher clay content in soil may result in greater expression of Na-

induced soil dispersion because of the higher cation exchange capacity (Carrow and 

Duncan, 2011). Clay soils have higher water holding capacities and lower saturated 

hydraulic conductivity because of numerous micropores. Under normal irrigation 

levels, soils containing more sand have greater leaching potential than soils with more 

clay content (Warrence et al., 2002). Based on the information from Warrence et al. 

(2002), sandy loam may have less salt accumulation than sandy clay loam in same 

salinity irrigation water, and the time requirement for remediating salt accumulation in 

higher clay content soil is also greater. 

Soil pH 

Soil pH values at both courses were alkaline, which is common for soils in this 

semiarid climate (Merry, 2009). The average pH values at Meadowbrook in June, 

August, and October 2015 were 8.14, 7.95, and 8.26, respectively compared to the 

Rawls course measuring 8.49, 8.06, and 8.37 (Table 3.6). The pH ranged from 7.67 to 

8.58 in Meadowbrook for all samples collected in 2015, while pH ranged from 7.78 to 

8.75 in Rawls course. There were no significant differences among product 

applications with soil pH in 2015 (Table 3.7). The higher clay content at the Rawls 

course may have facilitated the increased soil pH. Clay particles may bind more Na 

ions resulting in a higher soil pH level (Warrence et al., 2002). As pH levels increase 

above 8.5, there is greater concern of sodic or saline-sodic soil conditions occurring 

(Table 2.2). 
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The overall soil pH at both courses in 2016 was lower than 2015. The average 

soil pH did not have many variations at both facilities in all three collections in 2016 

(Table 3.6), and the average pH of all soil samples in 2016 was 7.79 in Meadowbrook 

and 7.88 in Rawls. There were no significant differences in soil pH among product 

applications until October 2016 (Table 3.7) for both golf courses. Soil pH was 

significantly reduced following two years of application of gypsum or Verde-Cal G to 

the same experimental area (Fig. 3.3). However, other products never showed any 

change in soil pH compared to untreated control. The high level of calcium sulfide and 

sulfur contained in these products would have dissolved in soil water, and soil 

microbes could convert this to sulfuric acid that would help acidify the soil. This may 

elaborate more on nutrient availability with reduced soil pH, and may provide benefits 

for soil conditions and remediating salt-affected soil.  

Soil electrical conductivity 

From the irrigation water tests (Table 3.2 and 3.3) of Rawls Golf Course and 

Meadowbrook Golf Club, the water salinity levels of both golf courses were classified 

as high (Table 2.1). Therefore, salt accumulation without applying a leaching fraction 

will be a major problem. Although sodium levels (Table 3.2) were high at both golf 

courses, they may not cause sodium permeability hazard in soil because the high 

concentrations of salt in water can offset the sodium effects in soil (Table 3.1). 

The average soil EC over the 90 plots of each sampling varied significantly 

from time to time at both courses in both 2015 and 2016.  The average soil EC before 

the cultivation and product applications in June 2015 was 391 μs/cm at Meadowbrook 
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and 443 μs/cm at Rawls (Table 3.6). The relatively low value may have been a result 

of the heavy rainfall received in spring 2015 (Fig. 3.4), which facilitated the leaching 

of accumulated salts from previous drought conditions. However, the average EC of 

August samples in 2015 increased to 966 μs/cm and 1,055 μs/cm at Meadowbrook and 

Rawls, respectively (Table 3.6). There was limited rainfall between these soil sample 

collections, and high temperature in these two months increased ET rates. Hence, the 

golf courses increased reliance on supplemental irrigation and likely increased soil 

EC. The average soil EC in October 2015 decreased to 524 μs/cm at Meadowbrook 

and 609 μs/cm at Rawls (Table 3.6). Several rainfall events occurred in Lubbock 

before the soil sample collection, which may have reduced the accumulated salts 

measured in August (Fig. 3.4). A similar pattern was observed in 2016. In June 2016, 

average soil EC was 652 μs/cm and 1,044 μs/cm at Meadowbrook and Rawls, 

respectively (Table 3.6). Limited rainfall from June to August resulted in an increase 

of mean EC to 1,094 μs/cm at Meadowbrook and 1,411 μs/cm at Rawls (Table 3.6). In 

October 2016, the average EC was 379 μs/cm at Meadowbrook and 1,236 μs/cm at 

Rawls course (Table 3.6). The relative low EC value at Meadowbrook may be the 

result of shallower soil samples being obtained due to excessively hard and dry soil 

conditions. The limited irrigation or no irrigation in that period may have caused the 

situation. However, the average EC at Rawls remained high because of the minimal 

rainfall before the soil collection in October 2016 (Fig. 3.4). Overall, rainfall events 

played a pivotal role in regulating soil EC levels. These data demonstrate that salts can 

accumulate in a short time when golf courses rely on irrigation water from the 

Ogallala aquifer to maintain turf quality on fairways in this semiarid region. 
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The soil EC was impacted by product applications at Meadowbrook Golf Club 

in 2015 and 2016 (Table 3.7). There were no significant differences among plots 

before the cultivation and product applications in June 2015. However, the application 

of gypsum, Verde-Cal G, and Oars PS plus Verde-Cal G significantly increased the 

measured EC by 200 μs/cm (Fig. 3.5) in August 2015. Meanwhile, DG Gypsum and 

ACA 1900 plus ACA 2786 also had higher EC levels than the untreated control in 

August 2015 (Fig. 3.5). Soil samples from August 2015 were obtained just one week 

after applying granular products, which may have resulted in higher soil EC than most 

liquid products or the untreated control. However, significantly higher soil EC levels 

were also observed for Gypsum and Verde-Cal G treatments in October 2015. This 

soil was collected five weeks after granular products were applied. The soil EC levels 

of these products in 2016 were similar to the EC levels in 2015. Gypsum and ACA 

1900 plus ACA 2786 increased soil EC by 150 μs/cm compared the untreated control. 

However, Oars PS plus Verde-Cal G increased soil EC by approximately 350 μs/cm in 

August 2016 (Fig. 3.6). A number of other product applications (Oars PS, Verde-Cal 

G, and DG Gypsum) also showed elevated EC in August 2016. The increased EC 

levels were also observed in treatments containing Gypsum, Verde-Cal G, and Oars 

PS plus Verde-Cal G in October 2016 at Meadowbrook Golf Club (Fig. 3.6). 

The EC variation among these products on Rawls fairway was not as 

significant as on Meadowbrook fairway. The only statistical difference was observed 

in the soil samples collected in August 2015 (Table 3.7). ACA 2786 reduced soil EC 

compared to control (Fig. 3.7), but it was not significant. The only significant 

difference was the gypsum treatment that increased the soil EC. Soil sampling in 
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August 2015 shortly after the dry product application may have resulted in the 

increased EC at Rawls. There were no significant differences on soil EC among 

product treatments in 2016 at Rawls. 

Overall, the product applications did not effectively reduce soil EC at either 

golf course in 2015 or 2016. This result may be caused by not applying the leaching 

fraction of water following applications to push any excessive salts deeper into the 

rootzone. The calcium contained in these granular products would be deposited into 

the rootzone once disassociated from the products likely, increasing the soil EC. The 

significantly increased EC levels by product applications were mostly observed in soil 

samples from Meadowbrook Golf Club. This result may be because the soil clay 

content was less on Meadowbrook fairways. The soil on the Rawls course fairway 

may have higher CEC and chemical buffering capacity to prevent soil EC changes in a 

relatively large scale due to the higher clay percentage compared to Meadowbrook. 

PXRF analysis 

Element contents of S, K, Ca, and Fe were analyzed with the PXRF instrument 

in each soil sample, but no significant differences were identified among these 

elements based on treatment combinations at either golf course in 2015 and 2016. Cl- 

should be a main anion that could be attributed to soil EC, but 49.7% of soil samples 

collected at both golf courses in 2015 and 2016 had no detectable Cl- because the Cl- 

levels in these soil samples exceeded the measurable boundaries. S, Ca, and K 

measured with PXRF were selected and used for soil EC prediction. These three 

elements potentially contribute to soil EC levels. Although other ions such as Na+, 



Texas Tech University, Li Li, May 2017 

44 

Mg2+, HCO3
-, CO3

2- and NO3
-  could also contribute to soil EC, PXRF currently had 

limited capability to measure these ions. Weak relationships were observed when 

PXRF quantified elements (S, Ca, K) individually or collectively were used to 

correlate with soil EC (Table 3.8 and Fig A.6 and A.7), which did not correspond with 

previous research conducted by Young et al. (2015). They found a relatively strong 

relationship between soil EC and PXRF quantified S (R2 = 0.63), soil EC and Cl (R2 = 

0.70), soil EC and S plus Cl (R2 = 0.82) (Young et al., 2015). Aldabaa et al. (2015) 

collected 91 surface (0-5 cm) soil samples from two saline playas in West Texas to be 

analyzed with the PXRF instrument. Element S and Cl derived from PXRF were 

significantly and positively correlated with soil EC (0.028 to 43.41 dS/m) measured 

with 1:5 (soil:water) dilution method. Swanhart et al. (2014) utilized the PXRF to 

determine soil salinity level using 122 soil samples from salt-affected soils in coastal 

Louisiana. Linear regression models were developed to correlate elements Cl, S, K, 

and Ca and auxiliary parameters (simple linear regression: Cl; multiple linear 

regression: Cl, S, K, Ca, sand content, clay content, and organic matter ) to soil EC. 

They found relative strong relationships (R2 equal to 0.83 and 0.90, respectively) in 

these two models. 

