
ABSTRACT 

DUNNE, JEFFREY COLIN. Breeding for combined shade and cold tolerance in 

bermudagrass (Cynodon spp.) and the identification of QTL associated with seed head traits. 

(Under the direction of Dr. Susana Milla-Lewis and Dr. Grady Miller). 

 

Bermudagrass (Cynodon spp.) is widely used for recreational and residential turf in the 

southeastern United States for its superior turf quality and excellent durability. While the 

grass is considered to have excellent heat and drought tolerances, its ability to survive under 

shade and freezing temperatures is low. Developing cultivars tolerant to shade would allow 

bermudagrass to become more prevalent in home lawns or other recreational areas in the 

southeast, where trees dominate the landscape. Nine accessions collected from Pretoria, 

South Africa were evaluated for their ability to grow under shade. Significant differences 

among shade levels, genotypes, and the interaction of the two were observed. As expected, 

the progression from 0% to 63% to 80% shade reduced normalized difference vegetation 

index (NDVI), percent turfgrass cover (TC), and turf quality (TQ) readings for all accessions. 

Some genotypes, however, were able to maintain adequate quality and aggressiveness under 

63% shade. Celebration, ‘WIN10F’ and ‘STIL03’ performed better than Tifway (P ≤ 0.05), 

the susceptible control.  Further improvement can be attained through the reduction in 

nitrogen fertility, increased mowing heights, and trinexapac-ethyl (TE) applications. 

WIN10F, STIL03 and three controls (Celebration, Tifgrand and Tifway) were compared 

under these management practices. Overall, differences were observed between genotypes, 

TE applications, mowing heights and fertility across all response variables in both years. 

Lastly, significant differences were observed for the interactions between entries, TE 

applications and mowing heights, suggesting that although these cultural practices may 

provide a reduction in the symptoms of shade stress, the management recommendations are 



dependent on the genotype and the environment in which the management strategy can be 

most effective.  

Development of cultivars with enhanced adaptation to freezing temperatures would constitute 

a significant improvement in the management of bermudagrass in the transition zone. A trial 

was established in July 2010 in order to evaluate a set of African and common bermudagrass 

accessions from the USDA germplasm collection for their winter hardiness. Four commercial 

cultivars (‘Patriot’, ‘Quickstand’, ‘Tifsport’, and ‘Tifway’) were included as checks. High 

levels of winter hardiness were observed among the African bermudagrass germplasm. Plant 

introductions 290905, 647879, 255447 289923 and 615161 were the top performers with 

similar or better winter hardiness than the controls. In addition to the field data collected, 

controlled freeze tests were conducted to corroborate field results. A comparison between the 

LT50 values from the controlled freezing tests and the field evaluations showed significant 

correlations of -0.26 and -0.24 for spring green-up and winterkill, respectively. Overall, 

results indicate that these plant introductions can be used as additional sources of winter 

hardiness in bermudagrass breeding. 

The identification of genetic markers linked to flowering and seedhead traits would benefit 

bermudagrass breeders in the development of higher yielding seeded varieties, and, 

conversely, reduce seedhead development in vegetatively propagated varieties, improving 

playability and aesthetics. A multi-year, environment and trait evaluation was conducted to 

QTL map 15 phenotypic traits of interest to previously developed and amended single dose 

RFLP and SSR linkage maps in bermudagrass. Significant correlations (p < 0.0001) exist 

between racemes inflorescence
-1

, raceme length, seeds raceme
-1

, and culm length. A total of 

42 (27 refined) QTL were located on the African ‘T574’ map spanning 13 of the 14 linkage 



groups and 105 (68 refined) QTL were identified on the common ‘T89’ map spanning 24 

linkage groups.  Several QTL regions on both maps were overlapping for two or three traits; 

however, no overlapping QTL regions encompassed all four.  Overall, QTL identification for 

these seedhead traits demonstrates the progression in bermudagrass mapping and offers a 

means for selection of seeded and vegetatively propagated varieties.  
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BERMUDAGRASS (CYNODON SPP.) 

The genus Cynodon is comprised of nine species and 10 varieties; however, only two of these 

species are relevant in turfgrass cultivar development. Specifically, breeding improvements 

in Cynodon turf cultivars have been effected with germplasm from C. dactylon (L.) Pers and 

C. transvaalensis Burtt-Davy. Cynodon dactylon (L.) Pers.  or common bermudagrass (2n = 

4x = 36) is an extremely diverse species divided into three races (tropical, temperate and 

seleucidus) which range from very small, fine growth characteristics to robust, coarse types 

(Taliaferro, 1995). Furthermore, common bermudagrass has been characterized as having 

traffic tolerance, winter hardiness, reduced water use and/or drought tolerance, and salt 

tolerance (Beard, 1973). The species C. transvaalensis Burtt-Davy or African bermudagrass 

(2n = 2x = 18) is morphologically distinct with very small plants and erect narrow leaves 

which are yellowish-green in color (Taliaferro, 1995).  C. transvaalensis Burtt-Davy is 

desired in turfgrass environments mainly because of its ability to form very dense, fine-

textured sod. But, C. transvaalensis Burtt-Davy lacks the performance of C. dactylon (L.) 

Pers. under various environmental stresses. Fortunately, interspecific hybridization between 

C. dactylon (L.) Pers. var. dactylon x C. transvaalensis Burtt-Davy (2n = 3x = 27) parental 

materials can be used to combine the desirable turf characteristics of the two species. 

Although the resulting hybrids are sterile, C. dactylon (L.) Pers. var. dactylon x C. 

transvaalensis Burtt-Davy have been the principal breeding method used to produce high 

quality vegetatively-propagated turf cultivars. The identification of common and African 

bermudagrass genotypes with improved shade and winter hardiness may offer new genetic 

sources in breeding programs for overall bermudagrass improvement in the transition zone. 
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In addition, advanced hybrid lines comprising both traits may further the use of 

bermudagrass in this economically important region.  

BREEDING FOR COMBINED SHADE AND COLD TOLERANCE 

Bermudagrass is widely used for golf courses, athletic fields, and home lawns in the 

southeastern United States for its superior turf quality and excellent durability. While the 

grass is considered to have excellent heat and drought tolerances, its ability to survive 

freezing temperatures is low (Beard, 1973). Bermudagrasses periodically sustain winter 

injury in the transition zone (Anderson et al., 2002).  Development of cultivars with 

enhanced adaptation to freezing temperatures would constitute a significant improvement in 

the management of bermudagrass in this region. Very few universities are invested on 

developing improved seed- and vegetatively- propagated varieties for the transition zone. 

‘Riviera’ and ‘Patriot’ are examples of freeze tolerant cultivars released from those efforts. 

However, none of these cultivars were breed to tolerate shade.  

Bermudagrass is also known to have very poor tolerance to shade (McBee and Holt, 1966; 

Dudeck and Peacock, 1992). According to Beard (1973), approximately 25% of turfgrasses 

are grown under some degree of shade. Tree dense landscapes make shade a common stress 

in North Carolina. Tree shade alters the plants growing environment by simultaneously 

reducing light intensity and altering the red:far-red ratio of sunlight (Bell and Danneberger, 

1999; Wherley et al, 2005). As a result, photosynthesis is reduced (Alexander and McCloud, 

1962) which leads to a decline in total nonstructural carbohydrates (Burton et al., 1959; 

Shnyder and Nelson, 1989) and ultimately causes a decline in stand density.  A weakened, 

thinned turfgrass stand limits persistence and increases vulnerability to several factors 

including traffic (Cockerham et al., 1994; Jiang et al., 2003; Trappe et al., 2011) and winter 
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injury (Steinke and Stier, 2004). Similar to winter hardiness breeding, only a few public 

breeding programs have sustained efforts in improving shade tolerance in bermudagrass. 

However, these programs do not concentrate on adaptability to cold temperatures due to the 

research being conducted in geographic locations well below the transition zone. The need 

for breeding efforts that focus on shade tolerance, but in combination with adaptability to the 

colder winters of the transition zone still exists.  North Carolina’s position in the transition 

zone provides an un-matched opportunity for turfgrass breeding given the potential to screen 

grasses for winter hardiness and shade tolerance simultaneously. The focus of this research is 

to fill that niche by screening common (Cynodon dactylon) and African (C. transvaalensis) 

bermudagrass germplasm for both cold and shade tolerance and to use selected materials in 

breeding for both traits combined in an effort to produce improved species and/or hybridized 

varieties of bermudagrass that are especially suited to the North Carolina environment. 

QTL IDENTIFICATION FOR SEED HEAD TRAITS 

Identifying quantitative trait loci (QTL) involves understanding the segregation patterns of 

linked genetic markers to the genes contributing to a specific trait. Inherently, quantitative 

traits suggest multiple QTL with major or most likely, minor effects.  Since wide ranges in 

variation among a population for a specific quantitative trait (i.e. yield, abiotic stress 

tolerance, growth characteristics etc.) can be closely attributed to multiple gene action, a 

linkage map constructed by saturating the genome with polymorphic genetic markers 

increases the chance of having markers closely linked to genes contributing to the trait(s) of 

interest (Miles and Wayne, 2008). The lack of recombination between genetic markers and a 

higher likelihood ratio calculated for each linked marker region enhances the chances that a 
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gene within the QTL is contributing to the phenotypic variation seen in the field (Miles and 

Wayne, 2008).  

Genetic markers have been used to identify bermudagrass cultivars in the field to 

preserve intellectual property rights (Wang et al., 2010). However, a better use of these 

genetic resources has been in the development of bermudagrass linkage maps. The 

identification of marker distances, effective recombination lengths, and the subsequent 

marker arrangement in the bermudagrass genome can help bridge the relationship between 

genetic and phenotypic data by identifying genomic regions responsible for phenotypic 

variation. The identification of molecular markers that are associated with the trait(s) of 

interest is a useful approach to facilitate selection of complex traits, such as flowering and 

seed head characteristics associated with yield. Through marker assisted selection (MAS), 

the efficiency of selection can be improved by using DNA technology to determine the 

presence of desirable genes rather through gene expression or exhaustive phenotypic 

evaluations in the initial stages of selection.  When the markers co-segregate with the trait of 

interest, MAS can be used to transfer (a) specific gene(s) into a desired genetic background.  

Because molecular markers generally are not influenced by the environment, superior 

genotypes can be identified with fewer field evaluations and with less false positive trait 

associations. Moreover, molecular mapping technology can also help elucidate the genetic 

control of complex traits by allowing the identification of genes with both large and small 

effects and detection of intra-locus and inter-locus interactions, heterosis, and genotype x 

environment interactions (Paterson et al. 1988; Stuber et al. 1992). Markers found to be 

associated with flowering and seed head traits can be used to select higher yielding or lower 
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seed head developing genotypes more rapidly and with more precision than by relying solely 

on environmental pressure in the field. 

IMPACTS OF BERMUDAGRASS BREEDING ON NORTH CAROLINA 

 Immediate impacts of combined shade and winter hardiness breeding in bermudagrass 

would be in the expansion of the sod markets in North Carolina. Despite the lack of heat and 

drought tolerance in the North Carolina summer months, which leads to over-watering and 

maintenance issues, tall fescue maintains the highest turfgrass coverage in North Carolina 

(47.8% of total turf area, 44.5% of area in single family dwellings; North Carolina Turfgrass 

Survey, 1999). Bermudagrass should be the more functional alternative due to its superior 

drought and heat tolerance as well as resistance to weed encroachment among other traits. 

However, bermudagrass is substantially lower than that of turfgrass in utilization (10.8% of 

total turf area, 7.5% of area in single family dwellings) mainly due to its lack of shade. This 

trait is extremely important for use in residential lawn, golf courses and other recreational 

areas in North Carolina where trees dominate the landscape. Development of shade tolerant 

bermudagrass varieties would expand the market for this type of grass. Currently, there are 

38 sod producers in 34 counties who are members of the North Carolina Sod Producers 

Association (North Carolina Sod Producers Association, 2016). Twenty-three of those 

producers are listed as sellers of one or more cultivars of bermudagrass. However, the vast 

majority of that bermudagrass sod goes to athletic fields or golf courses and of Tifway 419, a 

cultivar developed at the University of Georgia in the 1960s. Development of novel cultivars 

more suitable for the homeowner market would have a large impact on the sod industry by 

widening their customer base and increasing sales. This is especially true in the piedmont and 

western regions of North Carolina where increased winter hardiness in bermudagrass may be 
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more advantageous. Shade tolerant bermudagrasses would also benefit eastern North 

Carolina by providing a suitable substitute to St. Augustinegrass or zoysiagrass, which are 

currently the only available warm-season species used in home lawns where excessive shade 

is present. 

An additional, immediate impact of increasing the use of bermudagrass in North Carolina 

would be the conservation of water resources. As of the last North Carolina Turfgrass Survey 

(1999), homeowners represent the largest sector of the turf industry with 69 percent of the 

turf area and a large portion of that area constituting grasses with greater water demands than 

bermudagrass. Efforts to restrict water use by municipalities and the inevitable mandates on 

future water consumption, suggests the benefits in research efforts to develop bermudagrass 

cultivars that are especially suited for the home lawn market. Transitioning to more drought 

tolerant grasses, like bermudagrass, in the North Carolina market would lead to a significant 

reduction in the amount of potable water resources used for lawn irrigation and would lessen 

the impact of water restrictions.    
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ABSTRACT 

Bermudagrass, Cynodon spp. is one of the most commonly grown turfgrass genera in the 

southern United States having excellent drought tolerance, but poor tolerance to shade. 

Developing cultivars tolerant to shade would allow bermudagrass to become more prevalent 

in home lawns or other recreational areas in the southeast, where trees dominate the 

landscape. In this field study, nine accessions collected from Pretoria, South Africa were 

evaluated for their ability to grow under shade with varying fertility treatments. These 

accessions and cultivars ‘Celebration’, ‘TifGrand’ and ‘Tifway’ were evaluated under 0%, 

63%, and 80% continuous shade during 2011-2012. For both years, significant differences 

among shade levels, genotypes, and the interaction of the two were observed. As expected, 

the progression from 0% to 63% to 80% shade reduced normalized difference vegetation 

index (NDVI), percent turfgrass cover (TC), and turf quality (TQ) readings for all accessions. 

Some genotypes, however, were able to maintain adequate quality and aggressiveness under 

63% shade. Celebration, ‘WIN10F’ and ‘STIL03’ performed better than Tifway (P ≤ 0.05), 

the susceptible control.  Overall, our results indicate that there are promising genotypes 

among the bermudagrass materials collected from South Africa. These accessions represent 

additional sources of shade tolerance to be used in bermudagrass breeding. Furthermore, 

higher nitrogen fertility increased NDVI and TQ in some instances suggesting an added 

benefit of fertility under low light conditions. However, the increased economic value 

attributed to the added inputs associated with these increases is outweighed by the low 

impacts offered.   
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INTRODUCTION 

The growth characteristics of bermudagrass (Cynodon spp.) promote its use across a 

wide range of environments. Its aggressive behavior, resistance to weed encroachment, 

traffic tolerance and drought tolerance makes bermudagrass a desired species on golf 

courses, athletic fields, municipalities, and home lawns in North Carolina (DiPaola and 

Beard, 1992; Carrow and Petrovic, 1992). However, it is estimated that 20 to 25% of all 

turfgrass stands are under some kind of shade, primarily from trees and/or other structural 

objects (Beard, 1973) and of the warm-season turfgrasses typically used in the south, 

bermudagrass exhibits the poorest shade tolerance (Dudeck and Peacock, 1992).  

The effects of shade can elicit profound physiological, morphological and field 

performance effects on turfgrasses. McBee and Holt (1966) originally showed that decreases 

in light incidence drastically reduced percent turfgrass cover (TC), density, and color of 

bermudagrass. Schmidt and Blaser (1969) evaluated the effects of temperature, light, and 

nitrogen on growth and metabolism of ‘Tifgreen’ (Cynodon dactylon (L.) Pers. × C. 

transvaalensis Burtt Davy) bermudagrass. The results of their experiment suggested that low 

light intensity drastically inhibited nitrogen utilization for shoot growth and root 

development.  Overall, the effects of shade can reduce turfgrass quality (TQ), turfgrass 

density, normalized difference vegetation index (NDVI), chlorophyll content, root mass, 

pigment concentrations, total nonstructural carbohydrates, petiole length, internode diameter, 

number of stolons, total stolon lengths and canopy photosynthetic rates (Sladek et al., 2009; 

Baldwin et al., 2008; Bunnell et al., 2005a; van Huylenbroeck and van Bockstaele, 2001; 

Bell and Danneberger, 1999b; Stuefer and Huber, 1998; Qian and Engelke, 1997; Peacock 

and Dudeck, 1981).   
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For breeding programs, turfgrass cultivars and novel turfgrass accessions must be 

evaluated in order to improve on specific traits. Typically, these collections are subjected to 

rigorous selection pressure.   Research to evaluate turfgrasses for shade tolerance has often 

used artificial shade to mimic environmental conditions (Sladek et al., 2009; Trenholm and 

Nagata, 2005; van Huylenbroeck and van Brockstaele, 2001; Qian and Engelke, 1997; 

Peacock and Dudeck, 1981; Wilkinson and Beard, 1975; McBee and Holt, 1966). Many 

forms of artificial shade have emerged for properly evaluating the trait. Baldwin et al. (2009) 

used various colors of shade cloth (65% light reduction in all treatments) to filter specific 

wavelengths to determine their individual effects on TQ, relative clipping yield, relative 

chlorophyll concentration, relative shoot width, relative root biomass, relative root length 

density, relative specific root length, and root and shoot total nonstructural carbohydrates in 

bermudagrass. While each of the colored shade fabrics reduced specific measures, the black 

shade cloth provided the most detrimental effect across all response parameters. Varying 

levels of photosynthetic photon flux allow for estimation of thresholds for acceptable TQ 

within turfgrass entries (Sladek et al., 2009; Bunnell et al., 2005a; Miller et al., 2005; 

Trenholm and Nagata, 2005; van Huylenbroeck and van Brockstaele, 2001; McBee and Holt, 

1966). 

Research has shown significant variation among bermudagrass genotypes in shade 

response. Under 90% uninterrupted shade, Gaussion et al. (1988) noted the diversity in shade 

tolerance among 32 bermudagrass genotypes. Similarly, Baldwin et al. (2008) evaluated 42 

bermudagrass cultivars collected from the National Turfgrass Evaluation Program (NTEP) 

and were able to group them into distinct classes (best, intermediate, and sensitive) based on 

TQ, shoot chlorophyll concentration, root length, and total root biomass. Lastly, Hanna et al. 
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(2010) evaluated the newly registered ‘ST-5’ (Cynodon dactylon (L.) Pers. × C. 

transvaalensis Burtt Davy) bermudagrass cultivar (later released as ‘TifGrand’ – PP21017; 

Hanna and Braman, 2008) against other dwarf-type bermudagrass cultivars and showed two-

fold increases in turfgrass cover under 70% continual shade.  

Bermudagrass materials are often compared against other species to evaluate shade 

tolerance. Jiang et al. (2004) compared two hybrid bermudagrass cultivars to eight seashore 

paspalum cultivars and showed the bermudagrass hybrids maintained the lowest TQ 

throughout the study. However, Bunnell et al. (2005a) and Baldwin et al. (2009) showed 

recent gains in bermudagrass shade tolerance through the release of ‘Celebration’ (Riley, 

2000), a common-type (Cynodon dactylon (L.) Pers.). In the two studies, Celebration 

exhibited superior shade tolerance compared to bermudagrass hybrids and performed 

similarly to ‘Sea Isle 2000’ seashore paspalum (Paspalum vaginatum Swartz.). 

In addition to cultivar development through breeding and selection, further 

improvement in warm-season turfgrass response to shade can be attained through cultural 

practices. Previous research suggests that reducing nitrogen fertility rates (Bunnell et al., 

2005b; Goss et al., 2002; Bell and Danneberger, 1999a) and raising mowing heights (Bunnell 

et al., 2005b; Bell and Danneberger, 1999a; White, 2004) can improve TQ and overall 

turfgrass performance under low light conditions. 

The development of shade tolerant cultivars, specifically TifGrand and Celebration, 

has shown the potential of bermudagrass to persist in low light environments. However, with 

only these two commercially available shade tolerant cultivars there is great need for 

introducing new germplasm or cultivars with further enhanced shade tolerance. This should 

be possible through identification of new shade tolerance sources and breeding efforts. In the 
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early 1990’s, a collection trip to South Africa resulted in the introduction of nine common 

bermudagrass (Cynodon dactylon (L.) Pers.) accessions that showed promising shade 

tolerance in their native environment.  The objectives of this research were to evaluate these 

accessions for shade tolerance under varying levels of photosynthetic photon flux, and to 

estimate the effect of nitrogen fertilization on the performance of these materials under 

shade.  

 

MATERIALS AND METHODS 

Plot Establishment and Management. A two-year evaluation was conducted between 16 Aug. 

and 29 Sept. in 2011 and between 2 Aug. and 11 Sept. in 2012 at the Lake Wheeler Turfgrass 

Experimental Field Lab in Raleigh, NC (37° N lat.; 78° W long.).  Plots, 4.65 m
2 

(1.5 m x 3.1 

m) in size, of the selected bermudagrass entries (Table 2.1) were established from sod in 

early fall of 2010 on an Appling fine sandy loam/Cecil sandy loam [fine, kaolinitic, thermic 

Typic Kanhapludults] (NRCS, 2011).  

A granular DAP (18N-20P-0K) fertilizer (Southern Seeds, Inc.; Middlesex, NC) was 

applied at a nitrogen rate of 48.8 kg ha
-1

 during establishment in 2010 and then again on 24 

June 2011 prior to the initiation of fertility treatments. Irrigation was applied immediately 

after each application. Each of the designated shade treatment areas were established under 

full sunlight until the shade treatments were applied 2 July 2011. The shade cloth was not 

removed for the duration of the study. From the initiation to the completion of the research, 

all plots were maintained once per week at a 5.1 cm mowing height with a rotary mower and 

irrigation was applied as needed to prevent drought stress.  Clippings were returned to the 

plots during each mowing event.  
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Factors and Factor Levels. The study was established as a nested split-split plot design with 

the main plot factor being various levels of shade. The shade levels were 0, 63, and 80% 

shade allowing 100, 37, and 20% of full sunlight, respectively. Shade treatments (other than 

full sunlight) were applied using a neutral density, poly-fiber black shade cloth (Long’s 

Greenhouse Enterprise, Inc. Jacksonville, FL) on a perpetual basis by constructing a shade 

structure surrounding the established plots.  Percent shade was determined by the installation 

contractor comparing photosynthetic photon flux under shade cloths at the turfgrass canopy 

to full sunlight measurements with a hand-held LI-190SA quantum sensor (LiCor; Lincoln, 

NE).  Three replications of the twelve entries were organized in complete blocks, nested 

within each shade treatment.  Of the twelve entries, nine were a collection of accessions from 

the Pretoria region in South Africa. All accessions were common-type bermudagrasses (C. 

dactylon (L.) Pers.). Two positive controls, Celebration and TifGrand, were used based on 

previous studies suggesting their relative shade hardiness among bermudagrasses (Hanna et 

al., 2010; Baldwin et al., 2009; Hanna and Maw, 2007; Bunnell et al., 2005a). ‘Tifway’ 

(Burton, 1966) was used as the susceptible control. Each entry was split into equal plot sizes 

(1.5 m x 1.5m) to accommodate two levels of nitrogen fertilization that were randomly 

assigned within each plot. One month following the fertilization on 24 June 2011, the split 

fertility treatments were initiated to provide nitrogen at 97.6 kg ha
-1

 (Low) and 195.2 kg ha
-1

 

(High) during the data collection period using a granular, polymer coated urea (18N-4P-15K) 

fertilizer (Harrell’s; Lakeland, FL). The same treatments resumed on 9 July in 2012. To 

achieve the low and high fertility treatment totals, applications were made at a nitrogen rate 

of 48.8 kg ha
-1

 either every 4 wks (high) or every 8 wks (low) throughout the data collection 

periods in both years.    
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Response Variables. To measure the tolerance of each entry under the various shade and 

fertility treatments, percent TC ratings were taken at 3 wk intervals following the removal of 

a golf course cup-cutter sized (86.6 cm
2
) plug of turf that was back filled with silica sand. 

Digital images were taken 3 wks (16 Aug. 2011 and 2 Aug. 2012), 6 wks (7 Sept. 2011 and 

22 Aug. 2012), and 9 wks (29 Sept. 2011 and 11 Sept. 2012) after plug removal to monitor 

the regrowth, measured as percent cover, within each treatment. A portable light box was 

used to provide a consistent light source for capturing images. The images were analyzed 

using Sigma Scan (Systat Software; Chicago, IL) to determine the ratio of green pixels to 

total pixels of the cross-sectional area, iteratively (Karcher and Richardson, 2004; 

Richardson et al., 2001). Additionally, NDVI and TQ ratings were taken at each of the 

indicated time points. NDVI data were recorded as an average of twenty measurements taken 

across the entirety of each plot. The readings were taken using the Field Scout TCM 500 turf 

color meter (Spectrum Technologies, Inc.; Plainfield, IL). Ratings of visual assessment for 

TQ were collected on a 1 to 9 scale that combines the turfgrass characteristics of texture, 

color, density, and uniformity, where a rating of 1 represents inferior, 9 represents superior, 

and 6 represents acceptable TQ (NTEP, 2012). TQ ratings are representative of the entire plot 

area. 

Statistical Analysis. Initial attempts to fit the data were performed spatially to take advantage 

of the possible variation patterns within the field. However, difficulties converging the model 

were encountered due to increased variability observed from 2011 to 2012. Therefore, the 

data were modeled based on the experimental design and each of the factor effects and 

interactions were tested against the appropriate error term determined by their expected mean 

squares (Table 2.2). Furthermore, due to the continuation of the shade treatments, differences 
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in rating times, and the variability observed between years, the data were analyzed more 

parsimoniously by date using the GLM procedure in SAS version 9.4 (SAS Institute Inc; 

Cary, NC). Individual hypothesis testing of effects and interactions was designated using an 

appropriate error term which is available in the GLM procedure. Mean separation procedures 

were used when appropriate according to Fisher’s protected LSD values at a significance 

level of 0.05. Again, appropriate error terms were used during the mean separation procedure 

to determine significance between treatments. 