Heavy rainfall received in spring 2015 before this study likely leached most 

anions, especially Cl-, because they were more leachable than cations binding to 

negatively charged soil particles. However, moderate relationships were exhibited 

when correlating soil EC with S in soil samples from granular product treated plots in 

2015 (Fig. 3.8-3.11). Among four granular products or combination with Oars PS, a 

stronger relationship was observed for Gypsum (R2 = 0.51) (Fig. 3.8), while DG 
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Gypsum had lowest R2 (0.34) (Fig. 3.11). Verde-Cal G plus Oars PS (R2 = 0.42) had a 

higher R2 than Verde-Cal G alone (R2 = 0.40) when they were correlated to soil EC. 

The results may indicate that soil S was affected by these granular product 

applications. From the aspect of product component, Gypsum contained highest 

CaSO4·2H2O (86%), which may result in a stronger relationship compared to DG 

Gypsum (48% CaSO4·2H2O). Although PXRF quantified elements did not have a 

strong relationship with soil EC overall in this study, it could be used for rapid 

examination of the anthropogenic sources of the elements, particularly sulfur. 

Conclusions 

The results from this study rejected the hypothesis that core aerified treatments 

in combination with Verde-Cal G or DG Gypsum can effectively reduce soil salinity 

levels in this semiarid region. As Verde-Cal G and DG Gypsum had different 

formulations, they were expected to react in soil quickly compared to the regular 

Kelly’s Gypsum. With normal irrigation levels, granular products increased measured 

EC levels compared to liquid products or untreated control. The high level of calcium 

in these products that would be deposited into the soil once disassociated from the 

granule likely increased soil EC without a leaching fraction. Precipitation played a 

pivotal role in regulating overall soil EC in the two-year study. Heavy rainfall received 

in spring and early summer 2015 leached salts accumulated from previous drought 

conditions. Under normal ET, salts may build up in three or four weeks as golf courses 

heavily rely on the poor quality irrigation water to maintain turf quality in the semiarid 

regions. Soil pH was significantly reduced at both golf courses following two years of 

application of granular products Gypsum and Verde-Cal G in same experimental plots. 
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The high percent of calcium sulfate and sulfur contained in these products likely 

resulted in the reduced soil pH after long term applications. Soil EC differences 

among products treatments were mainly exhibited at Meadowbrook Golf Club. The 

higher clay content at Rawls Golf Course may have a higher buffering capacity 

compared to Meadowbrook Golf Club that limited drastic soil EC changes during this 

short study period. The PXRF data from this research demonstrates that further 

research is needed to understand how these data may be used in turf management. 
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Table 3.1. Interaction of sodium adsorption ratio (SARw) and electrical conductivity 

(ECw) on soil water infiltration (Harivandi and Beard, 1998) 

 Salt-laden irrigation water (dS/mz ) influence on soil permeability 

SARw and 

ECw 

No Restriction Slight to Moderate 

Restriction 

Severe Restriction 

SARw= 

ECw= 

0-3 

> 0.7 

0-3 

0.7 - 0.2 

0-3 

< 0.2 

SARw=  

ECw= 

3-6 

>1.2 

3-6 

1.2 - 0.3 

3-6 

< 0.3 

SARw=  

ECw=  

6- 12 

> 1.9 

6 -12 

1.9-0.5 

6 -12 

< 0.5 

SARw=  

ECw= 

12-20 

> 2.9 

12-20 

2.9 - 1.3 

12-20 

< 1.3 

z1 dS/m = 1000 µs/cm 

 

Table 3.2. Irrigation water test of Rawls Golf Course and Meadowbrook Golf Club in 

Lubbock, TX.    
Site Unit HCO- CO3

2- Cl- NO3
- SO4

2- Ca2+ Mg2+ K+ Na+ 

Rawls 

mg/L 264 <4.00 397 1.70 474 107 157 19.4 214 

Meq/L 4.33 0 11.2 0.03 9.86 5.34 12.9 0.50 9.31 

Meadow

brook 

mg/L 352 <4.00 334 7.41 267 101 122 19.7 166 

Meq/L 5.77 0 9.42 0.12 5.56 5.04 10.0 0.50 7.22 
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Table 3.3. Salinity, Sodicity, and pH levels of the irrigation water at Rawls Golf 

Course and Meadowbrook Golf Club in Lubbock, TX 

Site ECwv 

(µs/cm) 

TDSw 

(ppm) 

SARwx Adj SARy Adj RNaz pH 

Rawls 2330 1520 3.08 8.01 3.33 8.65 

Meadowbrook 1990 1290 2.63 7.11 2.96 8.15 

vwater electrical conductivity 
wTotal dissolved salts in water 
xSodium absorption ratio 
yAdjusted sodium absorption ratio 
zAdjusted residual sodium  

 

Table 3.4. Products applied with rates, application timings, and type of product. 

Trt Products Rate Application timing Type of product 

1 Untreated control N/A N/A Water 

2 Kelly’s gypsum 488 kg/ha Monthly Granular calcium 

3 Aquatrols 2994 25.5 l/ha Every other month Experimental 

4 Aquatrols 2786 14.3 l/ha Every two weeks Experimental 

5 
Aquatrols 1900 

Aquatrols 2786 

25.5 l/ha 

14.3 l/ha 

Monthly 

Every two week 
Experimental 

6 Oars PS  15.9 l/ha Monthly Water penetrant 

7 Verde-Cal G 586 kg/ha Monthly Granular calcium 

8 
Oars PS 

Verde-Cal G 

15.9 l/ha 

586 kg/ha 

Monthly 

Monthly 

Combination 

products 

9 DG Gypsum 586 kg/ha Monthly Granular calcium 

10 Cal-Pull 19.1 l/ha Monthly Liquid calcium 
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Table 3.5. The range of soil textures from analyses for Meadowbrook Golf Club and 

the Rawls Golf Course in Lubbock, TX.  

Soil texture Meadowbrook Rawls 

Sand% 65.9-80.5 58.2-70.1 

Silt% 3.44-20.0 7.86-20.1 

Clay% 11.7-20.0 13.9-24.2 

USDA Texture sandy loam sandy clay loam 

 

Table 3.6. Range and mean soil pH and electrical conductivity determined in 1:2 

(soil:water) ratio for soil samples collected in June, August, and October 2015 and 

2016 at Meadowbrook Golf Course and Rawls Golf Course in Lubbock, TX. 

   Meadowbrook Rawls 

Variable Year Range Jun. Aug. Oct. Jun. Aug. Oct. 

Soil pH 

2015 

min 7.74 7.67 7.93 8.18 7.78 8.14 

max 8.49 8.24 8.58 8.75 8.45 8.64 

mean 8.14 7.95 8.26 8.49 8.06 8.37 

2016 

min 7.43 7.37 7.32 7.62 7.63 7.67 

max 7.85 7.98 8.18 8.08 8.08 8.13 

mean 7.66 7.79 7.92 7.84 7.85 7.96 

Soil ECz 

(µs/cm) 

2015 

min 246 772 356 296 820 410 

max 620 1198 857 1000 1360 1094 

mean 391 966 524 443 1055 609 

2016 

min 474 729 245 547 846 660 

max 893 1605 1006 1800 2162 2333 

mean 652 1094 379 1044 1411 1236 

zElectrical conductivity 
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Table 3.7. Analysis of variance (ANOVA) of soil pH and EC from June, August, and 

October in 2015 and 2016 at Meadowbrook Golf Club and Rawls Golf Course in 
Lubbock, TX 

   Meadowbrook Rawls 

Variable Year Treatment Jun. Aug. Oct. Jun. Aug. Oct. 

Soil pH 

2015 

Cultw *z NS * * NS *** 

Productx NS NS NS NS NS NS 

Cult*Prody NS NS NS NS NS NS 

2016 

Cultw NS NS ** * NS NS 

Productx NS NS *** NS NS * 

Cult*Prody NS NS NS NS NS NS 

Soil EC 

2015 

Cultw NS NS NS *** NS *** 

Productx NS *** *** NS * NS 

Cult*Prody NS NS NS NS NS NS 

2016 

Cultw * * NS *** *** *** 

Productx NS *** *** NS NS NS 

Cult*Prody NS NS NS NS NS NS 

wCultivation treatments including untreated control, sliced, and core aerified applied 
once in middle June of 2015 and 2016 
xProduct treatments including untreated control and nine different products (Table 3.4) 
yInteraction between cultivation practices and product treatments 
z*Significant different at P value ≤0.05, ** P value ≤0.01, *** P value ≤0.001, and NS 

equals to not significant 
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Table 3.8. R2 values of linear regressions correlating between elements measured with 

PXRF and soil EC measured with 1:2 (soil:water) ratio. 

 R2 value 2015  R2 value 2016  

Correlation Meadowbrook Rawls Meadowbrook Rawls 

Sy vs. ECz 0.4265 0.2821 0.0162 0.2134 

K vs. EC 0.0205 2E-07 0.0093 0.0758 

Ca vs. EC 0.0226 0.0085 0.0041 0.0047 

S+K vs. EC 0.1515 0.0354 0.0192 0.2333 

K+Ca vs. EC 0.0287 0.0083 0.0054 0.0063 

S+Ca vs. EC 0.0436 0.0141 0.0053 0.0071 

yElement levels in ppm 
zSoil electrical conductivity in µs/cm 
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Figure 3.1. Map showing the research area in Rawls Golf Course and Meadowbrook 

Golf Club in Lubbock, TX, and USDA weather station.   
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Figure 3.2. Soil electrical conductivity measured with different soil:water ratios. Ten 
grams of soil mixed with different volumes of distilled water. Three linear trendlines 

were provided at each golf course for high, moderate, and low soil electrical 
conductivity levels. Equations and R squares were exhibited for each linear regression. 

The 1:2 (soil:water) ratio was used in this study for soil EC measurement.  
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Figure 3.3. Soil pH measured in 1:2 (soil:water) ratio from samples obtained in 
October 2016 at Rawls Golf Course and Meadowbrook Golf Club. Three soil samples 

were collected from each experimental unit and combined for analysis. Mean values 

for the three replicates are provided. Bars sharing the same letter are statistically 
similar at ɑ = 0.05. 
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Figure 3.4. Daily rainfall total during 2015 and 2016 in Lubbock, TX. The asterisks 

indicate the date of soil sampling in both years. Data from USDA Agricultural 
Research Service (Plant Stress & Water Conservation Meteorological Tower, 3810 4th 

Street, Lubbock, Texas 79415) 
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Figure 3.5. Soil electrical conductivity measured in 1:2 (soil:water) ratio from samples 

obtained at Meadowbrook Golf Club in August and October 2015. Three soil samples 
were collected from each experimental unit and combined for analysis. Mean values 

for the three replicates are provided. Bars sharing the same letter are statistically 
similar at ɑ = 0.05. 
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Figure 3.6. Soil electrical conductivity measured in 1:2 (soil:water) ratio from samples 
obtained at Meadowbrook Golf Club in August and October 2016. Three soil samples 

were collected from each experimental unit and combined for analysis. Mean values 

for the three replicates are provided. Bars sharing the same letter are statistically 
similar at ɑ = 0.05. 
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Figure 3.7. Soil electrical conductivity measured in 1:2 (soil:water) ratio from samples 
obtained at Rawls Golf Course in August 2015. Three soil samples were collected 

from each experimental unit and combined for analysis. Mean values for the three 
replicates are provided. Bars sharing the same letter are statistically similar at ɑ = 

0.05. 
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Figure 3.8. PXRF quantified sulfur in ppm correlated with soil EC (µS/cm) measured 
with 1:2 soil:water ratio from Gypsum treated plots at Meadowbrook Golf Club and 

Rawls Golf Course in 2015 and 2016. A linear regression equation and R2 are shown 
on the figures. 
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Figure 3.9. PXRF quantified sulfur in ppm correlated with soil EC (µS/cm) measured 
with 1:2 soil:water ratio from Verde-Cal G plus Oars PS treated plots at 

Meadowbrook Golf Club and Rawls Golf Course in 2015 and 2016. A linear 
regression equation and R2 are shown on the figures. 
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Figure 3.10. PXRF quantified sulfur in ppm correlated with soil EC (µS/cm) measured 
with 1:2 soil:water ratio from Verde-Cal G treated plots at Meadowbrook Golf Club 

and Rawls Golf Course in 2015 and 2016. A linear regression equation and R2 are 
shown on the figures 
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Figure 3.11. PXRF quantified sulfur in ppm correlated with soil EC (µS/cm) measured 

with 1:2 soil:water ratio from DG Gypsum treated plots at Meadowbrook Golf Club 
and Rawls Golf Course in 2015 and 2016. A linear regression equation and R2 are 

shown on the figures. 
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CHAPTER 4  

IMPROVING TURF PERFORMANCE WITH CULTIVATION 

PRACTICES AND PRODUCTS ON BERMUDAGRASS 

FAIRWAYS IN SEMIARID REGIONS 

Abstract 

Intense drought conditions in conjunction with poor quality irrigation water 

from the Ogallala aquifer has caused increased salinity levels in soil in semiarid and 

arid regions. Golf course fairways established with bermudagrass may be negatively 

affected by the increased salts accumulated in rootzone. The objective of this study 

was to examine the effectiveness of cultivation practices and products to enhance 

fairway conditions in a semiarid area. Two golf courses in Lubbock, TX, were 

selected to conduct this research. Core aerification and slicing treatments were 

compared with non-cultivated control. Ten products were applied within each 

cultivation treatment based on label. Visual turf quality, digital image analysis, 

normalized difference vegetation index (NDVI), and volumetric water content (VWC) 

were collected every other week from June to October in 2015 and 2016 to examine 

individual plot, and a RapidScan CS-45 instrument measured ratio vegetation index 

(RVI) each week. Core aerification significantly reduced turf quality, percent green 

cover, NDVI, and RVI at Rawls Golf Course because of the aerified holes remaining 

visible throughout the summers in both research years, while slicing and core 

aerification improved turf quality and RVI at Meadowbrook Golf Club. Volumetric 

water content was reduced by core aerification at Meadowbrook, while at the Rawls 

course, the volumetric water content was less consistent under the cultivation 

treatments. Few differences were observed among product treatments on above ground 
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tissue. Salinity levels in these sandy soils never accumulated to a high level to 

negatively that affected bermudagrass fairways. Heavy rainfall received in spring 2015 

prior to this research likely leached accumulated salts from previous drought 

conditions. Although soil EC levels reached detrimental ranges, the relatively salt 

tolerant bermudagrasses did not exhibit injury symptoms or thinning turf canopy. 

Introduction 

Bermudagrass (Cynodon spp.) is a major species distributed throughout the 

tropical and subtropical areas of the world. In the US, its area of adaption extends into 

the southern and central sections of the transition zone, but it may experience 

winterkill in the northern transition zone (Christians, 2007). Bermudagrass is a warm 

season, perennial species that has the most rapid growth rate among the warm season 

turfgrasses and also possesses a rapid establishment rate. Based on these 

characteristics, it is widely used in sports fields, lawns, parks, and golf courses (Duble, 

1996). The weekly water requirement for bermudagrass on fairways is 2.5 cm to 3.2 

cm. However, from the beginning of the 21st century, continuous drought conditions 

and increased temperatures have generally prevailed in the southwestern US 

(MacDonald, 2008; MacDonald, 2010). Climate models have indicated the US might 

see persistent droughts in the next 20–50 years (Dai, 2011) with more severe drought 

expected in the Southwest (Cayan et al., 2010). The average annual precipitation rate 

for Lubbock, TX is approximately 50 cm, which is not adequate to maintain turf 

performance on fairways. The effects of low precipitation have been exacerbated by 

high temperatures and increased evapotranspiration, which increases irrigation 

requirements to maintain turf quality and playability.  
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Among all kinds of water resources, groundwater is an indispensable water-

supply source worldwide (Zektser and Everett, 2004). In the High Plains of West 

Texas, groundwater is mainly pumped from the Ogallala aquifer, which is one of the 

world’s largest underground water sources (Hernandez et al., 2013), and 94 percent of 

the groundwater is used for agriculture production (Gurdak et al., 2009). However, 

since the 1980s, there has been increasing concern over the aquifer depletion rate and 

quality of groundwater (Hernandez et al., 2010; Scanlon et al., 2010). The 

groundwater level has been steadily declining with some areas experiencing more than 

60% reduction in saturated thickness (Buchanan et al., 2009). The salinity of 

groundwater is a main parameter to indicate water quality, which is measured by total 

dissolved salts (TDS) in the water and electrical conductivity (EC). Irrigation water is 

classified into four categories based on salinity levels in Table 2.1, which have 

different potential for damaging plants. 

The poor water quality of this aquifer in several areas has been observed by 

many scientists. McMahon et al. (2004) conducted a survey in the Southern High 

Plains of Texas in 2002. The results showed high levels of sodium, chloride, sulfate, 

and bicarbonate, which are indicators of poor groundwater quality. Chaudhuri and Ale 

(2014) also indicated persistent salinity issues in the Ogallala aquifer that have 

worsened in recent times. Similar observations were also reported by Fahlquist (2003) 

who found high groundwater salinity in Lynn, Terry, Gaines, Andrews, Lubbock, and 

Dawson counties. Besides groundwater, effluent water, including recycled, non-

potable, wastewater, and reclaimed water, is an alternative irrigation water resource 

for golf courses. Most effluent water ranges from 200 to 3000 ppm of TDS or 0.30 to 
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4.7 dSm-1 of EC (Feigin et al., 1991), which can lead to saline soil conditions that 

make these sources undesirable as irrigation water (USGA, 1994). 

The types and quantities of salts contained in irrigation water that are applied 

to the turf system have a dramatic influence on turfgrass and soil. The characteristics 

of the soil containing high level of sodium present as heavily compacted areas with 

reduced water movement and limited oxygen in the rootzone, which in turn impact the 

growth of turfgrass (Duncan et al., 2000). Meanwhile, the undesired salts in irrigation 

water restrain the balance of nutrients available in soil and reduce the soil’s 

effectiveness to support plant life. The shoot and root biomass will decrease as salinity 

increases to at a critical level when warm season turfgrasses physiologically respond 

to salinity stress (Adavi et al., 2006; Alshammary et al., 2004). Salt-induced problems 

are mostly caused by an osmotic effect on the turfgrass plant. In high salinity 

conditions, wilting can occur when soil is moist because the water potential of soil 

becomes more negative, inhibiting water uptake by turfgrass. Other symptoms like 

discoloration, root desiccation, leaf curling, and even leaf firing can occur, especially 

when evapotranspiration exceeds irrigation quantities. 