 Because of the quantitative nature of the shade treatments and the unequal spacing in the 

shade increments, orthogonal polynomials were designed according to Robson (1959) to test 

linear and deviations from linear (potential quadratic characteristics) of the increasing shade 

treatments. In order to address the performance of the entries across years, additional 

contrasts were designed to test each of the entries against the average of the remaining 

entries, within shade levels, on each date. The effects analysis is similar to the stability 

analysis conducted by Bokmeyer et al. (2009) comparing tall fescue (Festuca arundinacea 

Schreb.) clones across environments. In this case, these comparisons were used to easily 

discern consistency and stability of the entries across years and the response variables, 

respectively.     

 

RESULTS AND DISCUSSION 

Only the data for the final rating date (9 wks after cup-cutter removal) are presented, 

conveying the results in each year (2011 and 2012). The analysis of variance determined the 

importance of entry, and the interaction between the entries and shade treatments (Table 2.1). 

Due to the significance of the interaction, means separation analysis was conducted for 
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entries within each shade level. Since the study was a two-year continuous evaluation of the 

effects of shade on the entries, overall conclusions can be drawn from the results on 11 Sept. 

2012. However, the mean results of both years (representing data collected on 29 Sept. 2011 

and 11 Sept. 2012 only) for NDVI, TQ and percent TC are presented (Figure 2.1, 

Supplementary Table 2.1 and 2.2).   

Full Sunlight (0% shade) Treatments.  In 2011 (29 Sept. 2011), NDVI values did not differ 

among the entries under full light conditions (Figure 2.1 and Supplementary Table 2.1, P ≥ 

0.05). Similarly, for TC, only one entry was significantly different from the rest. The 

accession ‘PCC4’ was lower (P ≤ 0.05) than all other entries after the 9 wks of growth. A 

wide range in values was shown among entries when considering traits (color, texture, 

density, and uniformity) that comprise turfgrass quality, which was expected given the 

different backgrounds of the accessions being evaluated.  TifGrand showed the highest TQ 

(8.0), but was not different from accessions ‘Irene’ (7.3; P = 0.223) and ‘WIN17’ (7.0; P = 

0.070). The accession PCC4 showed the lowest TQ (4.0) when compared to all other entries 

(P ≤ 0.05).  

In 2012 (11 Sept. 2012), plots showed an overall decline in NDVI. Although 

comparisons between 2011 and 2012 were not directly made in the final analysis as 

previously mentioned (Statistical Analysis; Materials and Methods) accessions ‘WIN10F’, 

WIN17, Irene and ‘STIL03’ were among the highest in NDVI (Figure 2.1 and 

Supplementary Table 2.2). Similarly, an overall decline in percent TC under full sunlight was 

noted in the second year of the study. From 2011 to 2012, the estimated decline in the overall 

mean for percent TC was nearly 25%. WIN10F, WIN17, ‘PCCT’ and ‘WIN10T’ were 

among the highest in percent TC after 9-weeks of growth. Although NDVI and percent TC 
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ratings declined in full sunlight treatments between years, TQ was relatively unaffected.  

Accessions WIN10F, Irene, and WIN17 were recorded as having the highest TQ. The 

performance of each genotype under full sunlight is undoubtedly important, but the purpose 

in evaluating them under full light conditions was mainly to estimate the effects of the shade 

treatments on the individual entries. 

63% Shade Treatment.  As shade increased to 63%, NDVI values in 2011 declined by 18% 

compared to the 0% shade treatments and displayed a wide range in values among the entries 

(0.675 to 0.358). Celebration had the highest NDVI value. No differences were seen between 

Celebration and accessions STIL03, WIN10F, PCC4, and ‘CoPCCQ’. However, these 

accessions and Celebration were lower (P<0.05) in NDVI compared to 0% shade treatment. 

Percent TC declined by 48% under 63% shade compared to full sunlight. Celebration had the 

highest percent TC after the 9-week period (Figure 2.1 and Supplementary Table 2.1). 

Although lower by 10% compared to the 0% shade plots, STIL03 and WIN10F covered 

nearly 60% of the cross-sectional area. Similar to the 0% shade treatment, entries under 63% 

shade exhibited a wide range in TQ (3.5 to 6.7) (Figure 2.1 and Supplementary Table 2.1). 

STIL03 and WIN10F differed from Celebration, but were similar to TifGrand (Figure 1 and 

Supplementary Table 1). Furthermore, the two accessions maintained TQ from full sunlight 

to 63% shade.   

In 2012, differences were evident in NDVI values under the 63% shade treatment. 

WIN10F and STIL03 were among the top performing accessions in this category, and were 

not different than Celebration (Figure 2.1 and Supplementary Table 2.2). Unlike the decline 

experienced in the 0% shade treatments from 2011 to 2012, treatments under the 63% shade 

treatment maintained nearly 50% TC after 9-weeks of growth. As seen in 2011, STIL03 and 
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WIN10F had similar percent TC to that of Celebration. Furthermore, these two accessions 

had percent TC similar to each of the top performing entries under 0% shade.  Differences in 

TQ were seen under 63% shade in 2012, separating the better performing accessions from the 

poorer ones (TQ = 6 or higher; based on acceptable turfgrass quality). STIL03 and WIN10F 

did not differ in TQ to Celebration and were the only South African accessions to exhibit TQ 

above acceptable levels.  

A discernible decline in turfgrass response was observed under 63% as compared to 

full sunlight (P< 0.05). These results support previous studies (Sladek et al., 2009; Baldwin 

et al., 2008; van Huylenbroeck and van Bockstaele, 2001; Gaussion et al., 1988; Bell and 

Danneberger, 1999b) that showed reductions in overall turfgrass performance, including TQ 

and TC, due to perpetual shade coverage at varying light percentages. The 63% shade 

treatment provided the best separation of treatments in both years and all response variables 

collected. The cultivar Celebration and accessions WIN10F and STIL03 were found to 

provide the greatest shade response in both years (reflective in the consistent performance in 

NDVI, TC, and TQ in 2011 and 2012). The performance of Celebration was consistent with 

previous research efforts when compared to Tifway (Baldwin et al., 2009; Baldwin et al., 

2008, Bunnell et al., 2005a). TifGrand did not provide the same level of response compared 

to these entries in both years, but maintained levels greater to that of Tifway corresponding to 

previous findings comparing the two (Hanna et al., 2010).  

80% Shade Treatment.  In 2011, NDVI means across entries for the 80% and 63% shade 

could not be clearly distinguished (P > 0.05); however, ranks among entries differed. The 

accession CoPCCQ was similar in NDVI compared to Celebration and there were no 

differences between STIL03 and TifGrand or CoPCCQ (Figure 2.1 and Supplementary Table 
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2.1). Furthermore, CoPCCQ and STIL03 had higher NDVI values under 80% shade than 

most of the entries (67%) under the 63% shade treatment. Likewise, WIN10F under 80% 

shade was higher than 58% of the entries under the 63% treatment, including TifGrand. 

Unlike the observations for NDVI, clear separation existed in percent TC between the 63% 

and 80% shade treatments (P< 0.05). WIN10F and STIL03 were still among the top 

performing accessions (Figure 2.1 and Supplementary Table 2.1).  Following the trends 

within each of the response variables and shade treatments, WIN10F, STIL03, and PCC4 

performed similar to both of the positive controls (Celebration and TifGrand) in TQ. Yet, all 

entries had a TQ value well below the acceptance level.   

In 2012, NDVI values did not decline as severely when increasing from 63 to 80% 

shade as seen in 2011 (about 8% on average across all entries); however the rankings of 

accessions were still altered. WIN10F continued to show the highest NDVI values when 

compared to the other accessions and had a similar NDVI to that under 63% shade (Figure 

2.1 and Supplementary Table 2.2). Irene performed similar to WIN10F.  STIL03 declined 

with the shade increase and was lower than WIN10F (P = 0.014), yet remained similar to 

Celebration.  Growth after 9-weeks declined nearly 40% on average across all entries 

compared to the 63% shade treatments. Differences in percent TC were apparent across 

shade levels and were present in both years with accessions STIL03 and WIN10F having 

greater cover than the other accessions. Lastly, there were no entries that performed above 

acceptable values for TQ under 80% shade in 2012.  WIN10F and STIL03 were higher (P ≤ 

0.05) in TQ when compared to each of the accessions (Figure 2.1), but no differences were 

seen between these two accessions and the shade tolerant cultivar Celebration (P > 0.05).  



 

23 

 

Comparing the levels of light penetrance, the 80% shade treatment was more 

devastating to entries than the 63% treatment, on average, with all entries well below 

acceptable standards. Mean separation of treatments was not as defined as under the 63% 

shade. However, the accessions WIN10F and STIL03 and the cultivar Celebration continued 

to be aggressive, providing the highest shade performance of the collected accessions 

suggesting a heightened shade adaptation beyond a 63% reduction in light.  

Fertility.  In 2011, only the interaction between shade and fertility was significant for 

percent TC (Table 2.1). In the interaction between shade and fertility, the influence of the 

levels of fertility on shade response changed from 0 to 63% and then from 63 to 80%. Under 

full sun conditions, the high fertility treatment was not different with only 0.39% greater TC 

(Table 2.3). As shade increased from 0 to 63%, the low fertility treatment was greater in TC 

than the high treatment by 4.6%, which was significant (P ≤ 0.05). When the shade level 

increased to 80%, the high fertility treatment was not statistically different to the low fertility 

treatment (Table 2.3).  

 In 2012, the main effect for fertility was significant for NDVI and TQ (Table 2.1). 

Across all of the entries, treatments receiving the high fertility treatment (195.2 kg ha
-1

) had 

greater NDVI levels (Table 2.4).  However, a difference in treatments of 0.009 in NDVI 

between fertility treatments suggests a low biological significance between the two 

treatments. Similarly on this date, higher levels of fertility yielded higher TQ ratings, but 

again, difference of 0.09 between the high and low fertility treatments suggests a low 

biological significance (Table 2.4).  

In 2011, the variation in the effects of the fertility treatments when compared to 

previous research conducted on fertility management in shade can be attributed to the 
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inclusion of the 0% shade treatment in the analysis and the overall decline of the 

performance of the entries under 80% shade. The interaction of shade x fertility for TC in 

2011, specifically under 63% shade, showed parallel findings to previous research conducted 

on the topic reiterating the need of reduced nitrogen fertility for improved turfgrass 

management under shade (Bunnell et al., 2005b; Goss et al., 2002; Bell and Danneberger, 

1999a).  As previously mentioned, in 2012 the high fertility treatment showed higher NDVI 

and TQ when compared to the low fertility treatment. Although the statistical significance 

suggests the benefit of increased fertility, specifically in the second year of the study, added 

inputs over the course of the two years may suggest that the value in turfgrass improvement 

on a plot basis may be outweighed by the economic impacts of such an enhancement. 

Perhaps carrying on this study into additional years may elucidate the added benefits of 

higher fertility treatments for bermudagrass response to shaded environments due to a higher 

input requirement of bermudagrass.   

Contrasts for Polynomial Estimations and Entry Comparisons.  Contrasts were constructed 

to determine linear and possible quadratic effects in the increasing shade treatments relative 

to each entry. Because of the unequal increments between shade levels and the use of only 

three treatments for the regression analysis, determining the dose response for shade levels 

by entry was inconclusive.  

In order to more readily determine the consistency and stability of each entry across 

years and response variables, additional contrasts were constructed to compare the mean of 

an individual entry against the average of all other entries within shade levels on 29 Sept. 

2011 and 11 Sept. 2012 (Figure 2.2). The ranges in means of the controls (Celebration, 

TifGrand, and Tifway) along with the performance of each entry stabilizes the average and 
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can indicate the size of the effect (negative or positive) each entry contributes to the average 

within each measurement. Furthermore, the comparison might be used as an indicator of 

consistency across the dates, which would be considered stability in different environments 

(Bokmeyer et al., 2009). At a glance, the significance denoted for the individual entries 

across each shade level within the three response variables can be overwhelming. However, 

when focusing on each entry independently, Celebration and the South African accessions 

WIN10F and STIL03 consistently provided higher NDVI, percent TC and TQ in both years 

when compared to the average of the other entries. Similarly, TifGrand provided higher 

NDVI, percent TC and TQ when compared to the average of the other entries in 2011. 

However, TifGrand did not provide consistency across years and the increases compared to 

the average of the other entries were not always different. Other accessions such as CoPCCQ, 

‘FiPCCQ’, Irene, and PCC4 had large effects for single response variables, in one year, 

and/or under a single shade treatment. These accessions, however, showed a lack of 

consistency when compared to Celebration, WIN10F and STIL03.  

 

CONCLUSIONS 

Overall, results indicate that there are shade tolerant genotypes among the 

bermudagrass materials collected from South Africa. Accessions WIN10F and STIL03 

showed consistency in response to shade.  These accessions performed similarly to shade 

tolerant cultivar Celebration across response variables NDVI, TQ, and percent TC, and also 

across years. These results were drawn predominantly from 63% shade treatments where the 

greatest separation in accessions could be made. While some accessions were able to 

maintain acceptable TQ in 63% shade, no entries did so under 80% shade levels.   These 
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materials constitute additional sources of shade hardiness to be used in bermudagrass 

breeding with the ultimate goal of releasing cultivars with improved performance in low-light 

environments.   

The reduced nitrogen application rate provided similar TQ when compared to the 

high nitrogen application rate, but significant differences were found between the two 

treatments in TQ and NDVI in 2012 suggesting the overall effect that increased nitrogen 

rates had on the health of the plot. However, the added inputs across the two years suggest a 

greater economic value in providing these increases for such a low biological effect.   In 

2011, the low nitrogen rate provided greater TC across the bermudagrass entries beneath 

63% shade relative to higher nitrogen rate (P ≤ 0.05), further emphasizing lowered inputs, in 

this case nitrogen fertility, as a cultural practice for the management of turfgrasses under low 

light incidence.  
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Table 2.1. List of bermudagrass genotypes evaluated for shade tolerance under 0%, 

63%, and 80% shade for two years (2011-2012) at the Lake Wheeler Turfgrass Field 

Lab, Raleigh, NC. 

Entry Type Species 

Celebration Shade Tolerant Cultivar Cynodon dactylon (L.) Pers. 

CoPCCQ Collection Cynodon dactylon (L.) Pers. 

FiPCCQ Collection Cynodon dactylon (L.) Pers. 

Irene Collection Cynodon dactylon (L.) Pers. 

PCC4 Collection Cynodon dactylon (L.) Pers. 

PCCT Collection Cynodon dactylon (L.) Pers. 

STIL03 Collection Cynodon dactylon (L.) Pers. 

Tifgrand Shade Tolerant Cultivar 
Cynodon dactylon (L.) Pers. × 

C. transvaalensis Burtt Davy 

Tifway Shade Susceptible Cultivar 
Cynodon dactylon (L.) Pers. × 

C. transvaalensis Burtt Davy 

WIN10F Collection Cynodon dactylon (L.) Pers. 

WIN10T Collection Cynodon dactylon (L.) Pers. 

WIN17 Collection Cynodon dactylon (L.) Pers. 
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Table 2.2. Observed significance for testing null hypothesis of no effects from the analysis of variance 

(ANOVA) for normalized difference vegetation index (NDVI), Turfgrass Cover and Turfgrass Quality 

from data collected on 29 Sept. 2011 and 11 Sept. 2012 at the Lake Wheeler Turfgrass Field Lab, Raleigh, 

NC. Analysis conducted on the main effects, two-way interactions and three-way interactions of Shade, 

Entry and Fertility for each date independently.  

 

  29 Sept.  2011
Z
 11 Sept.  2012 

Model Source DF NDVI 
Turfgrass 

Cover (%) 

Turfgrass 

Quality 
NDVI 

Turfgrass 

Cover (%) 

Turfgrass 

Quality 

Shade 2 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

Block(Shade) 6 - - - - - - 

Entry 11 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

Shade*Entry 22 <.0001 <.0001 <.0001 <.0001 0.0251 <.0001 

Entry*Block(Shade) 66 - - - - - - 

Fertility 1 0.0536 0.5224 0.0781 0.0384 0.0624 0.0037 

Shade*Fertility 2 0.3906 0.0135 0.2963 0.5187 0.2198 0.0787 

Fertility*Block(Shade) 6 - - - - - - 

Entry*Fertility 11 0.2448 0.6431 0.2482 0.6793 0.589 0.9449 

Shade*Entry*Fertility 22 0.1502 0.9255 0.7423 0.488 0.5662 0.6699 

Entry*Fertility*Shade(Block) 66 - - - - - - 
Z 

Dates in both years (2011 and 2012) are 9-weeks after cup-cutter removal 
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Table 2.3. Mean separation of fertility treatments for normalized difference vegetation index (NDVI), Turfgrass Cover 

and Turfgrass Quality from data collected on 29 Sept. 2011 and 11 Sept. 2012 at the Lake Wheeler Turfgrass Field Lab, 

Raleigh, NC. 

Fertility 

29 Sept.  2011
†
 11 Sept. 2012 

NDVI 
Turfgrass Cover 

(%) 

Turfgrass Quality 

(TQ) 
NDVI 

Turfgrass Cover 

(%) 

Turfgrass Quality 

(TQ) 

High 0.587 47.4 4.5 0.583 48.5 4.8 

Low 0.598 47.9 4.5 0.574 45.7 4.7 

Significance NS NS NS * NS ** 

*, ** denote significance levels of P=0.05 and P=0.01, respectively. 
Z 

Dates in both years (2011 and 2012) are 9-weeks after cup-cutter removal  
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Table 2.4. Mean separation for the shade by fertility interaction for normalized difference 

vegetation index (NDVI), Turfgrass Cover and Turfgrass Quality from data collected on 29 

Sept. 2011 and 11 Sept. 2012 at the Lake Wheeler Turfgrass Field Lab, Raleigh, NC. 

 

Shade Fertility 

29 Sept.  2011
Z 

11 Sept.  2012 

NDVI 
Turfgrass 

Cover (%) 

Turfgrass 

Quality 

(TQ) 

NDVI 
Turfgrass 

Cover (%) 

Turfgrass 

Quality 

(TQ) 

0% High 0.752 82.0 6.1 0.637 61.1 6.5 

0% Low 0.755 81.6 6.1 0.634 61.6 6.3 

63% High 0.505 40.2 5.1 0.580 51.8 5.3 

63% Low 0.526 44.7 5.1 0.571 46.5 5.2 

80% High 0.503 20.0 2.3 0.531 32.4 2.6 

80% Low 0.515 17.2 2.3 0.518 28.9 2.5 

 
LSD 

(P=0.05) 
NS

Y
 2.93 NS NS NS NS 

Z 
Dates in both years (2011 and 2012) are 9-weeks after cup-cutter removal

 

Y 
Significant means differ by more than LSD value according to Fisher’s protected LSD 

(P=0.05). 
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Figure 2.1 Normalized difference vegetation index (NDVI) data collected 29 Sept. 2011 and 11 Sept. 2011 at the Lake Wheeler 

Turfgrass Field Lab in Raleigh, NC visually separating entries within each date and shade level for normalized difference 

vegetation index (NDVI), Turfgrass Cover and Turfgrass Quality. Entries were first separated by NDVI values within shade levels 

(0%, 63%, and 80%). To further the separation in entries, varying degrees of marker size were associated to the percent turfgrass 

cover taken on the two dates and colors ranging from red to green represent turfgrass quality based on the scale in which the data 

was collected.  
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Figure 2.2 Contrasts constructed from data collected 29 Sept. 2011 and 11 Sept. 2011 at 

the Lake Wheeler Turfgrass Field Lab in Raleigh, NC to determine differences between 

the mean of each individual entry and the mean of all of the other entries developed for 

within shade and year comparisons for normalized difference vegetation index (NDVI), 

Turfgrass Cover, and Turfgrass Quality. Bars indicate differences between the entry 

mean and the mean of all other entries.  A ‘*’ represents significant contrasts between 

entry mean and mean of all other entries according to P = 0.05.   
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Supplemental Table 2.1. Means comparisons for each entry within three shade treatments (0, 

63, and 80%) for normalized difference vegetation index (NDVI), turfgrass cover, and 

turfgrass quality from data collected under a prolonged, shaded environment. The data shown 

represents 9-weeks after cup-cutter removal on 29 Sept. 2011 at the Lake Wheeler Turfgrass 

Field Lab, Raleigh, NC. 

 

NDVI Turfgrass Cover (%) Turfgrass Quality 

Entry 

- - - - - - - - - - - - - - - - - shade level - - - - - - - - - - - - - - - 

0% 63% 80% 0% 63% 80% 0% 63% 80% 

Celebration 0.756 0.675 0.646 88.3 76.0 42.8 6.0 6.7 3.7 

CoPCCQ 0.760 0.535 0.575 78.7 44.1 17.1 5.3 4.0 2.3 

FiPCCQ 0.754 0.515 0.529 86.5 42.3 14.5 6.0 4.7 1.8 

Irene 0.769 0.415 0.418 78.3 21.0 7.2 7.3 3.5 1.2 

PCC4 0.732 0.598 0.504 68.3 39.5 18.4 4.0 5.0 3.0 

PCCT 0.737 0.358 0.518 79.3 22.9 12.9 5.3 4.7 1.8 

STIL03 0.763 0.624 0.544 84.0 57.9 23.5 6.0 6.3 3.0 

TifGrand 0.766 0.519 0.550 88.7 50.3 36.8 8.0 6.3 3.0 

Tifway 0.732 0.435 0.377 84.4 24.6 4.7 7.0 5.0 1.3 

WIN10F 0.760 0.610 0.521 84.9 57.2 28.3 6.3 6.7 3.3 

WIN10T 0.741 0.428 0.490 77.0 33.2 14.2 4.3 4.7 2.0 

WIN17 0.769 0.475 0.432 83.4 40.6 2.7 7.0 3.8 1.0 

LSD
Z 0.077 0.077 0.077 12.6 12.6 12.6 1.1 1.1 1.1 

Z
 Least significant differences based on Fisher’s protected LSD  (P = 0.05) 
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Supplemental Table 2.2. Means comparisons for each entry within three shade treatments 

(0, 63, and 80%) for normalized difference vegetation index (NDVI), turfgrass cover, and 

turfgrass quality from data collected under a prolonged, shaded environment. The data 

shown represents 9-weeks after cup-cutter removal on 11 Sept. 2012 at the Lake Wheeler 

Turfgrass Field Lab, Raleigh, NC. 

 

NDVI Turfgrass Cover (%) Turfgrass Quality 

 

- - - - - - - - - - - - - - - - - shade level - - - - - - - - - - - - - - - 

Entry 0% 63% 80% 0% 63% 80% 0% 63% 80% 

Celebration 0.679 0.663 0.570 57.8 59.3 53.6 6.5 6.7 4.3 

CoPCCQ 0.599 0.550 0.555 58.2 44.1 14.2 5.3 4.3 1.7 

FiPCCQ 0.644 0.616 0.540 64.3 58.4 26.6 6.5 5.0 2.2 

Irene 0.655 0.582 0.564 63.7 42.4 34.2 7.3 4.7 2.3 

PCC4 0.549 0.537 0.522 43.6 46.0 23.2 4.0 4.7 2.2 

PCCT 0.618 0.545 0.484 66.8 44.5 19.3 5.5 4.3 1.7 

STIL03 0.663 0.635 0.540 57.3 66.4 40.9 6.3 6.7 3.7 

TifGrand 0.668 0.562 0.452 72.5 40.9 32.5 8.0 6.0 2.8 

Tifway 0.624 0.459 0.476 52.1 31.6 25.8 7.5 4.3 2.3 

WIN10F 0.679 0.644 0.603 68.2 62.9 52.8 7.3 7.0 4.3 

WIN10T 0.580 0.534 0.460 64.5 36.7 19.8 5.0 4.2 1.3 

WIN17 0.666 0.577 0.528 67.5 56.8 25.0 7.2 5.0 2.0 

LSD
Z 

0.049 0.049 0.049 18.3 18.3 18.3 0.9 0.9 0.9 
Z
 Least significant differences based on Fisher’s protected LSD  (P = 0.05) 
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CHAPTER III 

Shade Response of Bermudagrass Accessions Under Varying Management Practices 
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ABSTRACT 

The development of ‘TifGrand’ and ‘Celebration’ has shown the potential increased shade 

tolerance compared to previous industry standards of bermudagrass (Cynodon spp.) based on 

their ability to persist under perpetual shade. Further improvement in shade tolerance can be 

attained through the reduction in nitrogen fertility rates, increased mowing heights, and the 

application of trinexapac-ethyl (TE). In this study, two South African bermudagrass 

accessions (‘WIN10F’ and ‘STIL03’) and three standard cultivars (Celebration, Tifgrand and 

‘Tifway’) were compared under these management practices for their ability to limit the 

effects of shade. These materials were evaluated under 63% continuous shade conditions at 

the Lake Wheeler Turfgrass Field Lab in Raleigh, NC from 2014 through 2015. The 

experimental design was a strip-strip-split plot where the main plot factor was the 

bermudagrass entries; the two strip-plots included 1.9 cm and 5.1 cm mowing heights and 

applications of trinexapac-ethyl. The plots were then split to incorporate low and high 

nitrogen fertility rates. The variables measured were percent turfgrass cover (decline), 

percent turfgrass growth (complete, belowground tissue removal), percent turfgrass recovery 

(partial belowground tissue removal) and normalized difference vegetation index (NDVI). 

Plots were evaluated weekly for each response variable over the course of 12-weeks. Overall, 

differences were observed between genotypes, TE applications and mowing heights across 

all response variables in both years. Differences in fertility treatments were observed in 

NDVI, percent turfgrass growth and percent turfgrass recovery within years and across years.  