The most common and easy method of addressing excessive salt accumulation 

in the soil is frequent leaching of the soil with good quality irrigation water or rainfall 

(Camberato, 2001). However, rainfall is quite limited in Lubbock due to the semiarid 

climate. Precipitation alone will likely not provide adequate leaching to manage 

acceptable soil salinity levels. Leaching fraction can be calculated to apply a greater 

volume of water to leach salts from the rootzone. However, the lack of good quality 

water limits the effectiveness of this practice in most regions with poor water quality. 
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Many products have been developed to relieve salinity stress in the turf market. These 

products include several categories with various functions, such as water acidification 

to to control HCO3
- and CO3

2- levels in irrigation water or to benefit Ca and Mg 

release from insoluble forms, soil application of gypsum or lime and sulfur to create 

gypsum, or addition of organic amendments to improve soil physical properties. If soil 

tests suggest that appreciable sodium is present in soil, the most frequently used 

amendment for the treatment of sodic soils is gypsum, which can gradually adjust the 

ratio of calcium and sodium in soil. The calcium released by gypsum is bound to the 

soil colloid causing the soil to flocculate, improving soil water infiltration and 

percolation (Carrow et al., 1999). However, the effectiveness of gypsum applications 

varies from situation to situation. When gypsum is added to the soil, the gypsum may 

convert to insoluble lime (CaCO3) in the presence of excess HCO3
- and CO3

2- 

(Christians, 1999), and it will be a potential source of Ca addition to these already 

high-Ca soils. Lowering sodium levels by gypsum is a gradual process in soil, so the 

time period required to resolve these problems becomes a concern. Other 

recommendations for increasing leaching to reduce soil salinity are applying 

cultivation practices (hollow-tine or solid-tine aerification). They assist in maintaining 

water infiltration, percolation, and drainage, as well as soil aeration, which are 

essential to maximize salt leaching and compensate for Na deterioration of soil 

structure. 

Aerification with hollow-tine or solid-tine creates large macropores for water 

movement, and relieves compaction caused by heavy traffic on golf course fairways. 

The holes created by aerification serve as tiny reservoirs that can collect and store 
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water, which allows more time for the infiltration process, greatly reducing the 

chances for runoff and improving water use efficiency. Therefore, cultivation serves as 

an integral part of regular management in salt-affected soils, and can minimize soil 

problems with poor quality irrigation water. However, some golf courses do not have 

the financial status or employees required to perform the cultivation practices on a 

consistent basis.  

Low salinity water sources are typically unavailable to the golf courses for 

widespread use due to the cost or restrictions on water use rights in many drought 

stricken areas. Additionally, widespread drought conditions have limited natural 

leaching, resulting in greater accumulation of salts in the rootzone. Although some 

products are being recommended, limited research-based information on their 

effectiveness, alone and in combination with recommended cultivation practices, is 

available. Therefore, the overall goal of this study was to provide best management 

practices for salinity remediation and improving turf performance on fairways for all 

golf courses in semiarid and arid regions. The objectives of this research include using 

digital image analysis, normalized difference vegetation index (NDVI), and other 

methods to examine enhanced fairway conditions and physiological benefits 

potentially provided with these cultivation practices and products.  

Materials and methods 

Study site description 

The study was conducted at the Rawls Golf Course (33˚26' N, 101˚53' W) and 

Meadowbrook Golf Club (33˚36' N, 101˚50' W) in Lubbock, TX, and they are close 
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proximity (Fig 3.1). This region is characterized by a semiarid climate, and the 

average rainfall is only 48.7 cm per year. The Rawls Golf Course is an 18-hole facility 

with a high budget, and Meadowbrook Golf Club is a 36-hole facility with a limited 

budget. The Rawls is a newer golf course, while the Meadowbrook Golf Club is more 

than 80-year-old. The Rawls selected ‘Tifsport’ hybrid bermudagrass (Cynodon 

dactylon (L.) Pers X C. transvaalensis Burt-Davy) as fairway turfgrass, while 

Meadowbrook used common bermudagrass (Cynodon dactylon (L.) Pers). 

Groundwater from the Ogallala aquifer is used at both the Rawls Golf Course and 

Meadowbrook Golf Club as irrigation water, and Meadowbrook Golf Club has limited 

pumping capability to effectively irrigate the entire facility to leach salts. A fairway at 

each location was selected as the experimental area. The study was established in each 

fairway as a randomized complete block design with strip-split plot arrangement and 

three replications based on the treatment combinations of cultivation practices and 

products. There were nine strips at each location and each strip was divided into 10 

experimental units with an area of 2.78 m2 each. The layout and orientation of the 

research areas at both golf courses were provided in Fig. A.4 and A.5. 

The Rawls course irrigated their fairways 3 times per week with total 2.54 cm 

irrigation water. Fertilizers included 49 kg/ha quickly released nitrogen and 98 kg/ha 

slow released nitrogen, and 147 kg/ha potassium fertilizer was were applied on 

fairways each year at the Rawls course. In contrast, Meadowbrook Golf Club applied 

irrigation water 2 times each week with total 2.54 cm, and generally no fertilizer 

applications were applied to fairways. The nitrates from irrigation water may have 

sustained turf growth. However, in 2016 there was an application of an organic based 
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fertilizer applied at 37kg/ha on the Meadowbrook fairways. Pesticide applications 

were similar at both golf courses. Pre-emerge herbicides were used to prevent annual 

weed emergence and growth, and post-emerge herbicides were used in spot-treatment 

for specific weed control. No other products were applied to fairways of the both golf 

courses (insecticides, fungicides, plant growth regulators, etc.) 

Cultivation practices and product applications 

Cultivation practices were applied in mid-June of 2015 and 2016 as a strip 

treatment with tractor mounted hollow-tine aerifier (ProCore 648, The Toro Company, 

Bloomington, MN), slicer (AerWay Turf, Norwich, ON, Canada), or untreated control. 

The hollow-tine aerifier removed soil cores with 1.9 cm diameter and 7.6 cm depth, 

and the space between cores was 5.1 cm, which affected 11% of the turf surface. The 

soil cores were removed from the trial area following core aerification. The slicer 

provided a “solid-tine like” treatment that could be applied more efficiently than 

hollow-tine aerification to all fairways at a golf course because it would not require 

cleanup after application. Non-cultivated strips were used to determine the 

effectiveness of the products alone without the cultivation component. 

Products recommended and labeled for the removal of salts were obtained 

from industry partners and applied at the recommended rates and timings in 

experimental units within one of the cultivation practices. There were nine different 

products and an untreated control randomized within each cultivation treatment. A 

detailed list of products, rates, and application timings are provided (Table 3.4). 

Kelly’s Gypsum (Kelly Limestone, Kirksville, MO) containing 86% CaSO4·2H2O 



Texas Tech University, Li Li, May 2017 

71 

could correct sodium alkaline soil and loosen heavy clay soils. All the Aquatrols 

(Aquatrols, Paulsboro, NJ) products were experimental products and may help water 

penetrate in soil and optimize soil-water-plant interactions, but the information about 

these products was very limited. Verde-Cal G (Aqua-Aid Inc., Rocky Mount, NC) is a 

granular calcium sulfate based product and may react in soil more quickly, while Oars 

PS (Aqua-Aid Inc., Rocky Mount, NC) is a penetrating surfactant, which aids in 

controlling soil water repellency and helps provide uniform soil moisture. DG 

Gypsum (The Andersons, Maumee, OH) is also a granular product, and the main 

components are 48% CaSO4·2H2O and 21% humic acid. Cal-Pull (EnP Investments, 

Mendota, IL) is a liquid calcium product, and it helps remediate soil conditions 

impacted by high salinity and poor irrigation water. Granular products were weighed 

precisely for each plot and spread evenly with a glass shaker over the plot. The 

volumes of liquid products were measured with a syringe according to the plot area 

and mixed with water. All the liquid products were applied with a CO2 powered 

backpack sprayer at 310 KPa using a four-nozzle boom equipped with 8006 flat-fan 

nozzles at a height of 45 cm to deliver 817 l/ha. Product applications were followed 

with a quick irrigation cycle to wash off the products from leaf canopy, but a more 

thorough irrigation cycle was run the night following application to avoid slowing golf 

play during the day. 

Visual turf quality 

Visual turf quality was assessed every two weeks from the initiation of the 

study through October in fall in 2015 and 2016 for each experimental plot. Turf 
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quality was visually rated on a 1 to 9 scale with 9 being dark green, dense, and 

uniform turf, 1 being thin and completely brown turf, and 6 being minimum 

acceptability (Morris and Shearman, 1998). Generally, golf course fairways are rated 

between 5 to 7. Visual turf quality ratings are subjective. For the purpose of this study, 

the consistency of rating plots was the key factor to evaluate the turfgrass quality 

under different treatments. Quality ratings vary based on turfgrass species, 

management, and time of year. Quality rating is a complete consideration of turf color, 

density, uniformity, texture (Morris and Shearman, 1998). Experimental plots in this 

study may be rated the same numeric quality, but the factors influencing that rating 

may vary. 

Percent green cover 

Digital image analysis (DIA) was conducted to gather objective data on 

turfgrass percent green cover (Richardson et al., 2001). One picture of each plot was 

taken every other week using a digital camera (Canon PowerShot G15, Canon Inc., 

Melville, NY) with a customized mode (shutter speed 2.8, aperture 1/50, and ISO 80). 

A metal box equipped with four light bulbs provided a consistent light source for 

collecting comparable images at each experimental unit. The images were analyzed in 

SigmaScan (SigmaScan Pro, SPSS Inc., Chicago, IL). The result was presented as 

percentage from 0 to 100 (0% means no green cover, 100% means complete green 

cover). Example images with three percent green cover levels were provided in Fig. 

A.3. Green pixels were selected base on a hue range from 60 to 120 and a saturation 
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range from 10 to 100. The total selected green pixels were divided by the total number 

of pixels in the image to calculate percent green cover. 

NDVI and RVI 

Spectral analyses were conducted to potentially distinguish salinity stress 

before it was visible to human eyes. A NDVI Turf Color Meter (FieldScout TCM 500, 

Spectrum Technologies, Aurora, IL) was used to collect data close to the turf surface 

three times per plot every other week from June to October in 2015 and 2016. The 

three values were averaged for each plot to calculate mean NDVI for each treatment 

combination. NDVI values range from 0 to 1.00, and negative values indicate no 

vegetation. For turf situations with relatively dense vegetation, the NDVI values 

generally range from 0.6 to 0.9. RapidScan CS-45 instrument (Holland Scientific, 

Lincoln, NE) took one measurement per plot every week through scanning the entire 

unit, which also collected the RVI data. The RVI is defined as NIR/R (near infrared 

reflectance 880 mm/red reflectance 670 mm) and similar to NDVI, but RVI is 

recommended when measuring complete canopy cover in a turf situation (McCurdy et 

al., 2014). RVI values can range from 0 to positive infinity as red reflectance 

approaching 0. 

Volumetric water content 

Volumetric soil moisture measurements ( Time-domain reflectometer 300, 

Spectrum Technologies, Aurora, IL) assisted in identification of soil moisture levels at 

two depths. The two meters detected soil moisture three times randomly in each plot at 

the depths of 3.8 cm or 7.6 cm in the frequency of every other week from June to 
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October in both 2015 and 2016. The three readings obtained from each plot were 

averaged to determine the volumetric water content of each experimental unit. 

Statistical analysis 

All data collected from the research were compiled and analyzed in Statistical 

Analysis Software (SAS 9.4, SAS Institute, Cary, NC) using Proc Glimmix. This  

procedure incorporated random effects in the analysis, so allowed for subject-specific 

and population-averaged inference. Mean separation was conducted using least 

significant differences at alpha of 0.05. All figures were created in SigmaPlot 

(SigmaPlot 12.3, Systat Software Inc., San Jose, CA). 

Results and discussions 

Visual turf quality 

Visual turf quality ranged from 3 to 7 with mean 5.53 at Meadowbrook in 

2015, while in 2016 it ranged from 4 to 7 with mean 5.57. Readings of visual turf 

quality at Rawls were better than Meadowbrook in both years. It ranged from 3 to 8 in 

2015 and from 4 to 8 in 2016 with mean values of 5.70 and 6.24 at Rawls, 

respectively. 

Cultivation practices did not impact visual turf quality except 30 June 2015 

two weeks following cultivation treatments at Meadowbrook Golf Club (Table 4.1). 

The core aerification (4.85) had significantly lower visual quality than the control 

(5.45) or sliced treatment (5.36). The aerified holes remained visible two weeks after 

the cultivation practices at Meadowbrook in 2015, likely resulting in the lower turf 
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quality for aerified treatment. In 2016, both sliced and aerified treatments had lower 

turf quality on the first two dates, but not statistically significant (Fig. 4.1). However, 

data collected from 11 August to 27 September 2016 at Meadowbrook demonstrated 

improved turf quality with slicing or aerification (Fig. 4.1). This demonstrates both 

cultivation practices provided benefit for turf quality when turf recovered from 

cultivation practices at Meadowbrook Golf Club. 

The sliced treatment showed lower or similar turf quality compared to non-

cultivated control from study initiation to 10 August 2015 at Rawls, but it exhibited 

significantly higher turf quality on 26 August and 25 September than the core aerified 

treatment (Fig. 4.2). In contrast, core aerification significantly reduced turf quality on 

5 of 8 dates at Rawls Golf Course in 2015 (Fig. 4.2). The only differences in turf 

quality observed in 2016 were a result of cultivation practices during the first two 

rating periods (Table 4.1). Aerification significantly reduced turf quality on 27 June 

with value 5.03, and 7 July with value 5.76 compared to non-cultivated control (5.81 

and 6.24, respectively). Slicing only reduced turf quality on 27 June 2016. There were 

no significant differences after 7 July 2016 for any treatment combination or main 

treatment factor (Table 4.1). 

The cultivation practices did cause turf injury at both golf courses in both 2015 

and 2016. The cultivated treatment improved turf quality after recovery from initial 

injury at Meadowbrook in 2016. However, the aerified treatment significantly reduced 

turf quality on most dates, and never showed any improvement at the Rawls course in 

both years because the holes caused by core aerification remained visible throughout 

the summer. The grass type and soil texture differences at these two courses may have 
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caused the different results. The high density of TifSport bermudagrass and more clay 

content in soil at the Rawls course may have limited the soil filling back the holes and 

grass recovery as observed at Meadowbrook. 

Digital image analysis 

The ranges of percent green cover at both golf courses were broad. At 

Meadowbrook, it ranged from 36.9% to 99.5% with mean 86.2% in 2015, and ranged 

from 26.9% to 96.6% with mean 82.5% in 2016. In contrast, it ranged from 25.3% to 

98.6% in 2015 and 55.6% to 98.8% in 2016 at Rawls, and the mean values were 

87.9% and 92.1% in these two years. The overall percent green cover at Rawls was 

greater than Meadowbrook, which may have resulted from the higher density of 

hybrid bermudagrass and management practices.  

The percentage of turf green cover was impacted by cultivation practices at 

Meadowbrook Golf Club in both 2015 and 2016 (Table 4.2). Core aerified treatments 

(69.5% on 30 June 2015 and  87.0% on 30 June 2016) significantly reduced turf green 

cover compared to non-cultivated control (76.9% and 90.0% on these two dates) 

during initial data collection. In contrast, sliced  treatments (79.1% and 92.2% on 

these two dates) had similar turf green cover with non-cultivated control. However, 

the sliced treatments (82.0%) had significantly higher turf green cover than the other 

two practices (non-cultivated 68.7% and aerified 74.6%) on 22 August 2016. The 

sliced treatments may have improved soil structure and increased oxygen in the 

rootzone, which may provide benefits for turf green cover after turf recovery.  
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Cultivation practices impacted percent green cover in both 2015 and 2016 at 

the Rawls Golf Course. Only one significant difference date was identified in 2015 

(Table 4.2). The non-cultivated control (85.2%) had significantly lower cover than the 

other two (aerified 88.7%, sliced 88.3%) on 30 June 2015. The reasons for this result 

were difficult to explain. Because aerification treatments induced holes were clearly 

visible on that date at Rawls, which would have resulted in a lower percent cover. 

Scalping caused by mowing on non-cultivated plots may have been considered as part 

of the reason. However, the aerified treatments significantly reduced percent green 

cover on 6 of 7 dates in 2016 at Rawls (Fig. 4.3). Although sliced treatments improved 

green cover on a few dates, it was not statistically significant. Soils from Rawls had 

higher clay content and that potentially poor structure likely caused this issue. In 

addition to the differences in soil characteristics, the very dense TifSport hybrid 

bermudagrass on Rawls fairways may have altered recovery from aerification practice 

compared to the common bermudagrass fairways at Meadowbrook. 

Products never caused any significant difference on turf green cover at 

Meadowbrook in both years. However, at Rawls Golf Course, there was one date in 

2015 that indicated significant difference in the percentage of green turf cover due to 

the product applications (Table 4.2). The untreated control with value 70.62 had lower 

cover than all other products with minimum value 81.75 and maximum value 90.54. 

The data were the mean values of product treatments combining with the three 

cultivation practices. There were not any cultivation and product interaction 

significant differences observed at Rawls in 2015 and 2016 in turf cover (Table 4.2).  
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NDVI and RVI analysis 

The NDVI values varied between two study years and two golf courses. At 

Meadowbrook, it ranged from 0.390 to 0.765 in 2015 and from 0.477 to 0.718 in 

2016, and 0.670 and 0.636 in average, respectively. At Rawls Golf Course, the ranges 

of NDVI were from 0.573 to 0.769 with mean 0.701 in 2015, and from 0.624 to 0.768 

with mean 0.718 in 2016. 

The sliced and aerified treatments significantly impacted turf NDVI meter 

readings at Meadowbrook Golf Course in 2015 (Table 4.3). Core aerification 

significantly reduced NDVI on 30 June 2015 compared to control or slicing. This 

finding could be attributed to the turf injury caused by aerification that had not 

recovered two weeks after the practice. On 11 August 2015 following two months of 

recovery, both slicing (0.665) and aerification (0.659) had improved turf NDVI 

compared to control (0.647) at Meadowbrook, but only slicing was statistically 

significant. The cultivation practices likely provided a more favorable condition for 

turf growth at Meadowbrook Golf Course. 

However, core aerification had negative effects on turf NDVI at Rawls Golf 

Course throughout the summer in 2015. Aerification significantly lowered NDVI on 4 

of 7 dates, while the sliced treatment had similar or slightly better NDVI compared to 

control (Fig. 4.4). The clay percentage in soil at Rawls may have limited the capability 

of turf recovery from core aerification, but turf surface did not exhibit the same level 

of injury from slicing because it was not as destructive or impacted as much surface 

area. Significant differences in products were observed the final 5 of 7 rating dates of 
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the summer in 2015 at Rawls (Table 4.3). Among the liquid products, ACA 2994 had 

highest NDVI on 3 of the 5 dates with significant differences. However, ACA 1900 

caused phytotoxicity after application that diminished NDVI on 11 August and 23 

September 2015 (Fig. 4.5). Granular DG Gypsum had lowest NDVI on 10 August, 26 

August, and 9 September 2015, while Verde-Cal G had lowest values on the final two 

dates in 2015 (Fig. 4.5). In contrast, Oars PS plus Verde-Cal G had the best effects on 

the two final dates in 2015 at Rawls Golf Course (Fig. 4.5). There was one significant 

difference exhibited based on the interaction between cultivation practices and 

products on 28 July 2015 at Rawls (Table 4.3). Control, Gypsum, ACA 2994, and Cal-

Pull did not differ with cultivation practices (Fig. 4.6). ACA 2786 incorporated with 

sliced treatment had significant higher NDVI than non-cultivated control or aerified 

treatments (Fig. 4.6). Oars PS combined with aerification had lowest NDVI than the 

other two, and this combination also was the worst among all combinations (Fig. 4.6). 