Lastly, significant differences were observed for the interactions between entries x PGR 

treatments, entry x mowing height and mowing height x PGR suggesting that, although these 

cultural practices may provide a reduction in the symptoms of shade stress, the management 
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recommendations are dependent on the genotype and the environment in which the 

management strategy can be most effective.  The development and implementation of a 

specific management plan for certain varieties will help bermudagrass become a more 

prominent turfgrass grown in shade.   
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INTRODUCTION 

Bermudagrass (Cynodon spp.) is a long-living perennial turfgrass that is well suited for a 

wide range of environments because of its aggressive growth habit, drought and traffic 

tolerance, resistance to weed encroachment and recuperative potential (DiPaola and Beard, 

1992; Carrow and Petrovic, 1992). However, bermudagrass exhibits poor tolerance under 

low light environments forcing superintendents and homeowners alike to consider other 

options where trees dominate the landscape (Dudeck and Peacock, 1992). A number of 

management strategies can help improve the conditions of tree-dense home lawns and 

recreation areas including but not limited to 1) selecting shade tolerant/improved varieties, 2) 

increasing mowing heights, 3) plant growth regulator applications, and 4) reduced nitrogen 

fertility levels.  These cultural practices have been examined in many applied research 

settings.   

Plant breeders routinely make selections among multiple genotypes for specific traits 

of interest. For shade tolerance, research has shown significant variation among 

bermudagrass genotypes in shade response. Gaussion et al. (1988) showed the diversity in 

shade tolerance among 32 bermudagrasses. Baldwin et al. (2008) grouped 42 genotypes 

pulled from the National Turfgrass Evaluation Program (NTEP) based on response in 

turfgrass quality, shoot chlorophyll concentration, root length and total root biomass under 

low light conditions. Hanna et al. (2010) was able to select and register shade tolerant variety 

‘ST-5’ (Cynodon dactylon (L.) Pers. × C. transvaalensis Burtt Davy). ‘ST-5’ (later released 

as ‘TifGrand’ – PP21017; Hanna and Braman, 2008) was evaluated against other dwarf-type 

bermudagrass cultivars and was selected based on a two-fold increase in turfgrass cover 

under 70% continual shade conditions. Lastly, Dunne et al. (2015) evaluated a collection of 
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South African accessions for shade tolerance and determined that some accessions were able 

to maintain turfgrass quality, turfgrass cover and normalized difference vegetation index 

(NDVI) when compared to ‘Celebration’ and Tifgrand, the current industry standards for 

shade tolerance.  

Increasing the mowing height of a turfgrass stand has been shown to help lessen the 

effects elicited by tree shading (Bell and Danneberger, 1999; White, 2004). However, 

Bunnell et al. (2005) showed that although increased mowing heights improved the overall 

quality of ‘TifEagle’ bermudagrass, total non-structural carbohydrates and chlorophyll 

content improved with lower mowing heights. Furthermore, Busey and Davis (1991) 

discussed that the decline of a turfgrass stand under shade can be due to secondary 

effects/stresses like improper mowing (low mowing heights), increased nitrogen fertility and 

disease pressure. 

The application of a plant growth regulator (PGR), like trinexapac-ethyl, can improve 

the overall quality and provide a management strategy for turfgrass under low-light 

conditions. The applications of trinexapac-ethyl have been shown to lower clippings/canopy 

height, improve leaf color, increase canopy photochemical efficiency/photosynthetic 

capacity, increase root mass and viability, increase non-structural carbohydrates and maintain 

turfgrass quality all in the presence of shade (Qian and Engelke, 1999; Bunnell et al., 2005; 

McCullough et al., 2006; Ervin and Zhang, 2007; McCullough et al., 2007). 

Lastly, bermudagrass growing in low light environments can be improved by 

lowering nitrogen fertility applications. Historically, bermudagrass has a higher nitrogen 

fertility requirement compared to other warm-season turfgrass species (McCarty and Miller, 

2002); however, a number of studies have suggested that lowering the overall nitrogen 
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fertility requirement may be an effective strategy under shade (Bunnell et al., 2005; Goss et 

al., 2002; Bell and Danneberger, 1999).  Baldwin et al. (2009) showed that a 40% reduction 

in nitrogen fertility enhances the quality of a ‘Champion’ bermudagrass putting green under 

55% shade. Furthermore, Dunne et al. (2015) showed that there was no benefit to a higher 

nitrogen fertility rates (4 applications totaling 195.2 kg ha
-1

) when compared to a lower 

nitrogen fertility rates (2 applications totaling 97.6 kg ha
-1

) across shade levels or genotypes, 

suggesting that lower fertility rates can be more cost effective. Furthermore, excessive 

nitrogen often compounds secondary problems due to shade stress including improper 

mowing (Busey and Davis, 1991).  

Given the individual potential of each cultivation practice, a promising management 

plan for bermudagrass under shade could be developed; though, it is not that straight forward. 

Each cultivar responds differently under these cultural practices, making the understanding of 

cultivar x cultural practice interactions complex. Therefore, the objective of this study was to 

evaluate the shade response determined through percent turfgrass growth (complete 

belowground removal), percent turfgrass recovery (partial belowground removal), percent 

turfgrass cover (decline), and NDVI of three cultivars and two South African accessions 

(Dunne et al., 2015) under two mowing heights, trinexapac-ethyl applications and two 

nitrogen fertility rates.  

 

MATERIALS AND METHODS 

Management. A two-year study was initiated on 29 May 2013 at the Lake Wheeler Turfgrass 

Experimental Field Lab in Raleigh, NC. Plots were established from eight, 22.9-cm wide 

strips spaced 25.4 cm apart totaling 3.66 m. The strips were 1.83 m in length producing plot 
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sizes of 6.7 m
2
 (3.66 x 1.83). The plots were established on an Appling fine sandy loam/Cecil 

sandy loam (NRCS, 2013). An 18-46-0 (N-P2O5-K2O) fertilizer (Southern Seeds, Inc.; 

Middlesex, NC) was applied at a nitrogen rate of 48.8 kg ha
-1

 when the strips were laid and 

then treatments of an 18-9-18 (N-P2O5-K2O) (Harrell’s; Lakeland, FL) at a nitrogen rate of 

48.8 kg ha
-1

 was applied monthly following the initial application to provide a total nitrogen 

rate of 195.2 kg ha
-1

. Irrigation was applied at 0.254 cm day
-1

 totaling 1.778 cm week
-1

 and 

the plots were maintained throughout the summer at 5.1 cm mowing height mowed once 

week
-1

. Buffer areas between plots and reps were maintained using monthly applications of 

glyphosate at the labeled rate. Furthermore, two topdressing applications of a sand/soil mix at 

a 0.635-cm depth were applied on 23 July and 6 August 2013 to level the area between the 

sod strips.  

Management of the experimental area in the spring of 2014 consisted of core 

cultivation and fertility to encourage each entry to reach 100% cover prior to the initiation of 

the management treatments. Furthermore, a 63% neutral density, poly-fiber black shade cloth 

(Long’s Greenhouse Enterprise, Inc. Jacksonville, FL) was applied on 1 July 2014 on a 

perpetual basis by connecting the shade fabric to a shade structure surrounding the 

established plots.  Percent shade was determined by comparing photosynthetic photon flux 

under shade cloths at the turfgrass canopy to full sunlight measurements with a quantum 

sensor (LI-190SA; LiCor; Lincoln, NE). The plots were core cultivated in the spring of both 

years using 1.27-cm tines on 5.1-cm centers at a 5.1-cm depth effectively disrupting roughly 

10% of the soil surface for the two years in total. The cores were incorporated back into the 

plots using hand rakes.  Two applications of an 18-9-18 (N-P2O5-K2O) at a nitrogen rate of 

48.8 kg ha
-1

 were applied on 25 April and 1 June 2014 to encourage full turfgrass coverage 
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across all plots. The plots were irrigated to prevent drought stress and mowed using a rotary 

mower at a 5.1-cm height of cut once week
-1

.  

Factors and Factor Levels.  The study was established as a strip-strip-split plot design with 

three replications in order to accommodate the applications of trinexapac-ethyl and mowing 

heights (strips) and the levels of fertility (split). Plots were allowed to establish completely 

before the shade fabric was applied on 1 July 2014. The treatments were initiated once the 

plots were growing under the shade fabric.  

The whole plot factor was the entries that were selected for the study (Table 3.1). 

Two South African accessions were selected based on their shade performance in a previous 

shade tolerance evaluation (Dunne et al., 2015). ‘Celebration’, ‘TifGrand’ and ‘Tifway’ were 

selected as controls, ranging in shade tolerance from the most shade tolerant to most shade 

susceptible, respectively (Burton, 1966; Riley, 2000; Hanna and Braman, 2007; Hanna et al., 

2010; Dunne et al., 2015). The plots were first stripped for the two mowing heights using a 

rotary mower to maintain the initial mowing height of 5.1 cm and then a combination of 

rotary and reel mowers to gradually reduce the other half of the plots from 5.1 down to 1.9 

cm. The strips were randomly assigned across the columns of the plots. Similarly, treatments 

of 0.45 L ha
-1

 (0.051 g a.i. ha
-1

) of trinexapac-ethyl (Quali-Pro T-Nex® 1AQ; Makhteshiam 

Agan of North America, Inc., Raleigh, NC) were randomly assigned to strips going down the 

rows (replications). The treatments were applied twice-monthly beginning on 15 July 2014, 

totaling six applications. Lastly, nitrogen fertility treatments were split, resulting in plots that 

were 0.84 m
2
 (0.91 x 0.91 m) in size. Applications of 26-0-13 (N-P2O5-K2O) (Polyon®; 

Harrell’s; Lakeland, FL) were applied at a nitrogen rate of 48.8 kg ha
-1

 on a monthly basis 

beginning on 1 July 2014 to reach a total nitrogen fertility level of 195.2 kg ha
-1

 for the high 
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fertility treatment. Similarly, a nitrogen application rate of 48.8 kg ha
-1

 was applied every 

other month beginning on 1 July 2014 to reach a total nitrogen fertility level of 97.6 kg ha
-1

 

for the low fertility treatment. Data was collected from 1 August through 7 November 2014. 

After the data collection period, the shade fabric was removed to mimic normal fall and 

winter conditions where the senescence of leaves from surrounding trees allows full sunlight 

to reach the turfgrass canopy. In the spring of 2015, the plots were allowed to come out of 

winter dormancy prior to the mimicked, normal budding of trees. The shade fabric was then 

replaced on the structure on 1 May 2015; though, each plot had reached 100% green-up. 

Treatments were initiated 1 June 2015; the first applications of mowing height, trinexapac-

ethyl and nitrogen fertility were applied. All treatments were applied identically to the 

previous year (in 2014). Data was collected from 2 July through 17 October 2015.   
 
  

Response Variables. Weekly NDVI values along with percent turfgrass cover, percent 

turfgrass growth and percent divot recovery were taken beginning on 1 August 2014 through 

17 November in 2014 and from 2 July 2014 through 17 October 2015. To estimate the 

percent turfgrass growth and percent divot recovery, a golf course cup-cutter sized (86.6 

cm2) plug was removed and back filled with silica sand.  The cup-cutter completely removes 

all of the belowground roots and shoots showing the overall growth of the turfgrass into the 

removed cross-sectional area. Similarly, a modified roto-tiller with a 5.1-cm mounted Dado 

blade was used to score the surface of the plots, simulating the removal of a divot, and was 

then back filled with silica sand. The divot partially removes the belowground root and stem 

system of the turfgrass area showing the performance of the turf plot on a recovery basis. 

Each technique was applied on 1 August 2014 and 26 June 2015. Weekly images were taken 

using a camera attached to a portable light box providing a consistent light source. The 
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images were analyzed using a processing macro (Supplementary Figure 3.1) written for 

ImageJ (Fiji) to determine percent green pixels (Schindelin et al, 2012).  Percent turfgrass 

growth and percent turfgrass recovery were analyzed by selecting a shape determined by the 

cup-cutter and divot removal and then analyzed for percent cover (green pixels) within the 

selected shape. Likewise, to determine total plot cover of the image, the same shape selected 

for the cup-cutter and divot fill was not included and then the results were averaged together 

to get total plot coverage (Figure 3.1).  Additionally, NDVI were taken on a weekly basis as 

an average of ten measurements taken across the entirety of each plot. The readings were 

taken using a turf color meter (Field Scout TCM 500; Spectrum Technologies, Inc.; 

Plainfield, IL).  

Statistical Analysis. Statistical analysis for the strip-strip-split plot design with repeated 

measures was conducted using the Proc GLM procedure in SAS version 9.4 (SAS; Cary, 

NC). Repeated measures were conducted (within-subject) by date (Time). The data was 

compressed into two-week intervals beginning on 1 August 2014 and 26 June 2015. 

Mauchly’s test of sphericity was used to assess the validity of the F-tests and p-values 

associated with the repeated measures analysis of variance (Proc GLM SAS/STAT(R) 14.1 

User’s Manual; SAS version 9.4; SAS; Cary, NC). Data was analyzed in two-week intervals 

(four rating dates in each year) following the removal of the cup-cutter and divot on 1 August 

2014 and 26 June 2015. Data was recorded as 1-week, 3-weeks, 5-weeks and 7-weeks after 

cup-cutter and divot removal for analysis of fixed effects where Year was not included in the 

interaction. For interactions including the Year effect, dates were recorded within each year. 

The analysis of the strip-strip-split plot factor with repeated measures within-subject factor 

(Time) was conducted using appropriate F-tests based on the expected mean squares. Based 
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on the Maulchy’s test of sphericity, the sphericity test was violated for each of the response 

factors collected (p < 0.001). Therefore, the Huynh-Feldt-Lecoutre epsilon was applied to the 

degrees of freedom for the specific hypothesis tests developed based on expected mean 

squares and recorded (Proc GLM SAS/STAT(R) 14.1 User’s Manual; SAS version 9.4; SAS; 

Cary, NC). All means separation tests were conducted using Fisher’s protected LSD at a 

significance of α = 0.05 and presented within date and year or within date across years.   

 

RESULTS 

Statistical Analysis. The adjusted F-tests revealed a number of significant fixed effects for the 

within-subject analysis (Table 3.2). From the listed effects, only the ones of the highest order 

interaction were subject to mean separation testing. For NDVI, means separation tests were 

done on Time*Year*Entry*Mowing, Time*PGR and Time*Fertility effects. For percent 

turfgrass cover (decline), mean separation was done on Time*Year*Entry, 

Time*Year*Mowing*PGR and Time*Year*Fertility. For percent turfgrass growth, mean 

separation was done on Time*Year*Entry*Mowing, Time*Entry*PGR, 

Time*Year*Mowing*PGR, and Time*Mowing*Fertility. Lastly, mean separation was done 

on Time*Year*Entry*Mowing, Time*Year*PGR, Time*Entry*PGR, and Time*Fertility for 

percent turfgrass recovery.  

Normalized Difference Vegetation Index (NDVI). For NDVI, the interaction between 

Time*Year*Entry*Mowing yielded several differences within date and year for the entries 

and mowing heights (Figure 3.2A). ‘Celebration’ showed greater NDVI values on 8 August 

and 22 August in 2014 and 16 July, 30 July and 13 August in 2015 for the 5.1 cm mowing 

height. The 1.9 cm mowing height had a higher NDVI value for Celebration on 19 September 
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2014. The accession ‘STIL03’ showed higher NDVI values for all dates in 2015 for the 5.1 

cm mowing height. Similarly, the accession ‘WIN10F’ showed higher NDVI values for all 

dates in 2015 for the 5.1-cm mowing height. TifGrand had greater NDVI values for all rating 

dates for the 5.1-cm mowing height with the exception of 19 September 2014 where no 

differences in NDVI were recorded. Tifway showed the same differences in NDVI for 

mowing height; though markedly lower in overall NDVI across all dates when compared to 

Celebration.  For the interaction between Time*PGR (Figure 3.2B), applications of 

trinexapac-ethyl (TE) showed greater NDVI values across each week after the recovery was 

initiated (week-1 through week-7). The interaction between Time*Fertility showed greater 

NDVI values for the high nitrogen fertility rate in week-1 following the initiation of recovery 

(Figure 3.2C). Greater NDVI values for the lower nitrogen fertility rate were shown at the 

end of the recovery period (week-7).  

Percent Turfgrass Cover (Decline). For the interaction between Time*Year*Entry, plots 

showed an overall decline in turfgrass cover (%) in 2014 greater than that of 2015 though 

rankings of entries within dates remained consistent in both years (Figure 3.3A). In 2014, all 

entries declined below 75% by 19 September 2014 with Celebration having greater turfgrass 

cover (%) than the other entries. Next, STIL03 and WIN10 showed greater turfgrass cover 

(%) than TifGrand. Lastly, Tifgrand had greater turfgrass cover than Tifway. On 13 August 

2015, Celebration, STIL03, WIN10F and TifGrand had greater turfgrass cover (%) than 

Tifway. Tifway was the only entry to have turfgrass cover below 75%. Celebration had 

greater turfgrass cover (%) than TifGrand; though not different than STIL03 and WIN10F. 

Lastly, STIL03 and WIN10F were not different than TifGrand. For the interaction between 

Time*Year*Mowing*PGR, plots declined in turfgrass cover overall in 2014-2015 with the 
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exception being the 1.9 cm mowing height with applications of TE in 2015 (Figure 3.3B).  

On 19 September 2014, mean separation could be seen across all Mowing*PGR treatments. 

Ranking in turfgrass cover showed 1.9 cm – TE > 1.9 cm – No TE > 5.1 cm – TE > 5.1 cm – 

No TE. On 13 August 2015, the 1.9 cm – TE was greater in turfgrass cover (%) than all other 

treatments. No differences in turfgrass cover (%) were seen between 5.1 cm – TE and 5.1 cm 

– No TE treatments. No differences were seen between 5.1 cm – No TE and 1.9 cm – No TE 

treatments as well, but the 1.9 cm – No TE treatment was lower in turfgrass cover (%) than 

the other treatments.  For the Time*Year*Fertility interaction, the high nitrogen fertility rate 

had greater turfgrass cover (%) than the low nitrogen fertility rate on 8 August 2014 and 2 

July 2015 (Figure 3.3C). The low nitrogen fertility rate was greater in turfgrass cover (%) on 

13 August 2015. 

Percent Turfgrass Growth (Complete Belowground Removal). The interaction between 

Time*Year*Entry*Mowing showed differences within the entries and dates. However, the 

1.9 cm mowing height was always greater in turfgrass cover (%)than the 5.1 cm mowing 

height (Figure 3.4A). For instance, the 1.9 cm mowing height was greater than the 5.1 cm 

mowing height on 5 September and 19 September in 2014 and 30 July 2015 for Celebration. 

TifGrand was the only entry to not show differences between the mowing heights for any 

date. For the interaction between Time*Year*Mowing*PGR, similar results were obtained. 

The 1.9 cm mowing height grew to a higher turfgrass cover (%) in both years than the 5.1 cm 

mowing height (Figure 3.4B). Within mowing heights, the applications of TE provided 

greater turfgrass cover (%) on 19 September 2014 and 30 July 2015 for the 1.9 cm mowing 

height and on 5 September 2014 and 30 July through 13 August 2015 for the 5.1 cm mowing 

height. For the Time*Entry*PGR interaction, Celebration and TifGrand showed higher 
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turfgrass cover (%) for plots receiving no TE applications in week-3 and week-5, 

respectively (Figure 3.4C). STIL03, WIN10F and Tifway showed increase turfgrass cover 

(%) for plots receiving TE applications in week-5, week-3 through week-7 and week-5, 

respectively. Lastly, the interaction between Time*Mowing*Fertility showed increased 

turfgrass cover for the 1.9 cm – low nitrogen fertility treatment in week-5 and the 5.1 cm – 

high nitrogen fertility treatment in week-3 (Figure 3.4D).  

Percent Turfgrass Recovery (Partial Belowground Removal). For percent turfgrass recovery 

under shade, the 1.9 cm mowing height showed the greatest effect within entry and date for 

the Time*Year*Entry*Mowing interaction (Figure 3.5A). There are only three instances in 

which the 5.1 cm mowing height provided a greater turfgrass cover (%); STIL03 on 16 July 

2015, WIN10F on 16 July 2015, and TifGrand on 2 July 2015. In each instance, the 1.9 cm 

mowing height recovered to a higher turfgrass cover (%) overall. For the Time*Entry*PGR 

interaction, Celebration showed higher turfgrass cover (%) for plots receiving no TE in 

week-3 though plots receiving TE had higher turfgrass cover (%) in week-7 (Figure 3.5B).  

STIL03 showed higher turfgrass cover (%) for plots receiving no TE in week-1 though plots 

receiving TE had higher turfgrass cover (%) in week-5 through week-7. WIN10F showed 

higher turfgrass cover (%) for plots receiving no TE in week-1 though plots receiving TE had 

higher turfgrass cover (%) in week-5 through week-7. TifGrand showed higher turfgrass 

cover (%) for plots receiving no TE in week-3. Tifway showed higher turfgrass cover (%) for 

plots receiving no TE in week-3 though plots receiving TE had higher turfgrass cover (%) in 

week-5 through week-7. For the Time*Year*PGR, the effect of TE applications was stronger 

in 2014. Plots receiving no TE had a greater recovery rate on 8 Aug 2014; however, plots 

receiving TE had a higher overall recovery rate (6 Sept 2014) and a higher turfgrass cover 
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(%) on 19 Sept 2015 (Figure 3.5C). The Time*Fertility interaction on divot recovery was 

quicker (higher turfgrass cover) from week-1 through week-3 though no differences were 

seen in week-5 through week-7 (Figure 3.5D).   

 

DISCUSSION 

Overall, the management of turfgrass under shade differed slightly between shade response 

on a whole-plot basis (NDVI and percent turfgrass cover) and the shade response for percent 

turfgrass growth and recovery.  The whole-plot evaluation suggests a number of cultural 

practices that are all congruent with previous recommendations for management under 

perpetual shade conditions (Bell and Danneberger, 1999; Qian and Engelke, 1999; White, 

2004; Bunnell et al., 2005; McCullough et al., 2007; Dunne et al., 2015). First, plots had 

greater NDVI values for the higher mowing height treatments suggesting that improper or 

reduced mowing heights reduce the overall shade response as has been suggested previously 

(Busey and Davis, 1991; Bell and Danneberger, 1999; White 2004).  The effect noted was 

more drastic for shade susceptible Tifway than the more shade tolerant Celebration. This 

preserves the importance of selecting more shade tolerant cultivars for use under low light 

conditions (Gaussion et al., 1988; Baldwin et al., 2008; Hanna and Braman, 2008, Dunne et 

al., 2015). In addition to these strategies, the applications of TE lessened the stress conditions 

of all plots compared to no applications of TE, similar to the results found by Ervin et al. 

(2002) suggesting the importance of plant growth regulators for management under low light 

conditions. However, TE applications are primarily used in performance turf areas to reduce 

clippings/canopy heights and improve quality/playability (Qian and Engelke, 1999; Bunnell 

et al., 2005; McCullough et al., 2007). Similarly, lower nitrogen fertility rates showed greater 
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NDVI values when compared to the high nitrogen fertility rates at the end of each year. This 

strategy is likely to be implemented in all turf areas, including home lawns and urban 

landscapes. This corroborates previous research suggesting reduced nitrogen fertility levels 

provide either improved turfgrass stands or reduced economic impacts (Goss et al., 2002; 

Bunnell et al., 2005; Baldwin et al., 2009; Dunne et al., 2015).   

The greatest declines in turfgrass cover (%) were shown in 2014, most likely due to 

the establishment of the plots in the spring of 2014 grown under full sunlight. In 2015, while 

plots were more consistent across time (TifGrand and Tifway improving in turfgrass cover), 

selecting improved cultivars to lessen the effects of shade should be considered for low light 

environments regardless of other management practices. Mowing height and TE applications 

showed greater turfgrass cover (%) in the first year of the study; however, in the second year 

the TE applications seem to lessen the overall effects of shade, particularly for the 1.9-cm 

mowing height. For home lawns (5.1-cm), the applications of TE do not seem to provide 

value for turfgrass cover (%). Lastly, although the high nitrogen fertility rate showed 

improvements in turfgrass cover (%) early in both years, the low nitrogen fertility rate 

provided the greatest turfgrass cover (%) at the end of the study. This suggests that the long-

term economic value from lowering the total nitrogen application under shaded environments 

seems to be beneficial.  

For turfgrass growth in response to perpetual shade, only the mowing heights show 

contrary results to previous findings. During the recorded growth period, the lower mowing 

height (1.9 cm) provided a quicker response and higher overall turfgrass cover (%) in both 

years, regardless of the entry. Similarly, a higher overall turfgrass cover (%) was shown in 

both years for the 1.9 cm mowing height regardless of the applications of TE.  This could 



 

55 

 

most likely be due to the maintenance and energy requirements of the above ground biomass 

when comparing the 5.1 cm mowing height to the 1.9 cm mowing height. The selection of 

more shade tolerant cultivars and the applications of TE provide a further advantage for 

recovery under shade. In accordance with previous findings, the applications of TE and lower 

nitrogen fertility rates (in most cases) provided similar or increased turfgrass growth (Qian 

and Engelke, 1999; Goss et al., 2002; Bunnell et al., 2005; McCullough et al., 2007; Baldwin 

et al., 2009; Dunne et al., 2015). Although instances in which there were greater turfgrass 

cover (%) values recorded for plots receiving either no TE applications or high nitrogen 

fertility, overall, the growth rates (week-5 or later) were not seen. One argument for the 

significance of these instances could be that Celebration and TifGrand require higher TE 

levels or applications for the TE to be more effective. Similarly, the higher turfgrass cover 

(%) seen for the 5.1 cm – high N treatment in week-3 could be due to the maintenance of 

more above ground biomass due to the 5.1 cm mowing height compared to the 1.9 cm 

mowing height.   