This result may be mainly attributed to the negative effect of core aerification, which 

had lower NDVI than other cultivated treatments on this date as mentioned previously.  

RVI ranged from 2.46 to 11.04 with 6.15 in average in 2015 at Meadowbrook, 

while it ranged from 2.30 to 9.56 with 4.97 in average in 2016. At the Rawls course, it 

ranged from 3.24 to 11.16 in 2015 and from 2.61 to 12.23 in 2016, and the mean 

values were similar in these two years with values 6.48 and 6.42, respectively. 

The cultivation treatments significantly affected RVI at Meadowbrook Golf 

Club in both 2015 and 2016 (Table 4.4). Core aerified treatments initially had lower 

RVI values compared to non-cultivated and sliced treatments at the first two weeks 

following the cultivation practices in June in both years. However, both the cultivation 
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treatments (core aerification and slicing) had higher RVI than controls in August 2015 

(Fig. 4.7) After the fairway was completely healed from cultivation practices, there 

were no significant differences in RVI among treatments, but the overall RVI 

decreased in September and October 2015. Following recovery from cultivation 

practices in 2016, the RVI values at Meadowbrook only exhibited significant 

differences in September. Core aerified and sliced treatments increased RVI in 

September, but this was a  minimal increase (Fig. 4.8). Overall, the cultivation 

treatments had positive effects at Meadowbrook Golf Club after turf recovered from 

the initial injury caused by the treatments. 

At Rawls Golf Course, the RVI data collected on core aerified strips had lower 

RVI values than other cultivation treatments on 10 of 13 dates in 2015 and on 7 of 13 

dates in 2016 (Table 4.4). On all dates with significant differences, the aerified 

treatments reduced turf RVI significantly compared to control or sliced treatments 

(Fig. 4.7 and 4.8). Although sliced treatments had similar or lower RVI compared to 

non-cultivated in two or three weeks following cultivation in 2015 and 2016, slicing 

improved RVI on all dates after turf recovered from injury.  

The results at Rawls were different compared to the Meadowbrook Golf Club. 

These differences may be because of the soil texture difference at the two golf courses. 

The Rawls course generally has more clay percentage and potentially poorer soil 

structure on fairways than Meadowbrook Golf Club. It likely takes longer for soil 

filling back the aerification holes and turf recovery with the increased clay content. 
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Volumetric water content 

VWC at 7.6 cm depth was generally greater than 3.8 cm depth at both golf 

courses and both years. In 2015 at depth of 3.8 cm, it ranged from 12.9% to 67.7% 

with mean 50.6% at Meadowbrook, and it ranged from 12.6% to 67.7% with mean 

45.2% at Rawl. While in 2016 at depth of 3.8 cm of both golf courses, the average 

values were lower than 2015 with 31.7% at Meadowbrook and 43.1% at Rawls. 

Considering the VWC at 7.6 cm at Meadowbrook, it ranged from 26.0% to 77.8% 

with average 57.2% in 2015, and ranged from 16.9% to 77.8% with average 36.6% in 

2016. While at the Rawls course, the lowest values of VWC at 7.6 were 26.1% in 

2015 and 26.5% in 2016, and the highest readings were same at both years with value 

77.8%. The mean values at Rawls in the two years were 55.3% and 63.8%, 

respectively at 7.6 cm. The maximum value for either depth is 77.8%. Measurements 

were obtained in early morning to avoid golfers, but there were times where readings 

were collected following irrigation events that reached the maximum. 

Although few visual differences were observed at Meadowbrook Golf Club 

after turf injury healed following cultivation treatments, there were numerous 

significant differences with cultivation practices on VWC at depths of 3.8 cm and 7.6 

cm throughout the summer of 2015 and 2016 (Table 4.5 and 4.6). Core-aerified 

treatments lowered VWC at 3.8 cm on all dates from June to October in both years 

(Fig. 4.9). It also significantly reduced VWC at 7.6 cm on 8 of 15 dates compared to 

other cultivation treatments in those two years (Fig. 4.12). However, sliced treatments 

never exhibited any reduced volumetric water content in soil at both depths in 2015 

and 2016 compared to non-cultivated control (Fig. 4.9 and 4.12). Core aerification 
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increased air space in soil and may have limited water holding capacity. The 

cultivation may have also resulted in higher infiltration rates that would have 

increased water movement through the upper soil fraction.  

However, the VWC at Rawls Golf Course was less consistent than at 

Meadowbrook. There were significant differences on 6 of 15 dates at 3.8 cm in 2015 

and 2016 (Table 4.5). Slicing had significantly higher VWC compared to core 

aerification on all of these six dates, while core aerification reduced VWC compared 

to slicing and non-cultivated control in 2015 (Fig. 4.10). However, in 2016 at 3.8 cm, 

core aerification had similar values with the control on most dates (Fig. 4.10). The 

only significant difference observed at 7.6 cm in 2015 was on 11 August 2015, and the 

slicing had significantly higher VWC than core aerification (Fig. 4.13). There were 

three dates with significant differences at 7.6 cm in 2016 (Table 4.6). On all three 

dates, the sliced treatment had higher VWC than the other two at Rawls Golf Course 

(Fig. 4.13). Overall, slicing maintained soil moisture at a relative higher level at 3.8 

cm in both years, but there were no similar results at 7.6 cm in any of the cultivation 

treatments on the fairway of Rawls Golf Course. The changes in elevation and soil 

texture variation in the research area likely resulted in the less consistent results at 

Rawls compared to Meadowbrook. The higher clay content in soil at Rawls may have 

limited water infiltration, which could have been provided by aerified treatments. 

The VWC variations at both depths among different dates were mainly due to 

the irrigation water received on the fairways of both Rawls Golf Course and 

Meadowbrook Golf Club, not the rainfall. Both fairways were irrigated multiple times 
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per week during the research period. This demonstrates the previously discussed point 

of measuring VWC following irrigation events in early morning. 

Products significantly impacted VWC at the 3.8 cm depth at Rawls on three 

dates in 2015 and 2016 (Table 4.5). On 28 July 2015, ACA 1900 plus ACA 2786, 

Oars PS, and Oars PS significantly increased VWC compared to control, and other 

products remained similar water content with control (Fig. 4.11). However, on the 

other two significant dates, Verde-Cal G had significantly lower VWC than control, 

while all other products remained similar (Fig. 4.11). All values were averaged over 

three cultivation practices. There were no other significant differences among products 

at these two golf courses either in 3.8 cm or 7.6 cm.  

There was a significant interaction on a single date at both golf courses in 2015 

for VWC at 7.6 cm depth (Table 4.6). All products had statistically similar VWC 

within non-cultivated treatments and sliced treatments at Meadowbrook Golf Club on 

25 September 2015 (Fig. 4.14). However, all products significantly increased VWC 

compared to control within aerified treatments on that date at Meadowbrook (Fig. 

4.14). There were a number of significant differences in comparison of products 

within three cultivation practices. Untreated control, ACA 2994, and Cal-Pull within 

aerified treatments had lower VWC than other cultivation treatments (Fig. 4.14). 

However, DG Gypsum combined with core aerification only significantly reduced 

VWC compared to sliced treatments (Fig. 4.14). All other products combined with 

aerified treatments remained statistically similar with non-cultivated or sliced 

treatments at Meadowbrook (Fig. 4.14).  
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There was another interaction identified at the 7.6 cm depth at Rawls Golf 

Course on 11 August 2015. Most products within non-cultivated treatments increased 

VWC except Gypsum, but the differences were not significant (Fig. 4.15). Within the 

sliced treatments, only Verde-Cal G and DG Gypsum significantly reduced VWC 

compared to control (Fig. 4.15). However, within aerified treatments, ACA 1900 plus 

ACA 2786 had significantly higher VWC than control (Fig. 4.15). Three significant 

differences were observed in comparing VWC of same product within non-cultivated, 

sliced, and aerified treatments at 7.6 cm depth at Rawls. Untreated control with sliced 

treatments had significantly higher VWC than the other two cultivation practices. DG 

Gypsum with aerified treatment significantly increased VWC compared to sliced 

treatments. Cal-Pull with aerified treatments significantly lowered VWC more than the 

other cultivated treatments  (Fig. 4.15).   

Conclusions 

Before the initiation of the study, we hypothesized that both sliced and core 

aerified treatments would improve green turf cover and NDVI on golf course fairways. 

However, data from this study rejected the hypothesis. Core aerified treatments at 

Rawls Golf Course resulted in poorer green cover and color compared to other 

cultivation practices because the aerified holes were visible throughout the summer 

and early fall. However, both sliced and core aerified treatments significantly 

improved turf quality and ratio vegetation index after turf recovered from the injury 

caused by cultivation at Meadowbrook Golf Club with common bermudagrass 

fairways. The soil with relative higher clay percent (19.7%) at Rawls may have limited 

turf recovery in summer months following core aerification. Therefore, golf courses 
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with 19.7% or more clay percent in soil should avoid this practice on fairways with 

large diameter cores ( ≥1.9 cm) on tight spacing. Slicing provides a similar effect that 

could be incorporated into fairway management on golf courses with fairways 

containing high clay content. The reduced volumetric water content by core 

aerification at both 3.8 cm and 7.6 cm at Meadowbrook may demonstrate a higher 

infiltration rate associated with the practice. However, the water availability for 

turfgrass may have also been reduced by the core aerified treatments. 