Similar to percent turfgrass growth under shade, the 1.9-cm mowing height provided 

the quickest recovery though the effect varied across individual entries. This differs from 

previous findings that the mowing height should be increased for management under shade 

(Bell and Danneberger, 1999; White, 2004); Though, Bunnell et al., 2005 saw the benefits of 

reduced mowing heights on non-structural carbohydrates and chlorophyll content with 

Tifeagle Changing the management strategy, in this case, is due primarily to the maintenance 

of the overall above ground biomass (mowing height differences) and the aggressiveness of 

the individual cultivars. Furthermore, the application of plant growth regulators as a cultural 

practice for shade management suggests that percent turfgrass recovery is enhanced through 
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TE applications; however, this depends on the cultivar. For instance, the improvements seen 

through TE applications to STIL03 and WIN10F are not seen in Tifgrand.  The overall effects 

of TE applications on percent turfgrass recovery can be seen in 2014 only. In 2015, 

regardless of TE applications, the plots recovered at the same rate and overall turfgrass cover 

(%). Lastly, the effects of the high nitrogen fertility treatment can be seen in the initial weeks 

of percent turfgrass recovery; though, the overall turfgrass cover (%) did not differ between 

nitrogen fertility rates. Since the high nitrogen fertility rates in the initial stages of recovery 

improved regardless of mowing height, this strategy could be implemented on performance 

turf stands like golf courses or athletic fields.   

 

CONCLUSIONS 

Overall, the study elucidated the effects of different management strategies for bermudagrass 

under a perpetual shaded environment. Regardless of trait or application, selecting more 

shade tolerant genotypes has obviously the most impact. The potential limitation of shade 

stress due to planting more shade tolerant genotypes increases with proper cultural practices, 

as suggested by the performance of less shade tolerant variety Tifway.  On a maintenance 

level (no belowground root or stem removal), the factors that had the greatest effect on 

preserving the overall plot stand (in terms of NDVI and turfgrass cover) were increasing 

mowing heights, application of plant growth regulators (TE), and reduced nitrogen fertility. 

This management plan could be implemented in residential and recreational landscaping 

areas with limited traffic or divot potential. On turfgrass growth and recovery basis (complete 

or partial belowground root and stem removal) the factors that had the greatest effect on 

increasing recovery and total turfgrass cover were decreasing the mowing height to 
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encourage lateral growth, applications of plant growth regulators (TE) and reduced nitrogen 

fertility rates for overall turfgrass cover and potentially increasing nitrogen fertility rates for a 

quicker recovery.  This management plan best reflects one implemented for golf courses or 

performance turf athletic fields with higher traffic or divot potential. .  
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Table 3.1. List of factors and treatments for evaluation of cultural practices under perpetual 

shade treatment (63%) 

Entry 
Mowing 

Height 
Plant Growth Regulator Nitrogen Fertility 

Celebration 

 

TifGrand 

 

Tifway 

 

STIL03† 

 

WIN10F† 

1.9 cm 

(0.75 in) 

No Trinexapac-Ethyl Low Nitrogen                                    

48.8 kg ha
-1

                    

Applied every 60 days 

5.1 cm  

(2 in) 

Trinexapac-Ethyl 0.45 L ha
-1             

(0.051 g a.i. ha
-1

) Applied every                               

2-weeks 

High Nitrogen                                  

48.8 kg ha
-1

                       

Applied every 30 days 

†
 South African accessions from Dunne et al, 2015 
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Table 3.2. Within-subject Analysis of variance (ANOVA) for the interaction between repeated 

measures (TIME) and the between-subject effects for normalized difference vegetation index 

(NDVI), percent turfgrass cover (decline), percent turfgrass growth and percent turfgrass 

recovery collected at the Lake Wheeler Turfgrass Field Lab in Raleigh, NC from 2014 - 2015. 

Source of Variation 

NDVI† 

Turfgrass 

Cover 

(%) 

Turfgrass 

Growth 

(%) 

Turfgrass 

Recovery 

(%)  Between-Subject Effect 

YEAR *** *** *** *** 

ENTRY NS ** *** *** 

YEAR*ENTRY *** *** ** *** 

MOWING * *** *** *** 

YEAR*MOWING *** *** * *** 

ENTRY*MOWING NS NS * NS 

YEAR*ENTRY*MOWING ** NS ** *** 

PGR * * ** *** 

YEAR*PGR NS * NS *** 

ENTRY*PGR NS NS ** * 

YEAR*ENTRY*PGR NS NS NS NS 

MOWING*PGR NS * NS NS 

YEAR*MOWING*PGR NS * * NS 

ENTRY*MOWING*PGR NS NS NS NS 

YEAR*ENTRY*MOWING*PGR NS NS NS NS 

FERTILITY *** * ** * 

YEAR*FERTILITY NS *** NS NS 

ENTRY*FERTILITY NS NS NS NS 

MOWING*FERTILITY NS NS ** NS 

PGR*FERTILITY NS NS NS NS 

YEAR*ENTRY*FERTILITY NS NS NS NS 

YEAR*MOWING*FERTILITY NS NS NS NS 

YEAR*PGR*FERTILITY 

YEAR*ENTR*MOWI*FERTILITY 

NS NS NS NS 

NS NS NS NS 

YEAR*ENTRY*PGR*FERTILITY NS NS NS NS 

ENTRY*MOWING*FERTILITY NS NS NS NS 

ENTRY*PGR*FERTILITY NS NS NS NS 

ENTRY*MOWING*PGR*FERTILITY NS NS NS NS 

MOWING*PGR*FERTILITY NS NS NS NS 

YEAR*ENTRY*MOWING*PGR*FERTILITY NS NS NS NS 
†
 P-values from Proc GLM test statements for each effect within-subject (time) adjusted using 

Huynh-Feldt-Lecoutre epsilon for valid F-test. 

*, **, and *** indicate significant p-values for α = 0.05, α=0.01 and α=0.001, respectively. 
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    // Create Array for Point Selection Coordinates 

    xC = newArray(1); 

    yC = newArray(1); 

         

    path = File.openDialog("Select Image to Calibrate for Analysis"); 

    open(path); 

    Threshold = getTitle(); 

    run("Threshold Colour"); 

    waitForUser("Adjust Color Threshold to Calibrate Image: KEEP THRESHOLD 

COLOUR WINDOW OPEN, PRESS OK"); 

    selectWindow(Threshold); 

    run("Close"); 

    

    //Select Directory for Image Analysis 

    dir = getDirectory("Choose Source Directory for ANALYSIS"); 

    list = getFileList(dir); 

     

    // Choose Image to Start 

    // If Function Aborts Half Way Through, Select Next Image in Folder 

    Dialog.create("Start Image");  

    Dialog.addNumber("Input Starting Image Number for ANALYSIS:", 1); 

    Dialog.show(); 

    imageStart = Dialog.getNumber() - 1; 

    items = newArray(3); 

    circle = "Circle"; 

    rectangle = "Rectangle"; 

    full = "Full Image"; 

    items[0] = circle; 

    items[1] = rectangle; 

    items[2] = full; 

    Dialog.create("Circle or Rectangle"); 

    Dialog.addChoice("What would you like to measure? CIRCLE, RECTANGLE, or FULL 

IMAGE?", items); 

    Dialog.show(); 

    shape = Dialog.getChoice(); 

    items2 = newArray(2); 

    inside = "Inside"; 

    outside = "Outside"; 

    items2[0] = inside; 

    items2[1] = outside; 

 

    if (shape == circle || shape == rectangle) { 

            Dialog.create("Inside or Outside"); 

            Dialog.addChoice("Do you want to measure the INSIDE or OUTSIDE of the 

shape?", items2); 

            Dialog.show(); 
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            space = Dialog.getChoice(); 

    } 

//set shape size 

 if (shape == circle) { 

  open(path); 

  Adjust = getTitle(); 

  makeOval(350, 150, 270, 270); 

  waitForUser("Adjust Shape Size, PRESS OK"); 

  getSelectionBounds(x,y,w,h); 

  selectWindow(Adjust); 

  run("Close");  

print("WIDTH = "+w+" "+"HEIGHT = "+h); 

 Dialog.create("Width"); 

     Dialog.addNumber("Width:", 200); 

     Dialog.show(); 

     wS = Dialog.getNumber(); 

 Dialog.create("Height"); 

     Dialog.addNumber("Height:", 200); 

   Dialog.show(); 

      hS = Dialog.getNumber(); 

 }  

 else if (shape == rectangle) { 

  open(path); 

  Adjust = getTitle();  

  makeRectangle(275, 175, 400, 150); 

  waitForUser("Adjust Shape Size, PRESS OK"); 

  getSelectionBounds(x,y,w,h);  

  selectWindow(Adjust); 

  run("Close"); 

print("Width = "+w+" "+"Height = "+h); 

 

 Dialog.create("Width"); 

     Dialog.addNumber("Enter WIDTH from LOG Window:", 355); 

     Dialog.show(); 

     wS = Dialog.getNumber(); 

 Dialog.create("Height"); 

     Dialog.addNumber("Enter Height from LOG Window:", 155); 

   Dialog.show(); 

      hS = Dialog.getNumber(); 

 

 } else {  

 } 

 

// Loop Through All Images in Folder 

for (i=imageStart; i<list.length; i++) { 

 // get image titles  
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 open(dir + list[i]); 

 image = getTitle(); 

 

    //Get Dimension Size of Image for Full and Outside Calculations   

    Width = getWidth(); 

    Height = getHeight(); 

 if (shape == full) { 

  run("Select All"); 

  roiManager("Add"); 

 }   

    if (shape == circle || shape == rectangle) { 

 

        // prompt user to choose center point 

        setTool("point"); 

        waitForUser("Select Center Point, PRESS OK"); 

 

        // fill array with new coordinates, set variables 

        getSelectionCoordinates(xC, yC); 

        xCoor = xC[0]; 

        yCoor = yC[0]; 

   

        if (shape == circle && space == inside) { 

            run("Specify...", "width=wS height=hS x=xCoor y=yCoor oval centered"); 

            roiManager("Add");  

        } else if (shape == circle && space == outside) { 

            run("Specify...", "width=wS height=hS x=xCoor y=yCoor oval centered"); 

            run("Make Inverse"); 

            roiManager("Add");  

        } else if (shape == Rectangle && space == inside) { 

            run("Specify...", "width=wS height=hS x=xCoor y=yCoor centered"); 

            roiManager("Add"); 

        } else { 

            run("Specify...", "width=wS height=hS x=xCoor y=yCoor centered"); 

            run("Make Inverse"); 

            roiManager("Add"); 

        } 

    } 

 // create mask to measure from on original image 

 run("Create Mask"); 

  

 // Create new image to calculate percentage 

 imageCalculator("OR create", image, "Mask"); 

 selectWindow("Result of "+image); 

 

 // Set threshold to select only green pixels 

 selectWindow("Threshold Colour"); 
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    call("Threshold_Colour.Select"); 

  

 // measure region of interest 

 run("Measure"); 

 Pixel = newArray(1); 

 Pixel[0] = getResult('Area', nResults - 1); 

 if (shape == full) { 

  Total = (Width*Height); 

 } else if (shape == circle && space == inside) { 

  Total = ((3.14159)*(wS/2)*(hS/2)); 

 } else if (shape == circle && space == outside) { 

        Total = (Width*Height) - ((3.14159)*(wS/2)*(hS/2)); 

 } else if (shape == rectangle && space == inside) { 

  Total = (wS*hS); 

 } else { 

  Total = (Width*Height) - (wS*hS); 

 } 

 setResult("Percent", nResults - 1, (Pixel[0]/Total)*100); 

 updateResults; 

  

 // clear ROI manager to move on to next image 

 roiManager("Delete");  

  

 // clean up 

 selectWindow("Mask"); 

 run("Close"); 

 selectWindow("Result of "+image); 

 run("Close"); 

 selectWindow("ROI Manager");  

 run("Close"); 

 selectWindow(image); 

 run("Close"); 

} 

// save results as an excel file 

selectWindow("Results"); 

saveAs("results"); 

 

selectWindow("Log"); 

run("Close"); 

selectWindow("Threshold Colour"); 

run("Close"); 

 

 

Supplementary Figure 3.1. Percent turfgrass cover macro written for ImageJ (Fiji) for the 

analysis of green pixels to estimate percent turfgrass cover for full images, within shapes 

(circles or rectangles) and excluding shapes.  



 

72 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

Field and Laboratory Evaluation of Bermudagrass Germplasm for Winter Hardiness 

and Freeze Tolerance 

 

 

 

 

 

 

 

 

 

 

 

Formatted for submission to Crop Science 



 

73 

 

ABSTRACT 

Bermudagrass (Cynodon spp.) is widely used for golf courses, athletic fields, and home 

lawns in the southeastern United States for its superior turf quality and excellent durability. 

While the grass is considered to have excellent heat and drought tolerances, its ability to 

survive freezing temperatures is low. Development of cultivars with enhanced adaptation to 

freezing temperatures would constitute a significant improvement in the management of 

bermudagrass in the transition zone. Interspecific hybridization of African and common (C. 

dactylon) bermudagrasses has been used with tremendous commercial impact in 

bermudagrass breeding. Selection of appropriate African bermudagrass parents would aid in 

the development of cold tolerant bermudagrass cultivars. A trial was established at the Lake 

Wheeler Turfgrass Field Laboratory (Raleigh, NC) in July 2010 to evaluate a set of African 

and common bermudagrass accessions from the USDA germplasm collection for their winter 

survivability. Four commercial cultivars (‘Patriot’, ‘Quickstand’, ‘Tifsport’, and ‘Tifway’), 

reported in the literature for having low freeze tolerance values, were included as checks. 

Winterkill and spring green-up were measured from 2011-2015. High levels of winter 

hardiness were observed among the African bermudagrass germplasm. Plant introductions 

290905, 647879, 255447, 289923 and 615161 were the top performers with similar or better 

winter hardiness than the controls. In addition to the field data collected, controlled freeze 

tests were conducted to corroborate field results while developing a means for quickly 

screening additional germplasm or progeny for an existing crossing program. A comparison 

between the LT50 values from the controlled freezing tests and the field evaluations showed 

significant correlations of -0.26 and -0.24 for spring green-up and winterkill, respectively. 
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Overall, results indicate that these plant introductions can be used as additional sources of 

winter hardiness in bermudagrass breeding. 
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INTRODUCTION 

Bermudagrass (Cynodon spp.) is widely used for golf courses, athletic fields, and home 

lawns in the southeastern United States for its superior turf quality and excellent durability. 

While the grass is considered to have excellent heat and drought tolerances, its ability to 

survive freezing temperatures is low (Beard, 1973). Bermudagrasses periodically sustain 

winter injury in the transition zone (Anderson et al., 2002).  Development of cultivars with 

enhanced adaptation to freezing temperatures would constitute a significant improvement in 

the management of bermudagrass for the region.  Low temperature stress tolerance is an 

important characteristic of bermudagrass cultivars established in the transition zone of the 

United States. Bermudagrass reaches its limits of adaptation where low temperature stress 

causes frequent plant mortality (Gatschet et al., 1994; Taliaferro, 1995; Anderson et al., 

2007; Rutledge et al., 2009). The loss of a turfgrass stand can produce substantial costs for 

re-establishment (Dunn et al., 1999; Munshaw et al., 2006). Therefore, development of 

bermudagrass cultivars with improved freeze tolerance and superior turf qualities has become 

a priority for bermudagrass breeding programs, considering its poor tolerance to freezing 

temperatures when compared to zoysiagrass (DiPaola and Beard in Waddington et al., 1992).  

The ability to withstand freezing conditions depends on periods of acclimation and 

deacclimation in the fall and spring months, respectively. These periods of winter 

acclimation and spring green up are directly correlated to the plant metabolites produced 

during these times (Taylor et al., 1990; Davies, 2004; Zhang et al., 2008; Zhang et al., 2011) 

Levels of ABA increase while cytokinins decrease in the fall prior to winter and the opposite 

effect is experienced coming out of winter dormancy (Taylor et al., 1990). This relationship 

is an imperative physiologic component of winter hardiness in plants and important in 
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discerning relative freeze tolerance among plant species, particularly within bermudagrass. 

However, cultivar selection is considered one of the most important steps for the success of 

bermudagrass turf in economically diverse environments. This is especially true in the 

transition zone where both cool-season grasses and warm-season grasses are not equally 

adept at surviving extreme temperatures in the summer and winter months (Patton et al., 

2008; Giolo et al., 2013; Rimi et al., 2013).  Bermudagrass cultivars vary in their inherent 

ability to tolerate extreme low temperatures (Ahring and Irving, 1969; Anderson et al., 2003; 

Taliaferro et al., 2004) and in spring green-up (Munshaw et al., 2006). Further evidence of 

the variation among bermudagrass varieties can be seen in the National Turfgrass Evaluation 

Program (NTEP).  The seeded cultivars ‘Yukon’ and ‘Riviera’ and the vegetatively-

propagated cultivars ‘Midlawn’ and ‘Northbridge’ ranked among the highest in spring green-

up and lowest in percent winter kill (NTEP, 2012). Furthermore, the seeded cultivar ‘Princess 

77’ and the vegetatively-propagated cultivar ‘Tifway’ was lowest in spring green-up and the 

highest in percent winter kill (NTEP, 2012).  

In addition to field evaluations, controlled freezing tests have been developed to separate 

bermudagrass varieties based on lethal freezing temperatures (Anderson et al., 1993; 

Anderson et al., 2002; Anderson and Taliaferro, 2002; Anderson et al., 2003; Zhang et al., 

2006; Anderson et al., 2007; Zhang et al., 2010). The goal behind freezer-based screening 

methods is to quickly identify potential genotypic differences in freezing survivability in 

hopes to make selections that reflect/predict the field-based performance. Dunn et al., (1999) 

and Patton and Reicher (2007) determined a correlation between field-based winter injury 

and the controlled freezer-based LT50 values in zoysiagrass. Effective identification of 

predictors, like LT50 values, for field information could help provide a more efficient means 
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for selection and cultivar development for winter hardiness in bermudagrass. Therefore, the 

objectives of this research are 1) to evaluate bermudagrass germplasm for winter hardiness in 

the field, 2) to evaluate these materials for freezing tolerance in a controlled laboratory 

environment, and 3) determine correlations between field evaluations and a controlled 

laboratory environment.  

 

MATERIALS AND METHODS 

Plant materials. Sixteen African bermudagrass plant introductions (PIs) were obtained from 

the National Plant Germplasm System (NPGS) (S9 Germplasm Repository, Griffin, GA). 

Eleven and nine common bermudagrass accessions were obtained from NPGS and the 

University of Georgia turfgrass breeding program, respectively. Additionally, four 

commercially available cultivars (Tifway, Tifsport, Patriot and Quickstand) were selected as 

controls based on the freezing tolerance performance in the literature which suggested a 

range in cold susceptibility (Anderson et al., 2007).  

Field Winter Hardiness Evaluations. A winter hardiness field trial was planted in the spring 

of 2010 at the Lake Wheeler Turfgrass Field Laboratory (Raleigh, NC). Plots, 0.84 m
2 

(0.91m x 0.91m) in size, were established from nine plugs on an Appling fine sandy 

loam/Cecil sandy loam (NRCS, 2013). The plots were maintained at 5.1 cm mowing height 

using a rotary mower and irrigation was applied to limit drought stress. Three applications of 

a 26-0-13 (N-P2O5-K2O) (Polyon®; Harrell’s; Lakeland, FL) were applied at a nitrogen rate 

of 48.8 kg ha
-1

 in each year of the study.  The plots were evaluated for spring green-up and 

percent winter kill in the spring from 2011-2015. Spring green-up was evaluated on a 1 to 9 

scale, where 1 represents no green color and 9 represents full green plots with ratings taken at 
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the beginning of April. Similarly, winterkill was evaluated on a 1 to 9 scale, where 1 

represents complete winterkill and 9 represents full green plots with ratings taken mid-May.  

The experiment was a randomized complete block design with three replications. The 

analysis was done using Proc GLM in SAS version 9.4 (SAS; Cary, NC). Based on the 

experimental design, the entries were tested against the appropriate error term producing an 

exact F-test. Mean separation was used according to Fisher’s protected LSD values at a 

significance level of α = 0.05 to determine rankings and significance between entries. 

Controlled Environment Freeze Evaluations and Field Correlations. Based on the methods 

suggested by Zhang et al., (2010) and Anderson et al., (2007), field plots were sod cut and 

plugs of 2.54 cm diameter were pulled from the cut sod and placed in 2.54 cm cone-tainers 

containing sterile potting soil (Farfard® Growing Mix 2; Sun Gro Horticulture Agawam, 

MA). The plugs were allowed to grow in the greenhouse at a stable temperature of 27 °C for 

6 weeks. Plugs were fertilized twice in the 6 week growth period using a water-soluble 24-8-

16 (N-P2O5-K2O) fertilizer at a nitrogen rate of 4.88 g m
-2

 (Miracle-Gro All Purpose Plant 

Food; The Scott’s Company LLC Marysville, OH). Plugs were maintained at 2.54 cm height 

and were mowed weekly with handheld electric grass shears.  

Based on the size of the freezer chambers used, the number of entries from the field was 

reduced from 40 to 22, including two controls Patriot and Tifway. The remaining 20 entries 

were randomly selected. The experimental design for the controlled freeze evaluations was a 

randomized complete block design consisting of 3 runs, 4 selected temperatures, 2 

replications and 4 subplots from the selected 22 entries for the trial. Prior to the full freezing 

evaluations, a pilot study was conducted with Patriot and Tifway only. The purpose of the 

pilot study was to 1) standardize the freezing protocol and 2) fine tune the temperature range 
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for optimal LT50 evaluations. Based on the pilot study, four temperatures were selected (-4, -

5, -6 and -7°C) considering that a number of selections will perform better or worse than 

Patriot and Tifway; this temperature range will provide an appropriate justification for 

calculating LT50 values. Furthermore, the steps in the freezing protocol to acquire the 

aforementioned LT50 values were done in accordance to previously conducted freeze tests 

with a few modifications (Anderson et al., 1993; Anderson et al., 2003; Zhang et al., 2006; 

Anderson et al., 2007; Zhang et al., 2010). The plugs were subject to cold acclimation at 

13°C under a consistent light emitting diode (LED) growth chamber providing a 12 h 

photoperiod at 300 µmol m
−2

 s
−1

 for one week and then moved to a 3°C growth chamber with 

a 12 h photoperiod at 300 µmol m
−2

 s
−1 

for one more week before freezing. For freezing tests, 

two modified commercial freezers were programmed to reach the initial temperature of -3°C 

before the freezing test. Ice shavings were placed on the soil of each plug to promote freezing 

and avoid supercooling. Each replication was also placed in individual plastic bags to 

minimize desiccation during freezing. Thermocouples were randomly placed both within 

random plugs as well as in the soil to monitor plant and soil temperatures during freezing 

tests.  

Independent experiments were conducted for the four different freezing temperatures, -4, -5, 

-6, and -7°C with three individual runs per temperature during the winter of 2015-16.  Plants 

were placed in the freezers and were immediately lowered to -3°C for 18 h to allow for latent 

heat to dissipate from the soil. The temperature was then decreased at a rate of 1°C h
-1

 until 

reaching the target freezing temperature which was maintained for 3 h. The temperature was 

then increased at a rate of 2°C h
-1

 until reaching 15°C. Plants were then placed back in the 

27°C temperature controlled greenhouse for evaluation. 
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 To determine the LT50 of each genotype, data were collected on a binary 0 (dead) to 1 

(survival) scale and was evaluated over the course of 3 weeks. These ratings were taken 

weekly on each plug to determine the survivability across the temperature gradient. Since 

some of the plugs that either wilted immediately after freezing but recovered after the 3 

weeks or had surviving green tissue following the freeze event but did not survive after 3 

weeks, the last rating date of binary values were subject to a logistic regression analysis to 

determine 50% surviving probability for each genotype. The LOGISTIC procedure was used 

in SAS version 9.4 (SAS Institute; Cary, NC) and a stepwise selection method was used to 

select the most parsimonious model for LT50 values. In order to bypass problems with quasi 

complete separation, in instances where quasi complete separation was detected, values were 

added to classes were an event was not present in order to obtain estimates. When the 

convergence criteria had been met and the selection criteria had limited the model to 

optimize sensitivity and specificity based on the receiver operating characteristic (ROC) 

curve, the maximum likelihood estimates for the model were output and the LT50 values were 

calculated. The LT50 calculations were based on the logistic regression model where β0 = the 

intercept, β1 = the estimate for the occurrence of the X1 

parameter for all estimates and parameters βkXki based on the effects reference and selection 

criteria; Patriot was used as the reference in design variable coding.          

In 2007, Patton and Reicher determined there was a significant correlation between the freeze 

tolerance (LT50) from a simulated cold test and winter injury in the field among the 

zoysiagrass genotypes evaluated. In order to emphasize and attribute these findings in 

bermudagrass, spring green up and winter kill values from the field were compared to the 

LT50 values calculated from the freezer-based controlled environmental tests to determine a 
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relationship. The analysis was done using the CORR procedure in SAS version 9.4 (SAS; 

Cary, NC).  

RESULTS 

Field Winter Hardiness Evaluations. The analysis of variance (ANOVA) suggests a strong 

Year*Genotype interaction for both spring green-up and winterkill ratings (Table 4.1). 

Therefore, the results are presented for the genotypes separated by year. Furthermore, 

evaluations taken in 2012 were not included in the results due to the high relative air 

temperatures and no separation in genotypes for that year (Table 4.2). The yearly air 

temperatures show that 2013-2014 recorded the lowest average temperatures per month 

while 2012-2013 was the warmest (excluding 2011-2012). Furthermore, these monthly 

temperature effects within each year can be seen in the spring green-up and winterkill ratings 

(Figure 4.1). In 2014, the coldest year, ratings for both spring green-up and winterkill were 

lowest on average across genotypes. In 2013, the winterkill ratings were the highest recorded. 

The remaining two years (2011 and 2015) had the greatest spring green-up; however, these 

two years had the greatest variability in winterkill among the genotypes. In addition, these 

two years were not as consistent in monthly air temperatures as those in 2012-2013.  

For spring green-up, PI 290905, PI 647879, PI 255447, PI 289923 and PI 615161 were the 

top performing genotypes across years showing consistency (Figure 4.1). Though, PI 647880 

was the highest in 2011 (7.33); PI 647879, PI 615161, and PI 289922 were highest in 2013 

(6.04); PI 255447 was highest in 2014 (5.7); PI 290905, PI 647879, PI 289923 were highest 

in 2015 (7.33). For the controls, Patriot > Tifsport > Quickstand > Tifway in spring green-up 

across years. Patriot had the highest spring green-up in 2011 and 2014, Tifsport and Tifway 

had the highest spring green-up in 2013, and Tifsport had the highest spring green-up in 
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2015. Comparing the plant introductions and the cultivars, none were greater than the highest 

performing controls (p > 0.05); though differences were seen between the top performing 

plant introductions and other controls within years. PI 647880 was higher than Tifsport, 

Quickstand and Tifway in 2011; PI 647879, PI 615161, and PI 289922 were higher than 

Quickstand in 2013; PI 255447 was higher than Tifway in 2014; PI 290905, PI 647879, PI 

289923 were higher than Patriot, Quickstand and Tifway in 2015 (p ≤ 0.05). 

For winterkill, PI 289923, PI 290905, PI 647879, PI 289923 and PI 290894 were the top 

performing genotypes across years showing consistency (Figure 4.1). Though, PI 647879, PI 

291981, PI 647880, PI 286584, PI 491560 and PI 647881 were highest in 2011 (9.0); PI 

647879, PI 615161 and PI 289922 were highest in 2013 (8.7), PI 289922 was highest in 2014 

(8.3); PI 299923 and 289922 were highest in 2015 (9.0). For the controls, Patriot > Tifsport > 

Tifway > Quickstand in winterkill across years. Patriot was the highest in winterkill in 2011 

(9.0); Tifsport and Tifway were highest in 2013 (8.0); Tifway was highest in 2014 (7.0) and 

2015 (7.7). Comparing plant introductions and cultivars, none were greater than the highest 

performing controls (p > 0.05); though differences were seen between the top performing 

plant introductions and other controls within years. PI 647879, PI 291981, PI 647880, PI 

286584, PI 491560 and PI 647881 were higher than Tifsport, Quickstand and Tifway in 

2011; PI 647879, PI 615161 and PI 289922 were higher than Quickstand in 2013; PI 289922 

was higher than Patriot, Tifsport and Quickstand in 2014; PI 299923 and 289922 were higher 

than Patriot, Tifsport and Quickstand in 2015.  

Controlled Environment Freeze Evaluations and Field Correlations. The data collected and 

analyzed for the freezing tests had significant type III effects based on the Wald Χ
2
 for the 

main effects Genotype and Temperature; however, the interaction between them was not 
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included in the stepwise-selection (Table 4.3). Further evaluation of the model shows high 

concordance and predictability of survival based on the data collected (Supplementary Table 

4.1). Since Patriot had the higher LT50 average based on the previous studies conducted on 

the two cultivars (Anderson et al., 2003, Anderson et al., 2007; Zhang et al., 2010), 

maximum likelihood estimates showed differences in freezing tolerance in comparison to 

Patriot (Table 4). PI 212293 was 1.63 times more likely to survive than Patriot, PI 290813 

was 1.47 times more likely to survive than Patriot and PI 290872 was 1.31 times more likely 

to survive than Patriot when all other genotypes were held constant (Table 4.4). Using the 

estimates from Table 4.4, LT50 estimates were calculated for comparison to the field based 

data (Figure 4.2 and Supplementary Table 4.2). When compared to spring green-up, the LT50 

temperatures had a significantly correlated Pearson’s correlation coefficient of -0.26 

suggesting that when the spring green-up values increase, the LT50 temperatures are 

decreasing (Table 4.5). Similarly for winterkill, the LT50 values had a significant correlation 

to winterkill means with a Pearson’s correlation coefficient of -0.24 suggesting that LT50 

values decrease with increasing winterkill ratings.  

DISCUSSION 

The strong Year*Genotype effect is emphasized by the differences seen between years in the 

monthly averages (Table 4.2). Based on these monthly averages and the spring green-up and 

winterkill data, inferences can be made regarding the type of winter in each year and the 

reaction/effect it had on each genotype. In 2011, ratings were taken based on establishment 

since the winter hardiness in the first year of growth reflects the establishment rate of each 

genotype (Ahring et al., 1974; Hensler et al., 1999; Anderson et al., 2002; Munshaw et al., 

2001). In 2012, plots were not subject to a harsh winter indicated by the highest overall 
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average temperature for that winter. The consistent monthly temperatures in 2013 yet lower 

than 2011-2012, allowed for moderate spring green-up but overwhelmingly high winterkill 

values.  In 2014, the coldest winter recorded during the evaluation period, the overall lowest 

spring green-up and winterkill values were recorded. This year may give some insight into 

the potential survivability of each genotype in colder temperatures in locations at greater 

latitudes compared to that of North Carolina. Lastly, the 2015 monthly temperatures suggests 

a deacclimation event in February; December and January showed similar monthly 

temperatures to previous years and reflected in spring green-up values, though there were 

lower winterkill values when compared to those in 2013 that experienced consistent winter 

temperatures. Overall, conclusions regarding the use and function of these grasses could be 

correlated to locations higher or lower in latitude than in North Carolina. Based on these 

yearly descriptions, conclusions can be made regarding the establishment rate, the winter 

hardiness during a consistent winter, the potential winter hardiness at higher latitudes and 

during deacclimation (spontaneous freezing events) for 2011, 2013, 2014 and 2015, 

respectively. Lastly, the overall field conditions and performance of each genotype reflect, on 

average across years, the performance of the controls in previous studies conducted 

(Anderson et al., 2002; Anderson et al., 2003; Anderson et al., 2007).  

Similar to the field performance, the LT50 values of Patriot and Tifway reflect the LT50 

values reported by Anderson et al. (2002). Furthermore, the high correlation suggests that 

these LT50 values reflect the overall winter hardiness of the genotypes in varying field 

conditions. However, more freezing tests would have to be conducted on a larger population 

of genotypes to have more accurate predictions. Continued evaluation and comparisons of 

field and controlled laboratory freezing tests could help elucidate the connection between 
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variable years and weather conditions during the winter months. These correlations have only 

been recorded in zoysiagrass (Patton and Reicher, 2007) and would aid in prescreening plant 

materials for the field and provide an economic advantage for plant breeders. Lastly, the 

evaluation of these genotypes shows that a number of available plant introductions and 

accessions can help to improve winter survivability in both common and African 

bermudagrass species in an effort to develop more hardy seeded or vegetatively propagated 

varieties to be used in the transition zone.  

 

CONCLUSIONS 

Overall, the evaluation of the common and African bermudagrass germplasm collection 

indicates that there are genotypes exhibiting greater winter survivability compared to 

industry standards. The genotypes showing the greatest winter survivability were PI 290905, 

PI 647879, and PI 289923 having consistently greater spring green-up and winterkill ratings 

compared to Patriot, Tifsport, Quickstand and Tifway; though, not always significant. 

Furthermore, specific genotypes seem to perform differently when exposed to variable winter 

temperatures on average and monthly temperatures within years.  

Lastly, the comparison of the field-based ratings and the calculated LT50 values from 

laboratory-based freezing tests showed significant correlations suggesting that these 

controlled freeze experiments could be used to prescreen materials prior to field testing. 

Prescreening materials for field testing could have an economic impact on resource (field 

space and input costs) conservation. However, improvements could be made on the overall 

screening process (e.g. increasing screening capacity, number of runs, replications, subplots 

etc.) for the predictive potential of these methods to be effective.  
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Table 4.1. Analysis of Variance (ANOVA) for the response variables spring 

green-up and winterkill from field data collected at the Lake Wheeler Turfgrass 

Field Lab in Raleigh, NC in the spring from 2011-2015 

Source DF 
Spring Green-Up Winterkill 

F Value Pr > F F Value Pr > F 

Year 3 19.16 <.0001 123.12 <.0001 

Genotype 39 29.34 <.0001 37.48 <.0001 

Rep 2 4.4 0.0133 15.34 <.0001 

Year*Rep 6 1.85 0.0905 0.21 0.9722 

Genotype*Rep 78 2.6 <.0001 3.33 <.0001 

Year*Genotype 117 5.53 <.0001 5.98 <.0001 
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Table 4.2. Average minimum and maximum monthly air temperatures (°C) from 2011-

2015 at the Lake Wheeler Turfgrass Field Lab in Raleigh, NC 

Year 
December January February March Winter 

Min Max Min Max Min Max Min Max AVG 

2010-2011 -3.3 6.7 -2.2 7.7 1.7 16.1 4.4 17.2 6.1 

2011-2012 3.3 15 1.7 13.9 2.2 14.4 9.4 22.2 10.3 

2012-2013 4.4 15 1.7 12.2 0 11.1 1.1 13.3 7.4 

2013-2014 2.2 13.9 -3.9 7.8 6.6 11.1 1.1 14.4 5.9 

2014-2015 2.2 12.2 -1.1 10 -3.9 7.2 4.4 17.2 6.1 
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Table 4.3. Type III analysis of stepwise-selected effects for logistic 

regression to estimate LT50 values for each entry within the temperature 

range (-4 to -7 °C) from freezing data collected at the United States 

Department of Agriculture - Agriculture Research Service (USDA-ARS) 

station in Raleigh, NC in 2016. 

Effect DF Wald Chi-Square Pr > ChiSq 

Genotype 21 54.4872 <.0001 

Temperature 1 180.7033 <.0001 
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Table 4.4. Maximum likelihood estimates used to calculate the lethal temperature for 

50% death (LT50) for the intercept, genotypes and for the temperature range (-4 to -6 °C) 

from freezing data collected at the United States Department of Agriculture - Agriculture 

Research Service (USDA-ARS) station in Raleigh, NC in 2016.  

Parameter Estimate† Wald Chi-Square Pr > ChiSq 

Intercept 10.2254 193.9941 <.0001 

T-643 -0.653 2.5598 0.1096 

T-730 -0.4648 1.3039 0.2535 

T-732 0.0638 0.0234 0.8784 

T-734 -0.832 4.3224 0.0376 

T-737 -0.9741 5.7951 0.0161 

PI 212293 1.6319 8.3697 0.0038 

PI 224141 -0.1378 0.1096 0.7406 

PI 224143 -0.6359 2.4598 0.1168 

PI 246600 -0.2915 0.5071 0.4764 

PI 251809 0.3837 0.7712 0.3798 

PI 255447 -0.1156 0.0784 0.7794 

PI 286584 -0.4648 1.3039 0.2535 

PI 289922 -0.5002 1.5542 0.2125 

PI 290813 1.479 8.2788 0.004 

PI 290872 1.3144 7.4319 0.0064 

PI 290897 -0.8055 3.9622 0.0465 

PI 290905 0.2475 0.3434 0.5579 

PI 291981 -0.6707 2.6627 0.1027 

PI 491560 -0.2915 0.5071 0.4764 

PI 647879 0.4368 1.0347 0.309 

Tifway -0.2915 0.5071 0.4764 

Temperature 1.8457 180.7033 <.0001 

† Patriot used for reference level to calculate estimates. Temperature treated as 

continuous variables.  
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Table 4.5. Pearson's correlation coefficient estimates between lethal 

temperature for 50% death (LT50) and spring green-up and LT50 and 

winterkill from data collected at the Lake Wheeler Turfgrass Field Lab in 

Raleigh, NC from 2011-2015 and the United States Department of 

Agriculture - Agriculture Research Service (USDA-ARS) station in 

Raleigh, NC in 2016.  

 
Spring Green-Up Winterkill 

Temperature (LT50) -0.26† -0.24 

Significance 0.01‡ 0.02 

†Pearson Correlation Coefficients 

‡Prob > |r| under H0: Rho=0 
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Supplementary Table 4.1. Association of predicted probabilities 

and observed responses from the logistic regression analysis of 

freezing data collected at the United States Department of 

Agriculture - Agriculture Research Service (USDA-ARS) station 

in Raleigh, NC in 2016.  

Model Definition Value† 

Percent Concordant 84.5 

Percent Discordant 14.3 

Percent Tied 1.2 

Somers' D 0.702 

Gamma 0.711 

Tau-a 0.318 

c 0.851 

† Final model determined by stepwise-selection of all possible 

experimental effects 
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Supplementary Table 4.2. Lethal Temperature for 50% death (LT50) for 

each entry based on estimates from the logistic regression analysis from 

data collected at the United States Department of Agriculture - 

Agriculture Research Service (USDA-ARS) station in Raleigh, NC in 

2016.  

Genotype LT50† 

T-737 -5.012 

T-734 -5.089 

PI 290897 -5.104 

PI 291981 -5.177 

T-643 -5.186 

PI 224143 -5.196 

PI 289922 -5.269 

T-730 -5.288 

PI 286584 -5.288 

PI 246600 -5.382 

PI 491560 -5.382 

Tifway -5.382 

PI 224141 -5.465 

PI 255447 -5.477 

T-732 -5.575 

PI 290905 -5.674 

PI 251809 -5.748 

PI 647879 -5.777 

Patriot -6.082 

PI 290872 -6.252 

PI 290813 -6.341 

PI 212293 -6.424 

† LT50 values sorted from highest to lowest freezing temperature. 



 

98 

 

 

 

 

 

 

 

 

CHAPTER V 

Quantitative Trait Loci (QTL) for Flowering and Seedhead Characteristics in a Hybrid 

Bermudagrass Population 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

99 

 

ABSTRACT 

Bermudagrass (Cynodon (L.) Rich) is an economically important turfgrass genera for the 

southeast United States. The identification of genetic markers linked to flowering and 

seedhead traits would benefit bermudagrass breeders in the development of higher yielding 

seeded varieties, and, conversely, reduce seedhead development in vegetatively propagated 

varieties, improving playability and aesthetics. Genetic markers have been used to develop 

linkage maps in a wide range of turfgrass species; however, while most linkage maps have 

been used to identify quantitative trait loci (QTL) for traits of interest in other species, 

bermudagrass lags behind in this area. Therefore, a multi-year, environment and trait 

evaluation was carried out in Tifton and Griffin, GA in an effort to associate over 15 

phenotypic traits of interest to previously developed and amended single dose RFLP and SSR 

linkage maps in bermudagrass. A cross between a common bermudagrass parent (C. dactylon 

(L.) Pers. var. #T-89) and an African bermudagrass (C. transvaalensis Burtt-Davy var. #T-

574) parent produced 118 hybrid bermudagrass (C. dactylon (L.) Pers. x C. transvaalensis 

Burtt-Davy). Plots were evaluated over a three year period for seedhead characteristics at 

both locations. Significant correlations (p < 0.0001) exist between racemes inflorescence
-1

, 

raceme length, seeds raceme
-1

, and culm length. A total of 42 (27 refined) QTL were located 

on the African ‘T574’ map spanning 13 of the 14 linkage groups and 105 (68 refined) QTL 

were identified on the common ‘T89’ map spanning 24 linkage groups.  Several QTL regions 

on both maps were overlapping for two or three traits; however, no overlapping QTL regions 

encompassed all four.  Overall, QTL identification for these seedhead traits demonstrates the 

progression in bermudagrass mapping and offers a means for selection of seeded and 

vegetatively propagated varieties. 
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INTRODUCTION 

The growth characteristics of bermudagrass (Cynodon spp.) support its use on golf 

courses, athletic fields, municipalities and home lawns in the southeastern United States. Its 

aggressive behavior, resistance to weed encroachment, and tolerance to heavy traffic and 

drought make this turfgrass a frequent choice among these varying environments (Christians, 

2004; DiPaola and Beard, 1992; Carrow and Petrovic, 1992). Breeding improvements in 

Cynodon have been achieved by combining the stress tolerances and aesthetics from the two 

relevant turf-type species in the genera. Cynodon dactylon (L.) Pers. (2n = 4x = 36) is an 

extremely diverse species ranging from very small, fine growth characteristics to robust, 

coarse types (Taliaferro, 1995). Furthermore, the species has been characterized as exhibiting 

traffic tolerance, winter hardiness, water use efficiency and/or drought tolerance, and salt 

tolerance (Christians, 2004; Beard, 1973). Meanwhile, C. transvaalensis Burtt-Davy or 

African bermudagrass (2n = 2x = 18) is morphologically distinct with very small plants and 

erect narrow leaves, which are yellowish-green in color (Taliaferro, 1995).  African 

bermudagrass is desired in turfgrass environments mainly because of its ability to form very 

dense, fine-textured sod, but it lacks the performance of C. dactylon (L.) Pers. under various 

environmental stresses. Fortunately, interspecific hybridization between C. dactylon (L.) 

Pers. var. dactylon x C. transvaalensis Burtt-Davy can be used to combine the desirable turf 

characteristics of the two species. Although the resulting hybrids (2n=3x=27) are sterile, they 

have been commercially successful as high quality vegetatively propagated turf cultivars 

(Hanna and Anderson, 2008). 

Vegetative propagation is the main way to cultivate most bermudagrass species, 

particularly in the form of sprigs for sod development, due to the uniformity exhibited in 
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clonal propagation (McCarty and Miller, 2002). However, recent breeding efforts have led to 

the development of novel seeded varieties, mainly of the C. dactylon (L.) Pers. species, with 

improved texture, establishment, and winter hardiness from older cultivated, seeded varieties. 

Winter hardiness, especially in the first year of growth has been the main limiting factor in 

choosing a vegetatively propagated method of establishment, typically in the form of hybrid 

bermudagrass, over seeded varieties (Munshaw et al., 2001). Along with the breeding efforts 

for improved seeded varieties, the use of seed instead of sprigs greatly reduces the costs and 

potentially the establishment time (Munshaw et al., 2001). Therefore, understanding the yield 

potential of seeded varieties could increase their utility over vegetative ones. Conversely, 

hybrid bermudagrass varieties, though sterile in nature, typically produce seed heads that 

effect playability and the overall aesthetics of a playing surface. This phenomenon makes 

identifying the underlying genetic component of yield or seed head characteristics to allow 

breeders to select common and African bermudagrass varieties for hybrid development 

lacking the seed head characteristics selected for in seeded types. Currently, applications of 

plant growth regulators are continuously used to suppress seed head development in order to 

improve playability and performance on golf courses and athletic fields and to improve the 

overall aesthetics and quality of bermudagrass stands (McCullough et al., 2007).   

Genetic markers have been used to identify bermudagrass cultivars in the field to 

preserve intellectual property rights (Wang et al., 2010). However, an alternative use of these 

genetic resources has been in the development of bermudagrass linkage maps. The 

identification of marker distances, effective recombination lengths, and the subsequent 

marker arrangement in the bermudagrass genome can help bridge the relationship between 

genetic and phenotypic data by identifying genomic regions responsible for phenotypic 
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variation. These linkage maps have been developed in bermudagrass using single dose 

restriction fragments (SDRF) and simple sequence repeats (SSR) (Bethel et al., 2006; Harris-

Shultz et al., 2010). Bethel et al., (2006) described the first linkage map from the mapping 

population derived from the cross of T89 x T574. The linkage map consisted of double, but 

mainly single-dose restriction fragment markers derived from cereal models with an average 

separation distance of 15.3 cM and 16.5 cM for T89 and T574, respectively. In addition, 

these distances determined an estimated recombination length based on the derived 

population of 3,012 cM in the T89 genome and 1,569 cM in the T574 genome.  Harris-Shultz 

et al. (2010) expanded the linkage groups (LGs) by contributing an additional 125 SDRF 

markers and 28 segregating expressed sequence tag-derived SSR (EST-SSR) markers. 

Additional sources for markers can be developed from transferable species such as 

Pennisetum spp., rice, and sorghum (Bethel et al., 2006; Tan et al., 2010). Another recent 

expansion of the common and African bermudagrass maps has been the addition of an 

additional 232 and 137 SSR markers, respectively, creating a higher resolution in which to 

perform QTL (quantitative trait loci) identification (Khanal et al., 2015).  

Despite the availability of these maps, there has been little investigation into identifying QTL 

for traits of interest in the T89 x T574 bermudagrass population. By identifying the genomic 

regions contributing to specific traits of interest, plant breeders can make marker-assisted 

selections based on useful allele(s) and confer greater performance potential among progeny.  

The identification of useful QTL will be crucial to the advancement of warm-season turfgrass 

breeding, Therefore, the objective of this research is to use the updated mapping features of 

the T89 x T574 hybrid population to identify possible QTL associated with varying seed 
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head characteristics pertinent in identifying more high yielding seeded varietal types and 

conversely, to aid in selection against seed head development in hybrid varieties.  

 

MATERIALS AND METHODS 

Plant Materials. The University of Georgia’s bermudagrass breeding program developed the 

T89 x T574 bermudagrass hybrid population in the early 2000s (Schwartz, B; Personal 

Communication, April, 2011). Crossing efforts between a common tetraploid bermudagrass 

genotype (C. dactylon (L.) Pers. var. #T-89) and a diploid African bermudagrass genotype 

(C. transvaalensis (L.) Pers. var. #T-574) yielded 118 triploid hybrids that were maintained 

at the University of Georgia’s field lab in Tifton, GA during the development of the 

framework linkage mapping project and the subsequent marker additions thereafter (Bethel et 

al., 2006, Harris-Shultz et al., 2010, Khanal et al., 2015). In 2010, the mapping population 

along with six standard control varieties (Tifway, TifSport, Celebration, TifGrand, T-11 and 

TifTuf) were vegetatively planted in Tifton, GA and Griffin, GA on 9 June and 11 June, 

respectively. The 124 entries were planted in a randomized complete block design with three 

replications at each location. Plots were evaluated from 2010 through 2013.   

Trial Management. Plots 1 m
2
 in size were established in the late spring of 2010 from plugs 

in Tifton, GA and Griffin, GA. A granular starter (5N-10P-15K) fertilizer (Agrium U.S. Inc.; 

Denver, CO) was applied at a nitrogen rate of 48.8 kg ha
-1

 during establishment. Subsequent 

fertilizer applications were applied monthly using an ammonium nitrate (34N-0P-0K) 

fertilizer (Blue Belt Fertilizer Company; Miami, Fl) at a nitrogen rate of 24.4 kg ha
-1

 for 

maintenance. Irrigation was applied immediately after each fertility application. From the 

initiation to the completion of the research, all plots were maintained once per week at a 3.61 
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cm mowing height with a rotary mower and irrigation was applied as needed to prevent 

drought stress.  Clippings were returned to the plots during each mowing event. Lastly, 

applications of ChipCo TopChoice Insecticide (Bayer Environmental Science; Research 

Triangle Park, NC) were made each year for the control of Fire Ants (Solenopsis spp.). 

Phenotypic Evaluations and Statistical Analysis. Field evaluations were made from 

establishment through the end of the study in 2013. Plots were evaluated for over 17 

agronomic traits (Table 5.1) ranging from morphological characteristics (leaf length, leaf 

width, and internode length) to yield and seedhead measurements (seed heads (0.09 m)
-2

, 

raceme flower
-1

, seeds raceme
-1

, raceme length, and seedhead culm length). Only seedhead 

characteristics are presented in this study. Data for seed heads per 0.09 m
2
 area were 

collected on 14 June 2011 and 12 June 2012 in Tifton, GA and on 28 September 2011 and 5 

July 2012 in Griffin, GA. Raceme flower
-1

, seeds raceme
-1

, raceme length, and inflorescence 

culm length data was collected in 2011 and 2012 for the Tifton location, but only in 2012 for 

the Griffin location. The data collection for these traits was conducted at the same time as 

seed head counts. 

Seed head traits data was analyzed in SAS 9.4 (SAS; Cary, NC) using the MIXED procedure. 

A log transformation was necessary to alter the distribution corresponding to the number of 

seed heads in a 0.09 m
2
 basis. Each of the other trait’s raw data followed a normal 

distribution and was acceptable for use. The analysis consisted of the main effects year, 

genotype and location and the interactions between them. Variance components were 

selected to model the random effects between location and replications and interactions 

involving the nested design of replications within locations. After fitting the model, predicted 

means for the main effects and interactions were outputted for QTL analysis.  
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QTL Analysis. Quantitative trait locus analysis was conducted in JMP genomics 7 using the 

outcrossing add-in feature developed specifically for outcrossing and/or pseudo-F2 

populations.  The OneMap files were imported and converted to SAS data files and then the 

marker and output trait information was merged together for the African (‘T574’) and 

common (‘T89’) bermudagrass parents separately (Wu and Ma, 2002). Exploration for QTL 

was conducted individually on the T89 and T574 map. Once the converted files were 

imported into JMP genomics 7, single marker analysis was conducted on each trait for the 

genotype main effect and the genotype by environment (year, location and location x year) 

effects for purposes of comparisons with interval mapping. After completion, analysis for 

QTL using composite interval mapping (CIM) was conducted. The mapping function used 

for both maps prior to permutations was set to Kosambi. Furthermore, LGs as determined by 

the most recent linkage map construction updated by Khanal et al., 2015, were used for the 

CIM analysis. Unassigned linkage markers were excluded. Prior to running the CIM analysis, 

a QTL genotype probability data set was designed to exemplify the computation of prior 

conditional probabilities of putative QTL in full-sibs. Also prior to running the CIM analysis, 

the data was permuted for 1000 iterations at a significance level of 0.05,l similar to previous 

analyses conducted in the WinQTL Cartographer software (Wang et al., 2007; Basten et al., 

1997). This process was repeated for each trait and parental map. Following the permutation, 

the CIM analysis was run using a simple regression method (due to limitations from missing 

marker data), a window size of 10 cM, and a walking speed of 2 cM. Lastly, putative QTL 

were identified using the log of odds (LOD) scores with a significance threshold level of 0.05 

based on comparison-wise error rates from the permutations. These nominated QTL were 
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identified as putative if the threshold was met for the main effects or the main effects within 

one environment (location or year). 

 

RESULTS 

Field Trait Analysis. The distributions for racemes inflorescence
-1

, raceme length, seeds 

raceme
-1

 and culm length were approximately normal (Figure 5.1). However, seed heads ft
-2

 

was dropped from further analysis due to the unequal timing of ratings at each location and 

the single occurrence of the ratings in each year, especially considering the number of seed 

heads ft
-2

 could change for each genotype at different rating dates within the same growing 

season. Transgressive variation, both positive and negative, was observed for each trait. The 

maximum range in phenotypic variation was observed for culm length and the least for 

racemes inflorescence
-1

 (Table 5.2).  