The results analyzed from this study also rejected the hypothesis that turf color 

and cover would be improved by applications of surfactants. Applying granular 

gypsum based products every month or liquid products every two weeks within 

experimental plots, no products effectively improved the above ground parameters 

compared to control at either golf course. Longer term projects or extended 

applications should be evaluated to understand product effectiveness. At Rawls Golf 

Course, ACA 2994, Oars PS, and Oars PS plus Verde-Cal G only significantly 

increased turf NDVI on 7 October 2015 compared to control. This demonstrated that 

these products may have postponed turf dormancy and allowed a longer green period 

for TifSport bermudagrass fairways. However, in 2016 only ACA 2994 increased turf 

NDVI on 27 September at Rawls, but it was not significantly different from many 

other treatments or the untreated control. There were no significant differences on turf 

NDVI at Meadowbrook Golf Club in 2015 or 2016. The overall low turf quality that 

resulted from the coarse textured and low density of common bermudagrass at 

Meadowbrook may have limited the capability of the turfgrass to exhibit improved 

turf NDVI.  
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Table 4.1. Analysis of variance (ANOVA) of turf quality in 2015 and 2016 at 

Meadowbrook Golf Club and Rawls Golf Course in Lubbock, TX. 

Year Date 
Meadowbrook Golf Club Rawls Golf Club 

Cultw Prodx Cult*Prody Cult Prod Cult*Prod 

2015 

30-Jun ***z NS NS *** NS NS 

14-Jul NS NS NS NS NS NS 

28-Jul NS NS NS * NS NS 

10-Aug NS NS NS NS NS NS 

26-Aug NS NS NS * NS NS 

9-Sep NS NS NS NS NS NS 

25-Sep NS NS NS * NS NS 

7-Oct NS NS NS *** NS NS 

2016 

27-Jun NS NS NS *** NS NS 

7-Jul NS NS NS *** NS NS 

25-Jul NS * NS NS NS NS 

11-Aug *** NS NS NS NS NS 

22-Aug * NS NS NS NS NS 

12-Sep * NS NS NS NS NS 

27-Sep *** NS NS NS NS NS 
wCultivation treatments including untreated control, sliced, and core aerified applied 
once in middle June of 2015 and 2016 
xProduct treatments including untreated control and nine different products (Table 3.4) 
yInteraction between cultivation practices and product treatments 
z*Significant different at P value ≤0.05, ** P value ≤0.01, *** P value ≤0.001, and NS 

equals to not significant 
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Table 4.2. Analysis of variance (ANOVA) of digital image analysis for turf cover in 

2015 and 2016 at Meadowbrook Golf Club and Rawls Golf Course in Lubbock, TX.  

Year Date 

Meadowbrook Golf Club Rawls Golf Club 

Cultw Prodx Cult*Prody Cult Prod Cult*Prod 

2015 

30-Jun ***z NS NS * NS NS 

14-Jul NS NS NS NS NS NS 

28-Jul NS NS NS NS NS NS 
10-Aug NS NS NS NS NS NS 

26-Aug NS NS NS NS NS NS 
9-Sep NS NS NS NS NS NS 

25-Sep NS NS NS NS NS NS 

7-Oct NS NS NS NS ** NS 

2016 

27-Jun * NS NS *** NS NS 

7-Jul NS NS NS * NS NS 
25-Jul NS NS NS * NS NS 

11-Aug NS NS NS *** NS NS 

22-Aug *** NS NS * NS NS 
12-Sep NS NS NS NS NS NS 

27-Sep NS NS NS * NS NS 
wCultivation treatments including untreated control, sliced, and core aerified applied 

once in middle June of 2015 and 2016 
xProduct treatments including untreated control and nine different products (Table 3.4) 
yInteraction between cultivation practices and product treatments 
z*Significant different at P value ≤0.05, ** P value ≤0.01, *** P value ≤0.001, and NS 
equals to not significant 
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Table 4.3. Analysis of variance (ANOVA) of NDVI from Spectrum in 2015 and 2016 

at Meadowbrook Golf Club and Rawls Golf Course in Lubbock, TX. 

Year Date 

Meadowbrook Golf Club Rawls Golf Club 

Cultw Prodx Cult*Prody Cult Prod Cult*Prod 

2015 

30-Jun ***z NS NS    

14-Jul NS NS NS NS NS NS 

28-Jul NS NS NS *** NS ** 
10-Aug * NS NS *** * NS 

26-Aug    *** * NS 
9-Sep NS NS NS NS *** NS 

25-Sep NS NS NS NS * NS 

7-Oct NS NS NS *** *** NS 

2016 

27-Jun NS NS NS *** NS NS 

7-Jul NS NS NS * NS NS 
25-Jul NS NS NS NS NS NS 

11-Aug * NS NS NS NS NS 

22-Aug NS NS NS NS NS NS 
12-Sep *** NS NS NS NS NS 

27-Sep NS NS NS NS *** NS 
wCultivation treatments including untreated control, sliced, and core aerified applied 

once in middle June of 2015 and 2016 
xProduct treatments including untreated control and nine different products (Table 3.4) 
yInteraction between cultivation practices and product treatments 
z*Significant different at P value ≤0.05, ** P value ≤0.01, *** P value ≤0.001, and NS 
equals to not significant 
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Table 4.4. Analysis of variance (ANOVA) of RVI in 2015 and 2016 at Meadowbrook 

Golf Club and Rawls Golf Course in Lubbock, TX. 

Year Date 

Meadowbrook Golf Club Rawls Golf Club 

Cultw Prodx Cult*Prody Cult Prod Cult*Prod 

2015 

26-June ***z NS NS *** NS NS 

30-Jun *** NS NS *** NS NS 

15-Jul * NS NS **z NS NS 
28-Jul NS NS NS *** *** NS 

11-Aug * NS NS *** * NS 
19 Aug * NS NS *** * NS 

26-Aug NS NS NS *** * NS 

1-Sep *** NS NS * NS NS 
9-Sep NS NS NS ** NS NS 

15-Sep NS NS NS NS NS NS 
23-Sep NS NS NS NS NS NS 

30-Sep NS * NS NS NS NS 

7-Oct NS NS NS * NS NS 

2016 

21-Jun *** NS NS *** NS NS 

27-Jun *** NS NS *** NS NS 
7-Jul NS NS NS *** NS NS 

13-Jul NS NS NS *** NS NS 

22-Jul NS NS NS NS NS NS 
1-Aug NS NS NS *** NS NS 

11-Aug NS NS NS *** NS NS 
22-Aug NS NS NS NS NS NS 

30-Aug NS NS NS NS NS NS 

12-Sep NS * NS *** NS NS 
20-Sep NS NS NS NS NS NS 

27-Sep NS * NS NS * NS 
4-Oct *** NS NS NS NS NS 

wCultivation treatments including untreated control, sliced, and core aerified applied 

once in middle June of 2015 and 2016 
xProduct treatments including untreated control and nine different products (Table 3.4) 
yInteraction between cultivation practices and product treatments 
z*Significant different at P value ≤0.05, ** P value ≤0.01, *** P value ≤0.001, and NS 

equals to not significant 
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Table 4.5. Analysis of variance (ANOVA) of volumetric water content at 3.8 cm from 

TDR in 2015 and 2016 at Meadowbrook Golf Club and Rawls Golf Course in 
Lubbock, TX 

Year Date 
Meadowbrook Golf Club Rawls Golf Club 

Cultw Prodx Cult*Prody Cult Prod Cult*Prod 

2015 

30-Jun ***z NS NS *** NS NS 

14-Jul *** NS NS NS NS NS 
28-Jul * NS NS * *** NS 

10-Aug *** NS NS *** NS NS 
26-Aug *** NS NS *** NS NS 

9-Sep *** NS NS NS NS NS 

25-Sep *** NS NS NS NS NS 
7-Oct *** NS NS NS NS NS 

2016 

27-Jun *** NS NS NS NS NS 
7-Jul *** NS NS NS NS NS 

25-Jul ** NS NS * NS NS 

11-Aug *** NS NS NS NS NS 
22-Aug *** NS NS NS NS NS 

12-Sep ** NS NS *** * NS 
27-Sep * NS NS NS * NS 

wCultivation treatments including untreated control, sliced, and core aerified applied 

once in middle June of 2015 and 2016 
xProduct treatments including untreated control and nine different products (Table 3.4) 
yInteraction between cultivation practices and product treatments 
z*Significant different at P value ≤0.05, ** P value ≤0.01, *** P value ≤0.001, and NS 

equals to not significant 

 

 

 

 

 

 

 

 

 
 



Texas Tech University, Li Li, May 2017 

91 

Table 4.6. Analysis of variance (ANOVA) of volumetric water content at 7.6 cm from 

TDR in 2015 and 2016 at Meadowbrook Golf Club and Rawls Golf Course in 
Lubbock, TX 