The effects of genotype, location and genotype x location interactions were estimated for the 

four traits based on the mixed model described previously. Since only one measurement was 

taken for each of the four traits in 2011 at the research station in Tifton, GA, data was first 

evaluated for possible genotype x year interaction for 2011-2012. For each trait, the year 

effect and genotype x year interaction was not significant (p > 0.05) and the data could be 

compiled together in an unbalanced designed for genotype, location (environment) and 

genotype x location interaction. For each of the four traits, differences were observed among 

genotypes (p < 0.001). Analysis of variance for the genotype x location (environment) 

interaction was found to be significant for seeds raceme
-1

 and culm length (p = 0.0015 and p 

= 0.0194, respectively) but not for racemes inflorescence
-1

 or raceme length (p = 0.4051 and 

p = 0.0834, respectively). Based on the analysis of variance, QTL detection using single 
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marker analysis and composite interval mapping was done across locations for racemes 

inflorescence
-1

 and raceme length and by location for seeds raceme
-1

 and culm length for the 

two maps developed.  

Trait Correlations 

Correlations between traits were calculated and subsequently evaluated using the Pearson’s 

correlation test to understand their potential to be mapped together (Cho et al., 2007; 

Septiningsih et al., 2003; Brondani et al., 2002, Ebdon and Gauch, 2002; Moncada et al., 

2001; Lu et al., 1996). All correlations were positive with the strongest relationships found 

between raceme length and seeds raceme
-1

 and between raceme length and culm length 

(Table 5.3). The weakest correlations were between racemes inflorescence
-1

 and culm length 

and racemes inflorescence
-1

 and raceme length. However, the correlations between these last 

traits were still highly significant (p <0.0001).  

 QTL Analysis by Composite Interval Mapping 

Single marker analysis produced significant markers associated with the four traits (p < 

0.05); however, due to the high number of unassigned markers, only composite interval 

mapping results are discussed for the two parents. A total of 42 QTL associated with the four 

traits were identified on the African map (‘T574’) and were located on 13 of the 14 LGs 

(Figure 5.2). For the common map (‘T89’), 105 QTL were identified across the four traits 

and located on 23 LGs (Figure 5.3).  

Racemes Inflorescence
-1

. A total of six and 11 QTL were identified for racemes 

inflorescence
-1

 in the African ‘T574’ and common ‘T89’ map, respectively. For the African 

‘T574’ map, the QTL were found on four LGs with two marker positions found to be in close 

proximity to one another (t5742a12 and pcd089 on LG 9) (Figure 5.2). For the significant 
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marker positions occurring on each parental map within the average distances given from the 

linkage map development (African ‘T574’ = 16.5 cM; common ‘T89’ = 15.3 cM), marker 

positions were refined (coalesced) into a single QTL position with the original marker 

position having the highest LOD score as the most likely QTL site (Doligez et al., 2002). 

This approach was used for all traits.  Therefore, considering those makers with the highest 

LOD scores and coalescing peak locations, the putative QTL could be reduced to 4-5 refined 

ranges. In the common ‘T89’ map, the 11 QTL for racemes inflorescence
-1

 were found on 

eight LGs with coalescing marker regions on LGs 3 and 4 refining the QTL count to nine 

regions (Figure 5.3). Further reduction could be imposed based on the LOD scores, like in 

the African ‘T574’ map, suggesting putative QTL regions on LGs 1, 2, 3, 4, 7, 12 and 24. For 

both maps, the identified QTL regions explained a relatively large proportion of variation (R
2
 

values ranging from 5-10% in both parental maps).  

Raceme Length. A total of three and 33 QTL were identified for raceme length in the African 

‘T574’ and common ‘T89’ map, respectively. In the African map, the QTL were found on 

three LGs with no further refinement of QTL regions via coalescing marker peaks (Figure 

5.2). Although a significant correlation (0.35; p = <0.001) exists between racemes 

inflorescence
-1

 and raceme length, there were no overlapping QTL regions on the African 

‘T574’ map. The 33 QTL identified on the common ‘T89’ map span 15 LGs with a number 

of significant marker peaks occurring in close proximity to other markers on the same LG 

(Figure 5.3). Coalescing of like-additive marker peaks occur between t5742a08b and rz900 

on LG 2, t5746e07c through ca211835_70 on LG 3, ca147625_400 and ca078499_430 on 

LG 6, tc67372_600 and tc61023_500 on LG 18, tc59898_1400 and ca093658_180 on LG 25, 

t5741h04b through ca216782_200 on LG 26, and rz324d through ca272425_510 on LG 32 
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reducing the total putative QTL to 20 regions.  Similar to racemes inflorescence
-1

, significant 

markers occurred in both the African ‘T574’ and common ‘T89’ maps having positive and 

negative additive effects. Overlapping QTL regions in the common ‘T89’ map between 

racemes inflorescence
-1

 and raceme length occurred on LGs 2, 3, 4, and 12. Additional 

markers from both the African ‘T574’ and common ‘T89’ with higher LOD scores may have 

a larger gain due to selection on an individual trait basis, including tc57762_290 and 

ca09717_280 from the African ‘T574’ and tc61023_500, pap02d11 and t5743c12d from the 

common ‘T89’ map.  

Seeds Raceme
-1

. A total of 17 and 32 QTL positions were identified for the African ‘T574’ 

and common ‘T89’ map, respectively (Figures 5.2 and 5.3). These QTL were identified 

across seven LGs on the African ‘T574’ map and 14 LGs on the common ‘T89’ map. Of the 

17 QTL identified in the African ‘T574’ map, only five positions were associated with the 

Griffin, GA location leaving 12 positions associated with the Tifton, GA location.  Refining 

the total QTL positions based on coalescing marker positions that are in close proximity, 

three total QTL locations were identified for the Griffin location and eight total QTL for the 

Tifton location. Further refinement can be made based on a higher LOD threshold, though 

the permutations suggest a comparison-wise LOD score for threshold levels. Of the 32 QTL 

positions identified in the common ‘T89’ map, 14 (8 refined) and 18 (14 refined) QTL 

positions were identified for the Tifton and Griffin locations, respectively. Given the high 

correlations between racemes inflorescence
-1

 (0.41; p < 0.0001) and raceme length (0.77), a 

number of the QTL discussed for seeds raceme
-1

 overlap with these traits. On the African 

‘T574’ map, overlapping QTL exist on LG 6 between seeds raceme
-1

 and racemes 

inflorescence
-1

 only. However, a number of locations overlap on the common ‘T89’ map.  
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Regions on LGs 7, 9, 12, 18, 26, and 27 have overlapping QTL for seeds raceme
-1 

and 

raceme length, exemplifying the high correlations found between the two traits. Furthermore, 

LGs 2 and 4 show overlapping regions for the three traits, seeds raceme
-1

, racemes 

inflorescence
-1

 and raceme length.  

Culm Length. Similar to seeds raceme
-1

, culm length had a large number of QTL positions 

identified due to the separation in locations. In total, there were 16 (10 refined) QTL 

identified for the African ‘T574’ map with seven (4 refined) associated with the Tifton 

location and nine (5 refined) for the Griffin location (Figure 5.2). In total, 29 (18 refined) for 

the common ‘T89’ map divided into 13 (7 refined) and 16 (10 refined) QTL regions for the 

Tifton and Griffin locations, respectively (Figure 5.3, Supplementary Table 5.4). 

Furthermore, one region located on LG 1, coalesced with overlapping QTL from both 

locations suggesting a stable QTL for the main effect (genotype). In addition to previous 

findings based on the strong correlations between each of the traits (Table 5.1), culm length 

had overlapping QTL regions on the African ‘T574’ for LGs 2 (Tifton, GA) and 11 (Griffin, 

GA) for seeds raceme
-1

 and in close proximity (within the average marker distance for the 

African ‘T574’ map = 16.5 cM) to QTL regions for raceme length and flower raceme
-1

 on 

LG 7. On the common ‘T89’ map, LGs 8, 13, and 15 had overlapping QTL regions for culm 

length and seeds raceme
-1

, LG 25 had an overlapping QTL region for culm length and 

raceme length, and LGs 1 and 12 shared overlapping QTL regions for culm length, seeds 

raceme
-1

 and racemes inflorescence
-1

. The presence of overlapping QTL for all four traits, 

despite the high correlations among them, was not identified. However, QTL for each trait 

were present on LGs 2, 4, 7 and 12 on the common ‘T89’ map. 
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DISCUSSION 

The marker maps developed for the African ‘T574’ and common ‘T89’ parents revealed an 

overabundance of QTL for racemes inflorescence
-1

, raceme length, seeds raceme
-1

 and culm 

length. The high QTL counts can be attributed to 1) the number of significant peaks, within 

traits, that are found in close proximity to other associated markers on the same linkage 

group that did not coalesce, 2) the number of significant, overlapping peaks shared between 

traits due to the high correlations previously discussed, 3) the separation of the two maps, 

and 4) the limitations in statistical power of the simple regression CIM model used due to 

missing genotype information and a relative small population size (Vales et al., 2005; Schön 

et al., 2004; Allison et al., 2002; Goring et al., 2001; Utz et al., 2000; Beavis, 1998; 

Melchinger et al., 1998; Young, 1996). Some of these limitations are inherent considering the 

novelty in QTL mapping for racemes inflorescence
-1

, raceme length, seeds raceme
-1

 and culm 

length in bermudagrass; let alone QTL mapping for any traits in bermudagrass, generally.  

Direct application of marker assisted selection can be made on an individual trait basis or 

across traits -due to the correlations and overlapping QTL regions- by selecting coalescing 

marker regions with the greatest LOD scores. However, the imposition of fragmented LGs, 

lack of bi-parental markers to formulate consensus homologous groups, and sparse dispersal 

of some marker regions with QTL present in both the African ‘T574’ and the common ‘T89’ 

map suggest that further improvement on phenotypic and genotypic trait analysis would be 

beneficial in identifying more stable QTL regions for the main effects, genotype, and across 

locations. Although tedious, an increase in the phenotypic measurements collected for the 

seed head traits discussed across these locations (or more locations) over multiple years will 

have a greater impact on the stability of the QTL identified and strengthen heritability 
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estimates for these traits. In addition, by taking advantage of the reduced costs in next-

generation sequencing platforms, the implementation of newer marker technologies such as 

genotyping-by-sequencing (GBS) may allow for higher resolution mapping for QTL in this 

and other bi-parental mapping populations (Bonetta, 2010).   

Overall, a number of putative QTL regions were identified in both the African ‘T574’ and 

common ‘T89’ maps for each trait (or across multiple traits) and/or in the two environments 

explored, which was expected due to the high correlations exhibited between each trait. The 

only instance where a single trait did not overlap with any of the other traits was for raceme 

length in the African ‘T574’ map suggesting this trait is more likely inherited from the 

common ‘T89’ parental genome. However, the relatively high R
2
 values associated with the 

three peak positions may suggest otherwise. On an individual trait basis, the benefits of 

marker-assisted breeding can be achieved by imposing selection on a number of the 

coalescing marker regions in each map, focusing specifically on the markers that have the 

highest positioning effect (LOD score) in the QTL regions. Due to the evident relationship 

among the traits, a number of LGs have emerged with overlapping QTL regions; for 

instances, selection of marker regions from LGs 2, 4, 6, 7 and 11 on the African ‘T574’ or 

LGs 1, 2, 3, 4, 6, 7, 12, 13, 15, 25, and 26 from the common ‘T89’. The quantitative nature of 

each of these regions suggests multiple gene action playing a role in the presented seed 

characteristics; however, selection in these overlapping regions can have an immediate 

impact, due to the dominant nature of the markers, allowing for selection in both seeded and 

vegetatively propagated bermudagrass breeding programs in both turf-type species by 

selecting for or against the contributing allele. Furthermore, the high correlations between 

traits and these initial QTL findings may suggest that certain elongation factors or changes in 
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plant architecture during seed head production may lead to increased yield as shown through 

racemes inflorescence
-1

, raceme length, seeds raceme
-1

, and culm length (Brondani et al., 

2002). Ultimately, the information provided here can have a positive impact on selection in 

an applied bermudagrass breeding program poised for seeded and vegetatively propagated 

varieties by increasing the number of available cultivars for the seed production market and 

potentially lessen (environmentally and economically) the need for seed head suppression 

with plant growth regulators.  

CONCLUSIONS 

Overall, a number of putative QTL regions were identified in both the African ‘T574’ and 

common ‘T89’ maps for each trait (or across multiple traits) and/or in the two environments 

explored.  On an individual trait basis, the benefits of marker-assisted breeding can be 

achieved by imposing selection on a number of the coalescing marker regions in each map, 

focusing specifically on the markers that have the highest positioning effect (LOD score) in 

the QTL regions. Due to the evident relationship among the traits, a number of LGs have 

emerged with overlapping QTL regions; for instances, selection of marker regions from LGs 

2, 4, 6, 7 and 11 on the African ‘T574’ or LGs 1, 2, 3, 4, 6, 7, 12, 13, 15, 25, and 26 from the 

common ‘T89’. The quantitative nature of each of these regions suggests multiple gene 

action playing a role in the presented seed characteristics; however, selection in these 

overlapping regions can have an immediate impact, due to the dominant nature of the 

markers, allowing for selection in both seeded and vegetatively propagated bermudagrass 

breeding programs in both turf-type species by selecting for or against the contributing allele. 

Ultimately, the information provided here can have a positive impact on selection in an 

applied bermudagrass breeding program poised for seeded and vegetatively propagated 
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varieties by increasing the number of available cultivars for the seed production market and 

potentially lessen (environmentally and economically) the need for seed head suppression 

with plant growth regulators.  
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Table 5.1. List of traits evaluated in the 

bermudagrass mapping population field trials 

from 2010-2013 in Tifton and Griffin, GA. 

Leaf Width 

Leaf Length 

Internode Length 

Canopy Height 

Seed Heads ft
-2

 

Racemes Inflorescence
-1

* 

Length of Longest Stolon 

Raceme Lengths*  

Seed Head Culm Lengths* 

Chlorophyll Mutants 

Seed Head Ratings (Seeds Raceme
-1

)* 

Growth Characteristics (Prostrate/Vertical) 

Genetic Color (Yellow – Blue) 

Scalping 

Turfgrass Quality (TQ) 

Plot Establishment (Grow –In Period) 

*Yield Traits for QTL analysis 
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Table 5.2. Simple statistics for seedhead traits (Racemes inflorescence
-1

, Raceme 

Length, Seeds Raceme
-1

, and Culm Length) from data collected in University of 

Georgia field research stations in Tifton, GA and Griffin, GA in 2011 and 2012.  

Variable Mean Std Dev Minimum Maximum 

Racemes inflorescence
-1

 2.85 0.31 2.08 3.83 

Raceme Length (mm) 24.40 2.77 17.43 32.04 

Seeds Raceme
-1

 18.08 2.52 12.65 27.19 

Culm Length (mm) 62.01 7.20 46.87 90.83 

* Statistics based on progeny, N=118 
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Table 5.3. Pearson correlations for seedhead traits (Racemes inflorescence
-1

, Raceme Length, 

Seeds Raceme
-1

, and Culm Length) from data collected in University of Georgia field 

research stations in Tifton, GA and Griffin, GA in 2011 and 2012.  

  Raceme Length (mm) Seeds Raceme
-1

 Culm Length (mm) 

Racemes inflorescence
-1

 
0.35

†

 

<.0001
‡

 

0.41 

<.0001 

0.34 

0.0002 

Raceme Length (mm) 

 

0.77 

<.0001 

0.61 

<.0001 

Seeds Raceme
-1

 

  

0.41 

<.0001 

† Pearson Correlation Coefficients, N = 118  

‡ Prob > |r| under H0: Rho=0 
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APPENDICES 



 

126 

 

Appendix I 

SAS code for CHAPTER II 

South African Bermudagrass Germplasm Evaluation for Shade Tolerance  

%LET YEAR = 2; 

%LET TIME = 3; 

%LET VAR = Y1; 

ODS RTF FILE="BERMUDA SHADE ANALYSIS - &VAR. &YEAR. &TIME..RTF"; 

TITLE "BERMUDA SHADE ANALYSIS - &VAR &TIME"; 

PROC GLM DATA=LAKE_WHEELER PLOTS=NONE; 

 WHERE /*YEARS = &YEAR AND */ TIMES = &TIME; 

 CLASS FILTER REP ENTRY FERTILITY YEAR; 

 MODEL &VAR = FILTER|REP(FILTER)|ENTRY|FERTILITY|YEAR / CLPARM; 

 TEST H=FILTER E=REP(FILTER); 

 TEST H=ENTRY FILTER*ENTRY E=ENTRY*REP(FILTER); 

 TEST H=FERTILITY FERTILITY*FILTER E=FERTILITY*REP(FILTER); 

 TEST H=FERTILITY*ENTRY FILTER*ENTRY*FERTILITY 

E=FERTILITY*ENTRY*REP(FILTER); 

 TEST H=YEAR YEAR*FILTER E=YEAR*REP(FILTER); 

 TEST H=YEAR*ENTRY YEAR*ENTRY*FILTER 

E=YEAR*ENTRY*REP(FILTER); 

 TEST H=YEAR*FERTILITY YEAR*FERTILITY*FILTER 

E=YEAR*FERTILITY*REP(FILTER); 

 TEST H=YEAR*ENTRY*FERTILITY YEAR*ENTRY*FERTILITY*FILTER 

E=YEAR*ENTRY*FERTILITY*REP(FILTER); 

 CONTRAST "FILTER-lin" FILTER  -0.033322  0.010719  0.022603 / 

E=REP(FILTER);  

 CONTRAST "FILTER-quad" FILTER   0.006861 -0.032288  0.025427 / 

E=REP(FILTER); 

/*CONTRASTS FOR EACH ENTRY*FILTER COMPARED TO OTHER ENTRIES*/ 

 CONTRAST "Celeb 0%"   ENTRY  11 -1 -1 -1 -1 -1 -1

 -1 -1 -1 -1 -1 FILTER*ENTRY 11 -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 -1 0 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0   / E=ENTRY*REP(FILTER); 

 CONTRAST "CoPCCQ 0%"  ENTRY -1 11 -1 -1 -1

 -1 -1 -1 -1 -1 -1 -1 FILTER*ENTRY -1 11 -1

 -1 -1 -1 -1 -1 -1 -1 -1 -1 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 
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 CONTRAST "FiPCCQ 0%"  ENTRY -1 -1 11 -1 -1 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY -1 -1 11 -1

 -1 -1 -1 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "Irene 0%"  ENTRY -1 -1 -1 11 -1 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY -1 -1 -1 11

 -1 -1 -1 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "PCC4 0%"  ENTRY -1 -1 -1 -1 11 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY -1 -1 -1 -1

 11 -1 -1 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "PCCT 0%"  ENTRY -1 -1 -1 -1 -1 11

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY -1 -1 -1 -1

 -1 11 -1 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "STIL03 0%"  ENTRY -1 -1 -1 -1 -1 -1

 11 -1 -1 -1 -1 -1 FILTER*ENTRY -1 -1 -1 -1

 -1 -1 11 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "Tifgrand 0%" ENTRY -1 -1 -1 -1 -1 -1

 -1 11 -1 -1 -1 -1 FILTER*ENTRY -1 -1 -1 -1

 -1 -1 -1 11 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "Tifway 0%"  ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 11 -1 -1 -1 FILTER*ENTRY -1 -1 -1 -1

 -1 -1 -1 -1 11 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "WIN10F 0%"  ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 -1 11 -1 -1 FILTER*ENTRY -1 -1 -1 -1

 -1 -1 -1 -1 -1 11 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0
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 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "WIN10T 0"  ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 -1 -1 11 -1 FILTER*ENTRY -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 11 -1 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "WIN17 0"  ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 -1 -1 -1 11 FILTER*ENTRY -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 -1 11 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "Celeb 63%"  ENTRY 11 -1 -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 11 -1 -1 -1

 -1 -1 -1 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "CoPCCQ 63%" ENTRY -1 11 -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 -1 11 -1 -1

 -1 -1 -1 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "FiPCCQ 63%" ENTRY -1 -1 11 -1 -1 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 11 -1

 -1 -1 -1 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "Irene 63%"  ENTRY -1 -1 -1 11 -1 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 11

 -1 -1 -1 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "PCC4 63%"  ENTRY -1 -1 -1 -1 11 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 11 -1 -1 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "PCCT 63%"  ENTRY -1 -1 -1 -1 -1 11

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0
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 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 11 -1 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "STIL03 63%" ENTRY -1 -1 -1 -1 -1 -1

 11 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 -1 11 -1 -1 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "Tifgrand 63%" ENTRY -1 -1 -1 -1 -1 -1 -1

 11 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0 0

 0 0 0 0 0 0 0 -1 -1 -1 -1 -1

 -1 -1 11 -1 -1 -1 -1 0 0 0 0 0

 0 0 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "Tifway 63%" ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 11 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 -1 -1 -1 11 -1 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "WIN10F 63%" ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 -1 11 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 -1 -1 -1 -1 11 -1 -1 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "WIN10T 63%" ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 -1 -1 11 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 11 -1 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "WIN17 63%"  ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 -1 -1 -1 11 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 -1 11 0 0 0 0

 0 0 0 0 0 0 0 0 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "Celeb 80%"  ENTRY 11 -1 -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 11 -1 -1 -1

 -1 -1 -1 -1 -1 -1 -1 -1 / 

E=ENTRY*REP(FILTER); 
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 CONTRAST "CoPCCQ 80%" ENTRY -1 11 -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 -1 11 -1 -1

 -1 -1 -1 -1 -1 -1 -1 -1 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "FiPCCQ 80%" ENTRY -1 -1 11 -1 -1 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 11 -1

 -1 -1 -1 -1 -1 -1 -1 -1 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "Irene 80%"  ENTRY -1 -1 -1 11 -1 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 11

 -1 -1 -1 -1 -1 -1 -1 -1 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "PCC4 80%"  ENTRY -1 -1 -1 -1 11 -1

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 11 -1 -1 -1 -1 -1 -1 -1 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "PCCT 80%"  ENTRY -1 -1 -1 -1 -1 11

 -1 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 11 -1 -1 -1 -1 -1 -1 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "STIL03 80%" ENTRY -1 -1 -1 -1 -1 -1

 11 -1 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 -1 11 -1 -1 -1 -1 -1 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "Tifgrand 80%" ENTRY -1 -1 -1 -1 -1 -1 -1

 11 -1 -1 -1 -1 FILTER*ENTRY 0 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 -1 -1 -1 -1 -1

 -1 -1 11 -1 -1 -1 -1 / E=ENTRY*REP(FILTER); 

 CONTRAST "Tifway 80%" ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 11 -1 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1



 

131 

 

 -1 -1 -1 -1 11 -1 -1 -1 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "WIN10F 80%" ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 -1 11 -1 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 -1 -1 -1 -1 11 -1 -1 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "WIN10T 80%" ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 -1 -1 11 -1 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 11 -1 / 

E=ENTRY*REP(FILTER); 

 CONTRAST "WIN17 80%"  ENTRY -1 -1 -1 -1 -1 -1

 -1 -1 -1 -1 -1 11 FILTER*ENTRY 0 0 0 0

 0 0 0 0 0 0 0 0 0 0 0 0

 0 0 0 0 0 0 0 0 -1 -1 -1 -1

 -1 -1 -1 -1 -1 -1 -1 11 / 

E=ENTRY*REP(FILTER); 

/*CONTRASTS FOR ENTRY*FILTER LINEAR AND QUADRATIC*/ 

 CONTRAST "CELEB LIN"  FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY -0.033322 0 0 0 0 0 0 0 0

 0 0 0 0.010719 0 0 0 0 0 0 0

 0 0 0 0 0.022603 0 0 0 0 0 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "CELEB QUAD" FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0.006861 0 0 0 0 0 0 0 0

 0 0 0 -0.032288 0 0 0 0 0 0 0

 0 0 0 0 0.025427 0 0 0 0 0 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "CoPCCQ LIN" FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 -0.033322 0 0 0 0 0 0 0

 0 0 0 0 0.010719 0 0 0 0 0 0

 0 0 0 0 0 0.022603 0 0 0 0 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "CoPCCQ QUAD" FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0.006861 0 0 0 0 0 0 0

 0 0 0 0 -0.032288 0 0 0 0 0 0

 0 0 0 0 0 0.025427 0 0 0 0 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "FiPCCQ LIN" FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 0 -0.033322 0 0 0 0 0 0

 0 0 0 0 0 0.010719 0 0 0 0 0

 0 0 0 0 0 0 0.022603 0 0 0 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 
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 CONTRAST "FiPCCQ QUAD" FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0 0.006861 0 0 0 0 0 0

 0 0 0 0 0 -0.032288 0 0 0 0 0

 0 0 0 0 0 0 0.025427 0 0 0 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "IRENE LIN"  FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 0 0 -0.033322 0 0 0 0 0

 0 0 0 0 0 0 0.010719 0 0 0 0

 0 0 0 0 0 0 0 0.022603 0 0 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "IRENE QUAD" FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0 0 0.006861 0 0 0 0 0

 0 0 0 0 0 0 -0.032288 0 0 0 0

 0 0 0 0 0 0 0 0.025427 0 0 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "PCC4 LIN"  FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 0 0 0 -0.033322 0 0 0 0

 0 0 0 0 0 0 0 0.010719 0 0 0

 0 0 0 0 0 0 0 0 0.022603 0 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "PCC4 QUAD"  FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0 0 0 0.006861 0 0 0 0

 0 0 0 0 0 0 0 -0.032288 0 0 0

 0 0 0 0 0 0 0 0 0.025427 0 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "PCCT LIN"  FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 0 0 0 0 -0.033322 0 0 0

 0 0 0 0 0 0 0 0 0.010719 0 0

 0 0 0 0 0 0 0 0 0 0.022603 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "PCCT QUAD"  FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0 0 0 0 0.006861 0 0 0

 0 0 0 0 0 0 0 0 -0.032288 0 0

 0 0 0 0 0 0 0 0 0 0.025427 0

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "STIL03 LIN" FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 0 0 0 0 0 -0.033322 0 0

 0 0 0 0 0 0 0 0 0 0.010719 0

 0 0 0 0 0 0 0 0 0 0 0.022603

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "STIL03 QUAD" FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0 0 0 0 0 0.006861 0 0

 0 0 0 0 0 0 0 0 0 -0.032288 0

 0 0 0 0 0 0 0 0 0 0 0.025427

 0 0 0 0 0 / E=ENTRY*REP(FILTER); 