Year Date 
Meadowbrook Golf Club Rawls Golf Club 

Cultw Prodx Cult*Prody Cult Prod Cult*Prod 

2015 

30-Jun NSz NS NS NS NS NS 

14-Jul * NS NS NS NS NS 
28-Jul * NS NS NS NS NS 

11-Aug NS NS NS * NS * 
26-Aug *** NS NS NS NS NS 

25-Sep *** *** *** NS NS NS 
7-Oct * NS NS NS NS NS 

2016 

27-Jun * NS NS NS NS NS 
7-Jul NS NS NS NS NS NS 

25-Jul NS * NS *** NS NS 

11-Aug NS NS NS * NS NS 
22-Aug *** NS NS NS NS NS 

12-Sep *** NS NS *** NS NS 
27-Sep NS NS NS NS NS NS 

wCultivation treatments including untreated control, sliced, and core aerified applied 

once in middle June of 2015 and 2016 
xProduct treatments including untreated control and nine different products (Table 3.4) 
yInteraction between cultivation practices and product treatments 
z*Significant different at P value ≤0.05, ** P value ≤0.01, *** P value ≤0.001, and NS 

equals to not significant 
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Figure 4.1. Turf quality based on 1 to 9 scale at Meadowbrook Golf Club in 2016. A 
single rating was taken from each plot and averaged over all products applications and 

the three replicate cultivation treatments. Asterisks represent dates with significant 
differences among cultivation practices at ɑ = 0.05. 
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Figure 4.2. Turf quality based on 1 to 9 scale at Rawls Golf Course in 2015. A single 
rating was taken from each plot and averaged over all products applications and the 

three replicate cultivation treatments. Asterisks represent dates with significant 
differences among cultivation practices at ɑ = 0.05. 
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Figure 4.3. Percent green cover from digital image analysis at Rawls Golf Course in 

2016. One picture was taken from each plot and averaged over all product treatments 
and three replicate cultivation practices. Dates with asterisks are statistically different 

at ɑ = 0.05. 
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Figure 4.4. Turf NDVI (cultivation treatments) at Rawls Golf Course in 2015. Three 
measurements were taken from each plot. Mean values averaged over the three 

readings per plot and all product treatments are provided. Asterisks represent dates 
with significant differences among cultivation practices at ɑ = 0.05. 
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Figure 4.5. Turf NDVI (product treatments) at Rawls Golf Course in 2015. Three 
measurements were taken from each plot. Mean values averaged over the three 

readings per plot and all cultivation treatments are provided. Dates with bars are 
statistically different at ɑ = 0.05. 
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Figure 4.6. Turf NDVI (Interaction between products and cultivation treatments) at 
Rawls Golf Course in 2015. Three measurements were taken from each plot. Mean 

values averaged over three readings per plot and the three replicate cultivation 
practices are provided. Bars sharing the same letter are statistically similar at ɑ = 0.05. 
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Figure 4.7. Ratio vegetation index measured from the RapidScan CS-45 meter at 
Meadowbrook Golf Club and the Rawls Golf Course in 2015. A single measurement 

was taken from each plot and averaged over all products applications and the three 
replicate cultivation treatments. Asterisks represent dates with significant differences 

among cultivation practices at ɑ = 0.05. 
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Figure 4.8. Ratio vegetation index (RVI) measured from the RapidScan CS-45 meter 
at Meadowbrook Golf Club and the Rawls Golf Course in 2016. A single 

measurement was taken from each plot and averaged over all products applications 
and the three replicate cultivation treatments. Asterisks represent dates with significant 

differences among cultivation practices at ɑ = 0.05. 
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Figure 4.9. Volumetric water content measured by TDR at Meadowbrook Golf Club at 
3.8 cm in 2015 and 2016. Three measurements were taken at each plot. Mean values 

averaged over the three readings per plot and all product treatments are provided. 
Asterisks represent dates with significant differences among cultivation practices at ɑ 

= 0.05. 
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Figure 4.10. Volumetric water content measured by TDR at Rawls Golf Course at 3.8 
cm in 2015 and 2016. Three measurements were taken at each plot. Mean values 

averaged over the three readings per plot and all product treatments are provided. 
Asterisks represent dates with significant differences among cultivation practices at ɑ 

= 0.05. 
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Figure 4.11. Volumetric water content measured by TDR at Rawls Golf Course at the 

3.8 cm depth. Three measurements were taken at each plot. Mean values for and three 
readings per plot and the three replicate cultivation treatments are provided. Bars 

sharing the same letter are statistically similar at ɑ = 0.05. 
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Figure 4.12. Volumetric water content measured by TDR at Meadowbrook Golf Club 

at 7.6 cm in 2015 and 2016. Three measurements were taken at each plot. Mean values 
averaged over the three readings per plot and all product treatments are provided. 

Asterisks represent dates with significant differences among cultivation practices at ɑ 
= 0.05. 
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Figure 4.13. Volumetric water content measured by TDR at Rawls Golf Course at 7.6 

cm in 2015 and 2016. Three measurements were taken at each plot. Mean values 
averaged over the three readings per plot and all product treatments are provided. 

Asterisks represent dates with significant differences among cultivation practices at ɑ 
= 0.05. 
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Figure 4.14. Volumetric water content from TDR at 7.6 cm depth at Meadowbrook 
Golf Club on 25 September 2015. Three measurements were taken from each plot. 

Values were based on the significant interaction of products and cultivation practices. 
Bars sharing the same letter are statistically similar at ɑ = 0.05. 
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Figure 4.15. Volumetric water content from TDR at 7.6 cm depth at Rawls Golf 

Course on 11 August 2015. Three measurements were taken from each plot. Values 

were based on the significant interaction of products and cultivation practices. Bars 
sharing the same letter are statistically similar at ɑ = 0.05. 
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APPENDIX 

Table A.1. Soil particle analysis of soil samples collected at Meadowbrook Golf Club 

in Lubbock, TX. 

Sample Sand% Silt% Clay% USDA Texture 

Meadowbrook#1 72.49 7.71 19.80 sandy loam 

Meadowbrook#2 68.56 19.64 11.80 sandy loam 

Meadowbrook#3 68.20 13.93 17.87 sandy loam 

Meadowbrook#4 72.42 15.86 11.73 sandy loam 

Meadowbrook#5 72.13 10.07 17.80 sandy loam 

Meadowbrook#6 72.27 16.00 11.73 sandy loam 

Meadowbrook#7 70.27 9.93 19.80 sandy loam 

Meadowbrook#8 76.27 5.93 17.80 sandy loam 

Meadowbrook#9 71.98 14.22 13.80 sandy loam 

Meadowbrook#10 65.91 18.29 15.80 sandy loam 

Meadowbrook#11 71.12 14.94 13.94 sandy loam 

Meadowbrook#12 71.41 12.58 16.02 sandy loam 

Meadowbrook#13 76.62 11.37 12.02 sandy loam 

Meadowbrook#14 70.54 11.44 18.02 sandy loam 

Meadowbrook#15 80.54 3.44 16.02 sandy loam 

Meadowbrook#16 74.62 13.37 12.02 sandy loam 

Meadowbrook#17 70.83 15.22 13.94 sandy loam 

Meadowbrook#18 74.76 9.22 16.02 sandy loam 

Meadowbrook#19 67.75 14.09 18.16 sandy loam 

Meadowbrook#20 67.97 19.80 12.23 sandy loam 

Meadowbrook#21 75.34 10.79 13.87 sandy loam 

Meadowbrook#22 75.41 8.72 15.87 sandy loam 
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Table A.2. Soil particle analysis of soil samples collected at Rawls Golf Course in 

Lubbock, TX. 

Sample Sand% Silt% Clay% USDA Texture 

Rawls#1 68.34 9.64 22.02 sandy clay loam 

Rawls#2 66.34 17.71 15.94 sandy loam 

Rawls#3 66.42 15.57 18.02 sandy loam 

Rawls#4 68.27 7.86 23.87 sandy clay loam 

Rawls#5 64.20 17.93 17.87 sandy loam 

Rawls#6 58.49 17.28 24.23 sandy clay loam 

Rawls#7 66.42 9.71 23.87 sandy clay loam 

Rawls#8 58.20 19.93 21.87 sandy clay loam 

Rawls#9 66.20 9.71 24.09 sandy clay loam 

Rawls#10 66.34 17.86 15.80 sandy loam 

Rawls#11 68.34 11.78 19.87 sandy loam 

Rawls#12 70.13 15.86 14.02 sandy loam 

Rawls#13 64.20 13.86 21.94 sandy clay loam 

Rawls#14 68.34 17.78 13.87 sandy loam 

Rawls#15 70.13 7.93 21.94 sandy clay loam 

Rawls#16 66.34 17.71 15.94 sandy loam 

Rawls#17 62.06 20.07 17.87 sandy loam 

Rawls#18 60.13 16.07 23.80 sandy clay loam 

Rawls#19 63.98 14.22 21.80 sandy clay loam 

Rawls#20 66.34 17.86 15.80 sandy loam 

Rawls#21 66.20 14.00 19.80 sandy loam 

Rawls#22 66.34 13.86 19.80 sandy loam 
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Figure A.3. Examples of turf green cover analysis by the SigmaScan software 
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Figure A.4. Layout and orientation of the research area at Rawls Golf Course fairway, 
Lubbock, TX. Strips were treated with non-cultivated control, slicing, and core 

aerification. Plots were treated with 10 products (Table 3.4). 
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Figure A.5. Layout and orientation of the research area at Meadowbrook Golf Club 

fairway, Lubbock, TX. Strips were treated with non-cultivated control, slicing, and 

core aerification. Plots were treated with 10 products (Table 3.4). 
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Figure A.6. PXRF quantified elements in ppm correlated with soil EC (µS/cm) 
measured with 1:2 soil:water ratio for all soil samples collected at Rawls Golf Course 

in 2016. R2 are shown on the figures. 
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Figure A.7. PXRF quantified elements in ppm correlated with soil EC (µS/cm) 

measured with 1:2 soil:water ratio for all soil samples collected at Meadowbrook Golf 

Club in 2016. R2 are shown on the figures. 
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Because the high volume of data (EC, pH, PXRF, visual turf quality, percent 

green cover, NDVI, RVI, and Volumetric water content at 3.8 cm and 7.6 cm depths) 

collected in this study, the raw data were not able to be provided in this thesis. Please 

contact Dr. Joseph Young at email Joey.Young@ttu.edu for more data from this study. 

mailto:Joey.Young@ttu.edu