 

133 

 

 CONTRAST "Tifgrand LIN" FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 0 0 0 0 0 0 -0.033322 0

 0 0 0 0 0 0 0 0 0 0 0.010719

 0 0 0 0 0 0 0 0 0 0 0

 0.022603 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "Tifgrand QUAD" FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0 0 0 0 0 0 0.006861 0

 0 0 0 0 0 0 0 0 0 0 -0.032288

 0 0 0 0 0 0 0 0 0 0 0

 0.025427 0 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "Tifway LIN" FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 0 0 0 0 0 0 0 -0.033322

 0 0 0 0 0 0 0 0 0 0 0

 0.010719 0 0 0 0 0 0 0 0 0 0

 0 0.022603 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "Tifway QUAD" FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0 0 0 0 0 0 0 0.006861

 0 0 0 0 0 0 0 0 0 0 0 -

0.032288 0 0 0 0 0 0 0 0 0 0 0

 0.025427 0 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "WIN10F LIN" FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 0 0 0 0 0 0 0 0 -

0.033322 0 0 0 0 0 0 0 0 0 0 0

 0.010719 0 0 0 0 0 0 0 0 0 0

 0 0.022603 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "WIN10F QUAD" FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0 0 0 0 0 0 0 0

 0.006861 0 0 0 0 0 0 0 0 0 0

 0 -0.032288 0 0 0 0 0 0 0 0 0

 0 0 0.025427 0 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "WIN10T LIN" FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 0 0 0 0 0 0 0 0 0

 -0.033322 0 0 0 0 0 0 0 0 0 0

 0 0.010719 0 0 0 0 0 0 0 0 0

 0 0 0.022603 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "WIN10T QUAD" FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0 0 0 0 0 0 0 0 0

 0.006861 0 0 0 0 0 0 0 0 0 0

 0 -0.032288 0 0 0 0 0 0 0 0 0

 0 0 0.025427 0 / E=ENTRY*REP(FILTER); 

 CONTRAST "WIN17 LIN"  FILTER  -0.033322  0.010719  0.022603 

FILTER*ENTRY 0 0 0 0 0 0 0 0 0 0

 0 -0.033322 0 0 0 0 0 0 0 0 0

 0 0 0.010719 0 0 0 0 0 0 0 0

 0 0 0 0.022603 / E=ENTRY*REP(FILTER); 
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 CONTRAST "WIN17 QUAD" FILTER   0.006861 -0.032288  0.025427 

FILTER*ENTRY 0 0 0 0 0 0 0 0 0 0

 0 0.006861 0 0 0 0 0 0 0 0 0

 0 0 -0.032288 0 0 0 0 0 0 0 0

 0 0 0 0.025427 / E=ENTRY*REP(FILTER); 

/*CONTRASTS FOR FERTILITY*FILTER*/ 

 CONTRAST "HIGH LIN" FILTER -0.033322 0.010719 0.022603

 FERTILITY*FILTER -0.033322 0 0.010719 0 0.022603 0 / 

E=FERTILITY*REP(FILTER); 

 CONTRAST "HIGH QUAD" FILTER 0.006861 -0.032288

 0.025427 FERTILITY*FILTER 0.006861 0 -0.032288 0

 0.025427 0 / E=FERTILITY*REP(FILTER); 

 CONTRAST "LOW LIN" FILTER -0.033322 0.010719 0.022603

 FERTILITY*FILTER 0 -0.033322 0 0.010719 0 0.022603 / 

E=FERTILITY*REP(FILTER); 

 CONTRAST "LOW QUAD" FILTER 0.006861 -0.032288

 0.025427 FERTILITY*FILTER 0 0.006861 0 -0.032288 0

 0.025427 / E=FERTILITY*REP(FILTER); 

/*MEANS COMPARSONS FOR THE HYPOTHESIS TESTING*/ 

 MEANS FILTER / E=REP(FILTER) LSD; 

 MEANS ENTRY / E=ENTRY*REP(FILTER) LSD ; 

 LSMEANS FILTER*ENTRY / E=ENTRY*REP(FILTER) SLICE=FILTER DIFF 

LINES STDERR; 

 MEANS FERTILITY / E=FERTILITY*REP(FILTER) LSD; 

 LSMEANS FERTILITY*FILTER / E=FERTILITY*REP(FILTER) PDIFF LINES 

STDERR; 

 LSMEANS FERTILITY*ENTRY  / E=FERTILITY*ENTRY*REP(FILTER) PDIFF 

LINES STDERR; 

 LSMEANS FILTER*ENTRY*FERTILITY / 

E=FERTILITY*ENTRY*REP(FILTER) PDIFF LINES STDERR; 

RUN; 

QUIT; 

ODS RTF CLOSE; 

DATA CALCULATED_LSD; 

     SET DIFFS; 

  DF=66; 

  N=6; 

     LSD=STDERR*TINV(.95,DF); 

/*  HSD=STDERR*FINV(.95,1,DF);*/ 

RUN; 
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Appendix II 

SAS code for CHAPTER III 

Shade Response of Bermudagrass Accessions Under Varying Management Practices 

PROC FORMAT;  

VALUE ENTRY 

1 = "Celebration" 

2 = "Discovery" 

3 = "STIL03" 

4 = "Tifgrand" 

5 = "Tifway" 

6 = "WIN10F"; 

VALUE MOWING 

0 = "3/4 INCHES" 

1 = "2 INCHES"; 

VALUE PGR 
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0 = "NO PRIMO" 

1 = "PRIMO"; 

VALUE FERTILITY 

0 = "LOW" 

1 = "HIGH"; 

; 

 

%let YE = Year*Entry; 

%let Mowing = ; 

%let PGR = ; 

%let MP = Year*Mowing*PGR; 

%let Fertility = Year*Fertility; 

%let Var = COVER; 

ods rtf file="&Var. No Discovery - Shade Study Means.rtf"; 

proc glm data=shade.refined_trans; 

where strip(response) = "&Var." and entry ne 2; 

class year entry rep mowing pgr fertility; 

model date1 date3 date5 date7 = year rep year*rep entry year*entry year*rep*entry mowing 

year*mowing entry*mowing year*entry*mowing rep*mowing year*rep*mowing 

entry*rep*mowing year*entry*rep*mowing 

pgr year*pgr entry*pgr year*entry*pgr rep*pgr year*rep*pgr entry*rep*pgr 

year*entry*rep*pgr mowing*pgr year*mowing*pgr entry*mowing*pgr 

year*entry*mowing*pgr 

rep*mowing*pgr year*rep*mowing*pgr entry*rep*mowing*pgr 

year*entry*rep*mowing*pgr fertility year*fertility entry*fertility mowing*fertility 

pgr*fertility year*entry*fertility year*mowing*fertility year*pgr*fertility 

year*entry*mowing*fertility year*entry*pgr*fertility entry*mowing*fertility 

entry*pgr*fertility entry*mowing*pgr*fertility mowing*pgr*fertility 

year*entry*mowing*pgr*fertility / nouni; 

/*test h=year entry entry*year e=year*rep*entry;*/ 

/*test h=mowing year*mowing entry*mowing year*entry*mowing 

e=year*rep*entry*mowing;*/ 

/*test h=pgr year*pgr entry*pgr year*entry*pgr e=year*rep*entry*pgr;*/ 

/*test h=mowing*pgr year*mowing*pgr entry*mowing*pgr year*entry*mowing*pgr 

e=year*rep*entry*mowing*pgr;*/ 

repeated TIME 4; 

means &YE. / e=year*rep*entry; 

means &Mowing. / e=year*rep*entry*mowing; 

means &PGR. / e=year*rep*entry*pgr; 

means &MP. / e=year*rep*entry*mowing*pgr; 

means &Fertility.; 

format Entry Entry. Mowing Mowing. PGR PGR. Fertility Fertility.;  

run; 

quit; 

ods rtf close; 
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proc import datafile="C:\Users\jcdunne\Desktop\ETS - Abstract\Ftable.xlsx" 

out=ETS.Ftable dbms=xlsx replace; 

getnames=yes; 

sheet="UFUG Table"; 

run; 

 

data ets.ftable; 

set ets.ftable; 

critical = tinv(.95,DF); 

lsd1 = critical*sqrt((2*MSE1)/N); 

lsd2 = critical*sqrt((2*MSE2)/N); 

lsd3 = critical*sqrt((2*MSE3)/N); 

lsd4 = critical*sqrt((2*MSE4)/N); 

run; 

proc export data=ets.ftable outfile="C:\Users\jcdunne\Desktop\ETS - Abstract\Ftable_LSD" 

dbms=xlsx replace; 

run; 

 

 

 

Appendix III 

SAS code for CHAPTER IV 

Field and Laboratory Evaluation of Bermudagrass Germplasm for Winter Hardiness 

and Freeze Tolerance 

LIBNAME COLD "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Cold Tolerance"; 

 

PROC IMPORT DATAFILE="C:\Users\jcdunne\Desktop\NCSU\Graduate Research 

NCSU\Bermuda Cold Tolerance\BGCT.XLSX" OUT=COLD.BERMUDAGRASS_YEAR 

DBMS=XLSX REPLACE; 

GETNAMES=YES; 

GUESSINGROWS=50; 

SHEET="SASSY"; 

RUN; 

%LET VAR = WINTERKILL; 

ODS RTF FILE="&VAR. (FULL) - BERMUDAGRASS COLD TOLERANCE.RTF"; 

PROC GLM DATA=COLD.BERMUDAGRASS_YEAR; 

CLASS IDENTITY REP; 
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MODEL &VAR. = YEAR IDENTITY REP YEAR*REP IDENTITY*REP 

YEAR*IDENTITY; 

TEST H=YEAR E=YEAR*REP; 

TEST H=IDENTITY E=IDENTITY*REP; 

MEANS IDENTITY / LSD; 

LSMEANS YEAR*IDENTITY / LINES PDIFF; 

RUN; 

QUIT; 

ODS RTF CLOSE; 

 

 

/*Freeze Tests - Creates a perminent library for the freeze data*/ 

libname freeze "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda Cold 

Tolerance\Freeze Test Analysis"; 

/*Field Data - Creates a perminent library for the cold (field) data*/ 

libname cold "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda Cold 

Tolerance"; 

 

/*Creating the experimental design in order to enter the data in excel - outputs to library 

"freeze"*/ 

DATA freeze.design; 

 Do Entry = 1 TO 40; 

  Do Temperature = 1 TO 3; 

   Do Run = 1 TO 3; 

    Do Replication = 1 TO 2; 

     Do SubSample = 1 TO 2; 

     Output; 

     End; 

    End; 

   End; 

  End; 

 End; 

RUN; 

 

/*Importing the information from the trial including entry numbers, identity, source, and 

species - Important for merging freeze and cold(field) data later*/ 

Proc Import Datafile="C:\Users\jcdunne\Desktop\NCSU\Graduate Research 

NCSU\Bermuda Cold Tolerance\Freeze Test Analysis\Entry Info.xlsx" 

Out=Freeze.Entry_Info dbms=xlsx replace; 

getnames=yes; 

sheet="SAS"; 

run; 

 

/*Sorting the entry information*/ 

Proc Sort Data=freeze.entry_info; 

by Entry; 
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run; 

 

/*Merging the entry information with the freeze test design data*/ 

Data Freeze.Data; 

Merge Freeze.Design Freeze.Entry_Info; 

By Entry; 

Run; 

 

/*Exporting the experimental design to add the scored data from freeze tests*/ 

Proc Export Data=Freeze.Data outfile="C:\Users\jcdunne\Desktop\NCSU\Graduate 

Research NCSU\Bermuda Cold Tolerance\Freeze Test Analysis\Data" dbms=xlsx replace; 

run; 

 

/*Once the response variable survival (binary variable - 0,1) has been added, import the 

completed data set data_final into the freeze library*/ 

Proc Import Datafile="C:\Users\jcdunne\Desktop\NCSU\Graduate Research 

NCSU\Bermuda Cold Tolerance\Freeze Test Analysis\Data.xlsx" Out=Freeze.Data_Final 

dbms=xlsx replace; 

getnames=yes; 

sheet="Data_Final"; 

run; 

 

/*Converting the design variables for temperature into the actual values, that way the 

computed LT50s make sense. */ 

/*You can do this in the design step but you have to reverse the order e.g. do temperature = -

7 to -4*/ 

Data Freeze.Data_Final; 

Set Freeze.Data_Final(Rename=(Temperature=Num)); 

If Num = 1 then Temperature = -4; 

Else if Num = 2 then Temperature = -5; 

Else if Num = 3 then Temperature = -6; 

Else Temperature = -7; 

Drop Num; 

Run; 

 

/*This begins the logistic regression analysis and the LT50 calculations. Make sure you 

follow the data sets for it to make sense. */ 

/*The ods rtf file extension prints the output to a word document. Must have the ods rtf close 

wrapped around what you would like it to print.*/ 

ods rtf file="Freeze Test Final Results.rtf"; 

/*Uses the data_final in the freeze library, exports the data test to the freeze library. Prints 

confidence limits and odds ratios from the analysis as plots*/ 

Proc Logistic Data=Freeze.Data_Final Out=Freeze.Test plots(only)=(effect(clband 

showobs) oddsratio); 

/*Can exclude any temperature or treatment with where clause*/ 

Where Temperature ne -7; 
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/*Temperature is a continuous variable. Not included in class statement. Must have a 

reference otherwise change the param= to 'ref' instead of 'effect'. Currently, the reference is 

one of the checks*/ 

Class Entry(Param=effect Ref="39"); 

/*Modeling a specific event to happen, in this case, I am modeling the event survival. There 

is no designated experimental design. Include the class and continuous variables into the 

model*/ 

/*You can test all effects and interactions by doing Entry|Temperature and then after the / 

adding selection=forward, backward, stepwise, score to only include the independent 

variables that are significant*/ 

Model Survival(Event="1") = Entry|Temperature / selection=stepwise clodds=pl; 

Run; 

 

/*Using the output data set test in the freeze library, I am transposing the variables for the 

entries so that I can calculate odds ratios and eventually predictive probabilites for LT50*/ 

Proc Transpose data=freeze.test out=freeze.test; 

copy Intercept Temperature; 

/*The intercept and temperature variables are copied because they are the same for each 

variable. Only the class variables have different estimates*/ 

var Entry2 Entry5 Entry6 Entry8 Entry9 Entry10 Entry12 Entry13 Entry15 Entry18 Entry20  

Entry21 Entry22 Entry25 Entry26 Entry28 Entry29 Entry30 Entry31 Entry34 Entry37; 

Run; 

 

/*Make each of the intercept and temperature variables the output. You will have to copy 

them from the output file before running.*/ 

Data Freeze.Test; 

Set Freeze.Test(drop=_label_); 

If Intercept = . then Intercept = 10.2254; 

If Temperature = . then Temperature = 1.8457; 

Run; 

 

/*Create and extra observation for the reference level ("Check - 39"). Since it is in the 

reference, the intercept is the same, temperature estimate is the same, but the survival 

estimate is equal to 1 because it is the reference*/ 

Data Entry; 

Input Intercept Temperature _Name_ $ Survival; 

Datalines; 

10.2254 1.8457 Entry39 1.0 

; 

Run; 

 

/*Separate the variable name Entry"num" in order to merge the data sets later with the cold 

tolerance data*/ 

Data Freeze.Test; 

Set Freeze.Test Entry; 

Length Entry 3; 
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Entry = scan(_name_,2,'y'); 

drop _name_; 

run; 

 

/*Set up the simulated data. This creates all values from -7 to -4 for each observation in order 

to calculate LT50*/ 

Data Freeze.Test; 

Set Freeze.Test; 

Do Temp = -7 to -4 by 0.001; Output; 

End; 

run; 

 

/*Once the above data set is compiled, you can calculate the log odds, then the odds, then the 

probabilityies for each observation*/ 

Data Freeze.Test; 

Set Freeze.Test; 

Log_Odds = Intercept + Survival + (Temp*Temperature); 

Odds = exp(Log_Odds); 

Probability = Odds / (1+Odds); 

Run; 

 

/*Print out a plot of the probabilities by temperature, grouping by entry so that you can check 

to see if it worked properly*/ 

Proc sgplot data=freeze.test; 

yaxis grid values=(0 to 1 by .01); 

series x=temp y=probability / group=entry; 

run; 

 

/*Now calculate the LT50 from the probabilities. You know that the LT50 represents 50% 

survival. If you subtract 0.5 from each of the probabilites and take the minimum, */ 

/*absolute value from this caluclated value this will correspond to the LT50. Easy if you take 

the absolute value first and then develope an SQL query for the minimum value.*/ 

Data freeze.test; 

Set freeze.test; 

LT50 = abs(0.5 - Probability);  

Run; 

 

/*SQL query of the data set to select a unique entry having the minimum probability value 

for the LT50 variable created above. Will export the data set LT50 in the freeze library where 

the*/ 

/*variable temp created in the simulation above will represent the LT50 for the entry!*/ 

proc sql; 

create table Freeze.LT50 as 

select Entry, Temp, LT50 

from ( 

 select *  
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 from Freeze.Test  

 group by Entry having LT50 = min(LT50)) 

group by Entry having LT50 = min(LT50); 

select * from Freeze.LT50 

order by Entry; 

quit;  

/*Must close the rtf to get the word document*/ 

ods rtf close; 

 

/*Next, checking for correlations from the field and the freeze tests. First sort the field data.*/ 

Proc Sort data=cold.data; 

by year identity; 

run; 

 

 

/*Calculate means from the field data for the response variables you want to compare. In 

proc means, you can only run one variable at a time. */ 

/*To speed this along, the macro variable var under the %let statment allows you to change 

the reponse and run the whole thing at once.*/ 

%let var = wk; 

Proc Means data=cold.data noprint; 

by year identity; 

var &var; 

output out=cold.&var. mean=&var.; 

run; 

 

proc sort data=cold.&var.; 

by identity; 

run; 

 

proc sort data=freeze.entry_info; 

by identity; 

run; 

 

data cold.&var.; 

merge cold.&var. freeze.entry_info; 

by identity; 

run; 

 

proc sort data=cold.&var.; 

by entry year; 

run; 

/*The %let statement allows you to create the final sorted data set for merging up to here.*/ 

 

/*Merge the two response variables together by entry and year*/ 

data cold.correlations; 
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merge cold.sgu cold.wk; 

by entry year; 

drop _type_ _freq_; 

run; 

 

/*sort the new data set correlations in the cold library by entry so that it can be merged with 

the freeze test data*/ 

proc sort data=cold.correlations; 

by entry; 

run; 

 

/*merge the corrleations data set in the cold library with the lt50 data set in the freeze 

library*/ 

data cold.correlations; 

merge cold.correlations freeze.lt50; 

by entry; 

drop lt50; 

run; 

 

/*Run correlations. Outputing another word document containting all of the correlations*/ 

ods rtf file="Field and Freeze Data - Correlations.rtf"; 

/*Correlations procedure for each of the response variables*/ 

Proc Corr Data=cold.correlations; 

var sgu wk temp; 

run; 

 

/*Formating the years since it was easier just to have them in order. There was actually no 

data collected in 2012*/ 

proc format; 

value Cyear 2011 = "2011" 

   2012 = "2013" 

   2013 = "2014" 

   2014 = "2015" 

; 

run; 

 

/*Sorting the data set correlations in the cold library and outputing a temporary data set 

called correlations to the work library. The temp folder will be deleted after you exit out of 

SAS*/ 

proc sort data=cold.correlations out=correlations; 

by year; 

run; 

 

/*After sorting by year, run correlation by year to see effect*/ 

Proc Corr Data=Correlations; 

where entry in (10,18,25,26,29,31,34,39); 
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by year; 

var sgu wk temp; 

/*If you want to create a format, the format will label the output in the way it was 

described.*/ 

format year Cyear.; 

run; 

/*close the rtf*/ 

ods rtf close; 

 

/*Export datasets for figures "Freeze.LT50" and "Freeze.Test"*/ 

%let data = Test; 

proc export data=freeze.&data. outfile="C:\Users\jcdunne\Desktop\NCSU\Graduate 

Research NCSU\Bermuda Cold Tolerance\Freeze Test Analysis\&data._2" dbms=xlsx 

replace; 

run; 
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Appendix IV 

SAS code for CHAPTER V 

Quantitative Trait Loci (QTL) for Flowering and Seedhead Characteristics in a Hybrid 

Bermudagrass Population 

 

/*ASSIGN LIBRARY FOR IMPORTING DATA SETS FROM EXCEL*/ 

LIBNAME MAPPING "C:\Users\jcdunne\Desktop\NCSU\Graduate Research 

NCSU\Bermuda Mapping Population\ANALYSIS\SAS\DATA"; 

 

/*IMPORTING DATA SETS FROM EXCEL: RENAMED THEM TO SOMETHING 

THAT COULD BE EASILY INTEGRATED INTO A DO LOOP FOR FASTER 

IMPORTING*/ 

/*FROM DATA_1:  BG1 = LEAF W       

  FROM DATA_2: BG10 = TIFTON SEED HEAD EVALUATION 

(OFM)*/ 

/*    BG2 = LEAF L      

       BG11 = GRIFFIN SEED HEAD 

EVALUATION (OFM)*/ 

/*    BG3 = 3RD INTERNODE     

       BG12 = PERCENT SEED HEADS (% 

SH)*/ 

/*    BG4 = PLANT CANOPY HEIGHT (PH)   

      BG13 = VERTICAL VS. PROSTRATE 

GROWTH (V OR P)*/ 

/*    BG5 = SEED HEADS PER SQ. FT. (SH PER FT)  

    BG14 = YELLOW VS. BLUE COLOR (Y OR B)*/ 

/*    BG6 = SEED HEAD PRESENCE (Y OR N)   

     BG15 = SCALPING RATING (0 OR 1)*/ 

/*    BG7 = LENGTH OF LONGEST STOLON (LLS)  

     BG16 = TURF QUALITY (1-9)*/ 

/*    BG8 = SEED HEAD MEASUREMENTS (VARIOUS) 

      BG17 = PLOT GROWTH (Y OR N)*/ 
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/*    BG9 = CHLOROPHYLL MUTANTS   

       BG18 = PERCENT GREEN COLOR 

(PERCENTAGE)*/ 

/*            

        BG19 = PERCENT GREEN UP 

(COLOR CHARACTERISTICS)*/ 

 

/*IMPORTING FROM DATA_1*/ 

%MACRO IMPORT_BG; 

 %DO i = 1 %TO 9; 

  PROC IMPORT OUT=MAPPING.BG&i 

DATAFILE="C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\DATA\SAS\Data_1.xls" 

  DBMS=XLS REPLACE; 

  GUESSINGROWS = 1000; 

  GETNAMES = YES; 

  SHEET = "BG&i"; 

  RUN; 

 %END; 

%MEND IMPORT_BG; 

%IMPORT_BG; 

 

/*IMPORTING FROM DATA_2*/ 

%MACRO IMPORT_BG2; 

 %DO i = 10 %TO 19; 

  PROC IMPORT OUT=MAPPING.BG&i 

DATAFILE="C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\DATA\SAS\Data_2.xls" 

  DBMS=XLS REPLACE; 

  GUESSINGROWS = 1000; 

  GETNAMES = YES; 

  SHEET = "BG&i"; 

  RUN; 

 %END; 

%MEND IMPORT_BG2; 

%IMPORT_BG2; 

 

/*DATA CLEANING AND MERGING*/ 

/*BG1*/ 

DATA MAPPING.BG1; 

SET MAPPING.BG1 (RENAME=(LEAF_W_1 = CHAR_1 LEAF_W_2 = CHAR_2 

LEAF_W_3 = CHAR_3)); 

IF LOCATION = "Griffen" THEN LOCATION = "Griffin"; 

LEAF_W_1 = INPUT(CHAR_1, BEST.); 

LEAF_W_2 = INPUT(CHAR_2, BEST.); 

LEAF_W_3 = INPUT(CHAR_3, BEST.); 
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DROP CHAR_1 CHAR_2 CHAR_3;  

RUN; 

PROC FREQ DATA=MAPPING.BG1; 

TABLES GENO LOCATION DATE LEAF_W_1 LEAF_W_2 LEAF_W_3; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 

 

/*BG2*/ 

DATA MAPPING.BG2; 

SET MAPPING.BG2(RENAME=(LEAF_L_1 = CHAR_1 LEAF__L_2 = CHAR_2 

LEAF_L_3 = CHAR_3)); 

IF LOCATION = "Griffen" THEN LOCATION = "Griffin"; 

LEAF_L_1 = INPUT(CHAR_1, BEST.); 

LEAF_L_2 = INPUT(CHAR_2, BEST.); 

LEAF_L_3 = INPUT(CHAR_3, BEST.); 

DROP CHAR_1 CHAR_2 CHAR_3; 

RUN; 

PROC FREQ DATA=MAPPING.BG2; 

TABLES GENO LOCATION DATE LEAF_L_1 LEAF_L_2 LEAF_L_3; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 

 

/*BG3*/ 

DATA MAPPING.BG3; 

SET MAPPING.BG3 (RENAME=(IN_1 = CHAR_1 IN_2 = CHAR_2 IN_3 = CHAR_3)); 

IF LOCATION = "Griffen" THEN LOCATION = "Griffin"; 

IF CHAR_1 = "?" THEN CHAR_1 = "."; 

ELSE IF CHAR_2 = "?" THEN CHAR_2 = "."; 

ELSE IF CHAR_3 = "?" THEN CHAR_3 = "."; 

IN_1 = INPUT(CHAR_1, BEST.); 

IN_2 = INPUT(CHAR_2, BEST.); 

IN_3 = INPUT(CHAR_3, BEST.); 

DROP CHAR_1 CHAR_2 CHAR_3; 

RUN; 

PROC FREQ DATA=MAPPING.BG3 NLEVELS; 

TABLES GENO LOCATION DATE IN_1 IN_2 IN_3; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL, MISSING DATA*/ 

 

/*BG4*/ 

DATA MAPPING.BG4; 

SET MAPPING.BG4 (RENAME=(PH1 = CHAR_1)); 

IF LOCATION = "Griffen" THEN LOCATION = "Griffin"; 
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PH1 = INPUT(CHAR_1, BEST.); 

DROP CHAR_1; 

RUN; 

PROC FREQ DATA=MAPPING.BG4; 

TABLES GENO LOCATION DATE PH1 PH2 PH3; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL, SOME MISSING DATA*/ 

 

/*BG5*/ 

DATA MAPPING.BG5; 

SET MAPPING.BG5 (RENAME=(SH_COUNT=CHAR_1)); 

IF STRIP(LOCATION) = "Griffen" THEN LOCATION = "Griffin"; 

SH_COUNT = INPUT(CHAR_1,BEST.); 

RUN; 

PROC FREQ DATA=MAPPING.BG5; 

TABLES GENO LOCATION DATE SH_COUNT; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 

 

/*BG6*/ 

DATA MAPPING.BG6; 

SET MAPPING.BG6 (RENAME=(SH=CHAR_1)); 

IF CHAR_1 = "n" THEN CHAR_1 = "0"; 

ELSE IF CHAR_1 = "y" THEN CHAR_1 = "1"; 

SH = INPUT(CHAR_1, BEST.); 

DROP CHAR_1; 

RUN; 

PROC FREQ DATA=MAPPING.BG6; 

TABLES GENO LOCATION DATE SH; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 

 

/*BG7*/ 

DATA MAPPING.BG7; 

SET MAPPING.BG7; 

IF SORT1 = . THEN DELETE; 

RUN; 

PROC FREQ DATA=MAPPING.BG7; 

TABLES GENO LOCATION DATE LLS; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 
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/*BG8*/ 

DATA MAPPING.BG8; 

SET MAPPING.BG8 (RENAME=(S_LGTH_NOD=CHAR1 RC_FLOW=CHAR2 

RLGTH1=CHAR3 R_SD_1=CHAR4 RLGTH2=CHAR5  

R_SD_2=CHAR6 RLGTH3=CHAR7 R_SD_3=CHAR8 RLGTH4=CHAR9 

R_SD_4=CHAR10 RLGTH5=CHAR11 R_SD_5=CHAR12 U=CHAR13)); 

IF LOCATION = "Griffen" THEN LOCATION = "Griffin"; 

S_LGTH_NOD = INPUT(CHAR1,BEST.); 

RC_FLOW = INPUT(CHAR2,BEST.); 

RLGTH1 = INPUT(CHAR3,BEST.); 

R_SD_1 = INPUT(CHAR4,BEST.); 

RLGTH2 = INPUT(CHAR5,BEST.); 

R_SD_2 = INPUT(CHAR6,BEST.); 

RLGTH3 = INPUT(CHAR7,BEST.); 

R_SD_3 = INPUT(CHAR8,BEST.); 

RLGTH4 = INPUT(CHAR9,BEST.); 

R_SD_4 = INPUT(CHAR10,BEST.); 

RLGTH5 = INPUT(CHAR11,BEST.); 

R_SD_5 = INPUT(CHAR12,BEST.); 

U = INPUT(CHAR13,BEST.); 

DROP CHAR1-CHAR13; 

RUN; 

PROC FREQ DATA=MAPPING.BG8; 

TABLES GENO LOCATION YEAR S_LGTH_NOD RC_FLOW RLGTH1 RLGTH2 

RLGTH3 RLGTH4 RLGTH5 R_SD_1 R_SD_2 R_SD_3 R_SD_4 R_SD_5 U; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 

 

/*BG9*/ 

PROC FREQ DATA=MAPPING.BG9; 

TABLES GENO LOCATION DATE MUTANT; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL: UNDER MUTANT RESPONSE=2?*/ 

 

PROC PRINT DATA=MAPPING.BG9; 

WHERE MUTANT = 2; 

RUN; 

/*CONFIRMED, CIRCLED TWICE ON ORGINAL DATA SHEETS*/ 

 

/*BG10*/ 

DATA MAPPING.BG10; 

SET MAPPING.BG10; 

IF SORT = . THEN DELETE; 

IF SH = "O" THEN COUNT = 0; 
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ELSE IF SH = "F" THEN COUNT = 1; 

ELSE IF SH = "M" THEN COUNT = 2; 

DROP H; 

RUN; 

PROC FREQ DATA=MAPPING.BG10; 

TABLES GENO LOCATION DATE SH COUNT; 

RUN; 

QUIT; 

/*FREQUENCIES NORMAL, 1 MISSING*/ 

 

/*BG11*/ 

DATA MAPPING.BG11; 

SET MAPPING.BG11; 

IF SH = "N" THEN COUNT = 0; 

ELSE IF SH = "F" THEN COUNT = 1; 

ELSE IF SH = "M" THEN COUNT = 2; 

RUN; 

PROC FREQ DATA=MAPPING.BG11; 

TABLES GENO LOCATION DATE SH COUNT; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 

 

/*BG12*/ 

PROC FREQ DATA=MAPPING.BG12; 

TABLES GENO LOCATION DATE SH; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL; ONLY TIFTON DATA COLLECTED FOR PERCENT 

SH?*/ 

 

/*BG13*/ 

DATA MAPPING.BG13; 

SET MAPPING.BG13; 

IF STRIP(V_P) = "P" THEN GROWTH = 0; 

ELSE IF STRIP(V_P) = "V" THEN GROWTH = 1; 

RUN; 

PROC FREQ DATA=MAPPING.BG13; 

TABLES GENO LOCATION DATE V_P GROWTH; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL; ONE "P" HAS AN EXTRA SPACE, USE GROWTH 

INSTEAD FOR FREQUENCIES*/ 

 

/*BG14*/ 

DATA MAPPING.BG14; 
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SET MAPPING.BG14; 

IF STRIP(B_Y) = " " THEN B_Y = "G"; 

IF STRIP(B_Y) = "Y" THEN COLOR = 0; 

ELSE IF STRIP(B_Y) = "G" THEN COLOR = 1; 

ELSE IF STRIP(B_Y) = "B" THEN COLOR = 2; 

RUN; 

PROC FREQ DATA=MAPPING.BG14; 

TABLES GENO LOCATION DATE B_Y COLOR; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 

 

/*BG15*/ 

PROC FREQ DATA=MAPPING.BG15; 

TABLES GENO LOCATION DATE SCALPED; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 

 

/*BG16*/ 

DATA MAPPING.BG16; 

SET MAPPING.BG16; 

IF LOCATION = "Griffen" THEN LOCATION = "Griffin"; 

DROP H; 

RUN; 

PROC FREQ DATA=MAPPING.BG16; 

TABLES GENO LOCATION DATE TURF_QUALITY; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL; TURF QUALITY RATINGS 1-8, NO 9 WITH 1 OBS 

MISSING*/ 

 

/*BG17*/ 

DATA MAPPING.BG17; 

SET MAPPING.BG17; 

IF LOCATION = "Griffen" THEN LOCATION = "Griffin"; 

IF STRIP(GROWTH) = "N" THEN PLOT_COVER = 0; 

ELSE IF STRIP(GROWTH) = "X" THEN PLOT_COVER = 1; 

ELSE IF STRIP(GROWTH) = "Y" THEN PLOT_COVER = 2; 

RUN; 

PROC FREQ DATA=MAPPING.BG17; 

TABLES GENO LOCATION DATE GROWTH PLOT_COVER; 

RUN; 

QUIT; 
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/*FREQUENCIES ARE NORMAL; VALUES FOR GROWTH ARE N, X, AND Y. NOT 

SURE WHAT THEY MEAN IN RELATION TO "PLOTS NOT GROWN IN" CHANGED 

TO N=0, X=1, Y=2*/ 

 

/*BG18*/ 

PROC FREQ DATA=MAPPING.BG18; 

TABLES GENO LOCATION DATE PERGC; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 

 

/*BG19*/ 

PROC FREQ DATA=MAPPING.BG19; 

TABLES GENO LOCATION DATE PERGC; 

RUN; 

QUIT; 

/*FREQUENCIES ARE NORMAL*/ 

 

/*ADDING A LIBRARY FOR THE GENOTYPE LIST IN THE MAP*/ 

LIBNAME GENOTYPE "C:\Users\jcdunne\Desktop\NCSU\Graduate Research 

NCSU\Bermuda Mapping Population\ANALYSIS\SAS\PHENOTYPIC DATA"; 

LIBNAME LW "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\ANALYSIS\SAS\BG1 - LEAF WIDTH"; 

LIBNAME LL "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\ANALYSIS\SAS\BG2 - LEAF LENGTH"; 

LIBNAME IN "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\ANALYSIS\SAS\BG3 - INTERNODE LENGTH"; 

LIBNAME PH "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\ANALYSIS\SAS\BG4 - PLANT HEIGHT"; 

LIBNAME SH "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\ANALYSIS\SAS\BG5 - SEED HEAD COUNT"; 

LIBNAME LLS "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\ANALYSIS\SAS\BG7 - LENGTH OF LONGEST STOLON"; 

LIBNAME SHM "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\ANALYSIS\SAS\BG8 - SEED HEAD MEASUREMENTS"; 

 

 

 

 

/*IMPORTING THE LIST*/ 

PROC IMPORT OUT=GENOTYPE.LIST 

DATAFILE="C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\ANALYSIS\SAS\PHENOTYPIC DATA\BERMUDAGRASS 

LIST.XLS" 

DBMS=XLS REPLACE; 

GUESSINGROWS = 25; 
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GETNAMES = YES; 

SHEET="List"; 

RUN; 

 

/*SORT THE GENOTYPE LIST BY GENO*/ 

PROC SORT DATA=GENOTYPE.LIST; 

BY GENO; 

RUN; 

 

/*KEEP ONLY THE NAMES OF THE GENOTYPES*/ 

DATA GENOTYPE.LIST; 

SET GENOTYPE.LIST; 

KEEP GENO; 

RUN; 

 

/*RENAME THE LSMEANS TABLES TO STREAMLINE MACRO*/ 

%LET LIB = PH; 

DATA DATA1; 

SET &LIB..GENO_FULL; 

RUN; 

DATA DATA2; 

SET &LIB..LG_INTER_FULL; 

RUN; 

DATA DATA3; 

SET &LIB..GY_INTER_FULL; 

RUN; 

DATA DATA4; 

SET &LIB..LGY_INTER_FULL; 

RUN; 

 

 

/*DATA1 = GENO_FULL*/ 

/*DATA2 = LG_INTER_FULL;*/ 

/*DATA3 = GT_INTER_FULL;*/ 

/*DATA4 = LGT_INTER_FULL;*/ 

 

 

/*MATCH MERGE THE GENOTYPE LIST TO THE ANALYZED TABLES*/ 

%MACRO MERGER; 

%DO i = 1 %TO 4; 

 PROC SORT DATA=DATA&i; 

 BY GENO; 

 RUN; 

 

 DATA DATA&i; 

 MERGE GENOTYPE.LIST(IN=INA) DATA&i(IN=INB); 
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 BY GENO; 

 IF INA AND INB; 

 RUN; 

%END; 

%MEND MERGER; 

%MERGER;  

 

/*OUTPUT THE PHENOTYPIC DATA TO NEW FOLDER TO BE UPLOADED TO 

DROPBOX*/ 

%MACRO FORMAT; 

%DO i = 1 %TO 4; 

DATA DATA&i; 

SET DATA&i(RENAME=LSMEAN=&LIB.); 

DROP _NAME_ STDERR; 

RUN; 

%END; 

%MEND FORMAT; 

%FORMAT; 

DATA GENOTYPE.&LIB.GENO; 

SET DATA1; 

RUN; 

DATA GENOTYPE.&LIB.LG; 

SET DATA2; 

RUN; 

DATA GENOTYPE.&LIB.GT; 

SET DATA3; 

RUN; 

DATA GENOTYPE.&LIB.LGT; 

SET DATA4; 

RUN; 

 

/*GENO = LW, LL, IN, PH, SH, LLS, SHM*/ 

DATA TEST_GENO; 

SET GENOTYPE.LWGENO GENOTYPE.LLGENO GENOTYPE.INGENO 

GENOTYPE.PHGENO GENOTYPE.SHGENO GENOTYPE.LLSGENO 

/*GENOTYPE.SHMGENO*/; 

BY GENO; 

RUN; 

 

/*MAPPING POPULATION DATA SET LIBRARY*/ 

LIBNAME MAPPING "C:\Users\jcdunne\Desktop\NCSU\Graduate Research 

NCSU\Bermuda Mapping Population\ANALYSIS\SAS\DATA"; 

 

/*OUTPUT LIBRARY FOR ANALYSIS*/ 

LIBNAME SHM "C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda 

Mapping Population\ANALYSIS\SAS\BG8 - SEED HEAD MEASUREMENTS"; 
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%LET RESPONSE = SLN; 

%LET VAR = GENO; 

DATA MAPPING.BG8_&RESPONSE.; 

SET MAPPING.BG8_&RESPONSE. (RENAME=(&VAR.=STRIPPED)); 

&VAR. = STRIP(STRIPPED); 

DROP STRIPPED; 

RUN; 

 

/*FIXING THE "0B17" CURSE*/ 

%LET RESPONSE = SLN; 

DATA MAPPING.BG8_&RESPONSE.; 

SET MAPPING.BG8_&RESPONSE.; 

IF STRIP(GENO) = "0B17-3" THEN GENO = "B17-3"; 

IF STRIP(GENO) = "0B17-40" THEN GENO = "B17-40"; 

IF STRIP(GENO) = "0B17-44" THEN GENO = "B17-44"; 

IF STRIP(GENO) = "0B17-71" THEN GENO = "B17-71"; 

RUN; 

 

/*FIXING THE CONTROLS*/ 

%LET RESPONSE = SLN; 

DATA MAPPING.BG8_&RESPONSE.; 

SET MAPPING.BG8_&RESPONSE.; 

IF STRIP(GENO) = "Celebrations" THEN GENO = "Celebration"; 

IF STRIP(GENO) = "Dt-1" THEN GENO = "DT-1"; 

IF STRIP(GENO) = "T-574" THEN GENO = "T574"; 

IF STRIP(GENO) = "T-89" THEN GENO = "T89"; 

IF STRIP(GENO) = "Tifgrand" THEN GENO = "TifGrand"; 

IF STRIP(GENO) = "Tifsport" THEN GENO = "TifSport"; 

IF STRIP(GENO) = "T11" THEN GENO = "T-11"; 

RUN; 

 

/*ADDING MISSING B17-36*/ 

DATA ADD; 

INPUT LOCATION $ YEAR GENO $ REP; 

CARDS; 

Tifton 2012 B17-36 3 

; 

RUN; 

%LET RESPONSE = SLN; 

DATA MAPPING.BG8_&RESPONSE.; 

SET MAPPING.BG8_&RESPONSE. ADD; 

RUN; 

%LET RESPONSE = SLN; 

PROC FREQ DATA=MAPPING.BG8_&RESPONSE.; 

TABLES GENO; 

RUN; 
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/*ADDING MISSING GRIFFIN DATA FOR LSMEANS OUTPUT*/ 

/*%LET RESPONSE = SLN;*/ 

/*%LET VAR = S_LENGTH;*/ 

/*DATA MAPPING.BG8_&RESPONSE.;*/ 

/*SET MAPPING.BG8_&RESPONSE. BG8_MISSING (RENAME=(RSD=&VAR.));*/ 

/*RUN;*/ 

 

/*IMPUTING MEANS FOR MISSING VALUES - LSMEANS NEED ALL VALUES FOR 

COMPUTATION*/ 

%LET RESPONSE = FLOWER; 

%LET GENO = "B17-19","B17-61","B17-73","Celebration"; 

%LET VAR = FLOWER_CT; 

PROC SORT DATA=MAPPING.BG8_&RESPONSE. OUT=BG8_&RESPONSE.; 

BY LOCATION YEAR GENO; 

RUN; 

DATA BG8_MISSING; 

SET MAPPING.BG8_&RESPONSE.; 

IF YEAR = 2011 AND &VAR. = . THEN OUTPUT; 

RUN; 

PROC MEANS DATA=BG8_&RESPONSE. NOPRINT; 

WHERE STRIP(GENO) IN (&GENO.); 

BY LOCATION YEAR GENO; 

VAR &VAR.; 

OUTPUT OUT=&RESPONSE._MEANS; 

RUN; 

DATA &RESPONSE._MEANS; 

SET &RESPONSE._MEANS; 

IF _STAT_ NE "MEAN" THEN DELETE; 

DROP _TYPE_ _FREQ_ _STAT_; 

RUN; 

PROC SORT DATA=&RESPONSE._MEANS; 

BY LOCATION YEAR GENO; 

RUN; 

PROC SORT DATA=BG8_MISSING; 

BY LOCATION YEAR GENO REP; 

RUN; 

DATA BG8_ADD; 

MERGE BG8_MISSING(IN=INA) &RESPONSE._MEANS (IN=INB); 

BY LOCATION YEAR GENO; 

IF INA AND INB; 

RUN; 

 

DATA BG8_&VAR.; 

SET MAPPING.BG8_&RESPONSE.; 
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IF YEAR = 2011 AND &VAR. = . THEN DELETE; 

RUN; 

DATA MAPPING.BG8_&RESPONSE.; 

SET BG8_&VAR. BG8_ADD; 

RUN; 

 

/*CHECKING MISSING VALUES FOR 2011*/ 

%LET RESPONSE = RACEME; 

%LET VAR = RACEME_LENGTH; 

PROC PRINT DATA=MAPPING.BG8_&RESPONSE.; 

WHERE &VAR. = .; 

RUN; 

 

/*GLM MODELS - MISSING DATA*/ 

%LET SET = BG8; 

%LET DATA = RSD; 

%LET VAR = SHM; 

%LET RESPONSE = RSD; 

TITLE "BERMUDAGRASS MAPPING POPULATION: &DATA._&RESPONSE."; 

PROC GLM DATA=MAPPING.&SET._&DATA. 

OUTSTAT=&VAR.SUMMARY_FULL_&DATA. NOPRINT; 

/*WHERE YEAR = 2012;*/ 

CLASS LOCATION GENO REP; 

MODEL &RESPONSE. = LOCATION REP(LOCATION) GENO GENO*LOCATION 

GENO*REP(LOCATION) /*YEAR YEAR*LOCATION YEAR*REP(LOCATION) 

YEAR*GENO YEAR*GENO*LOCATION*/; 

 TEST H=LOCATION E=REP(LOCATION); 

 TEST H=GENO E=GENO*REP(LOCATION); 

/* TEST H=YEAR E=YEAR*REP(LOCATION);*/ 

 TEST H=LOCATION*GENO E=GENO*REP(LOCATION); 

/* TEST H=LOCATION*YEAR E=YEAR*REP(LOCATION);*/ 

LSMEANS LOCATION / E=REP(LOCATION) 

OUT=&VAR..LOCATION_FULL_&DATA.; 

LSMEANS GENO / E=GENO*REP(LOCATION) OUT=&VAR..GENO_FULL_&DATA.; 

LSMEANS LOCATION*GENO / E=GENO*REP(LOCATION) 

OUT=&VAR..LG_INTER_FULL_&DATA.; 

/*LSMEANS LOCATION*YEAR / E=YEAR*REP(LOCATION) 

OUT=&VAR.LT_INTER_FULL_&DATA.;*/ 

/*LSMEANS GENO*YEAR / OUT=&VAR.GT_INTER_FULL_&DATA.;*/ 

/*LSMEANS LOCATION*GENO*YEAR / 

OUT=&VAR.LGT_INTER_FULL_&DATA.;*/ 

RUN; 

QUIT; 

TITLE; 

 

/*OUTSTAT=PH.SUMMARY_FULL NOPRINT*/ 
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ODS RTF FILE="MAPPING ANALYSIS - BG8 SEEDHEAD.RTF"; 

%LET SET = BG8; 

%LET DATA = RACEME; 

%LET VAR = SHD; 

%LET RESPONSE = RACEME_LENGTH; 

TITLE "BERMUDAGRASS MAPPING POPULATION: &DATA._&RESPONSE."; 

PROC GLM DATA=MAPPING.&SET._&DATA.; 

/*WHERE YEAR = 2012;*/ 

CLASS LOCATION GENO REP; 

MODEL &RESPONSE. = LOCATION REP(LOCATION) GENO GENO*LOCATION 

GENO*REP(LOCATION) /*YEAR YEAR*LOCATION YEAR*REP(LOCATION) 

YEAR*GENO YEAR*GENO*LOCATION*/; 

/*MODEL &RESPONSE. = GENO GENO*REP YEAR YEAR*GENO YEAR*REP;*/ 

 TEST H=LOCATION E=REP(LOCATION); 

 TEST H=GENO E=GENO*REP(LOCATION); 

/* TEST H=YEAR E=YEAR*REP(LOCATION);*/ 

 TEST H=LOCATION*GENO E=GENO*REP(LOCATION); 

/* TEST H=LOCATION*YEAR E=YEAR*REP(LOCATION);*/ 

/*TEST H=GENO E=YEAR*GENO;*/ 

/*TEST H=REP E=YEAR*GENO;*/ 

RUN; 

QUIT; 

TITLE; 

ODS RTF CLOSE; 

 

/*MIXED MODELS - MISSING DATA*/ 

%LET SET = BG8; 

%LET DATA = RACEME; 

%LET VAR = SHD; 

%LET RESPONSE = RACEME_LENGTH; 

PROC MIXED DATA=MAPPING.&SET._&DATA.; 

CLASS YEAR LOCATION REP GENO; 

MODEL &RESPONSE. = ; 

RANDOM LOCATION REP(LOCATION) GENO GENO*LOCATION 

GENO*REP(LOCATION); 

LSMEANS 

RUN; 

QUIT; 

 

/*YEAR YEAR*LOCATION REP(LOCATION) YEAR*REP(LOCATION) GENO 

GENO*YEAR GENO*LOCATION GENO*REP(LOCATION) 

GENO*YEAR*LOCATION YEAR*GENO*REP(LOCATION)*/ 

&VAR..LOCATION_FULL_&DATA.; 

&VAR..GENO_FULL_&DATA.; 

&VAR..LG_INTER_FULL_&DATA. 
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%LET SET = BG8; 

%LET DATA = RACEME; 

%LET VAR = SHD; 

%LET RESPONSE = RACEME_LENGTH; 

DATA &VAR..LOCATION_FULL_&DATA.; 

SET &VAR..LOCATION_FULL_&DATA. (RENAME=(LSMEAN=&RESPONSE.); 

DROP _NAME_ STDERR; 

RUN; 

 

DATA &VAR..GENO_FULL_&DATA.; 

SET &VAR..GENO_FULL_&DATA. (RENAME=(LSMEAN=&RESPONSE.); 

DROP _NAME_ STDERR; 

RUN; 

 

DATA &VAR..LG_INTER_FULL_&DATA.; 

SET &VAR..LG_INTER_FULL_&DATA. (RENAME=(LSMEAN=&RESPONSE.); 

DROP _NAME_ STDERR; 

RUN; 

 

/*MERGING DATA SETS FOR QTL ANALYSIS*/ 

%LET VAR = SHM; 

%LET R1 = FLOWER; 

%LET R2 = RACEME; 

%LET R3 = RSD; 

%LET R4 = SLN; 

DATA &VAR..GENO_FULL; 

MERGE &VAR..GENO_FULL_&R1. &VAR..GENO_FULL_&R2. 

&VAR..GENO_FULL_&R3. &VAR..GENO_FULL_&R4.; 

BY GENO; 

RUN; 

 

DATA &VAR..LOCATION_FULL; 

MERGE &VAR..LOCATION_FULL_&R1. &VAR..LOCATION_FULL_&R2. 

&VAR..LOCATION_FULL_&R3. &VAR..LOCATION_FULL_&R4.; 

BY LOCATION; 

RUN; 

 

DATA &VAR..LG_INTER_FULL; 

MERGE &VAR..LG_INTER_FULL_&R1. &VAR..LG_INTER_FULL_&R2. 

&VAR..LG_INTER_FULL_&R3. &VAR..LG_INTER_FULL_&R4.; 

BY LOCATION GENO; 

RUN; 

 

/*SEPARATING LOCATION*GENO BY LOCATION*/ 

DATA SHM.TIFTON_FULL SHM.GRIFFIN_FULL; 

SET SHM.LG_INTER_FULL; 
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IF LOCATION = "Griffin" THEN OUTPUT SHM.GRIFFIN_FULL; 

ELSE OUTPUT SHM.TIFTON_FULL; 

RUN; 

%LET LOC = TIFTON; 

DATA SHM.&LOC._FULL; 

SET SHM.&LOC._FULL (RENAME=(FLOWER_CT=&LOC._FLC RACEME_LENGTH 

= &LOC._RAC RSD = &LOC._RSD S_LENGTH = &LOC._SLN)); 

RUN; 

 

/*COMBINE DATASETS BASED ON GENOTYPE*/ 

DATA SHM.SEEDHEAD_TRAITS (DROP=LOCATION); 

MERGE SHM.GENO_FULL SHM.GRIFFIN_FULL SHM.TIFTON_FULL; 

BY GENO; 

RUN; 

 

/*MERGE TO GENOTYPE ID DATASET*/ 

PROC IMPORT DATAFILE="C:\Users\jcdunne\Desktop\Sameer\Bermuda Mapping 

Genotype Conversion.xlsx" OUT=SHM.CONVERSION 

DBMS=XLSX REPLACE; 

GETNAMES=YES; 

SHEET="GENO"; 

RUN; 

PROC SORT DATA=SHM.CONVERSION; 

BY GENO; 

RUN; 

DATA SHM.QTL_ANALYSIS (DROP=GENO); 

MERGE SHM.CONVERSION (IN=INA) SHM.SEEDHEAD_TRAITS (IN=INB); 

BY GENO; 

IF INA AND INB; 

RUN; 

 

/*IMPORT T574 AND T89 MAPS*/ 

PROC IMPORT DATAFILE="C:\Users\jcdunne\Desktop\Sameer\T574.XLSX" 

OUT=SHM.T574_MAP 

DBMS=XLSX REPLACE; 

GETNAMES=YES; 

SHEET="T574_MAP"; 

RUN; 

PROC IMPORT DATAFILE="C:\Users\jcdunne\Desktop\Sameer\T89.XLSX" 

OUT=SHM.T89_MAP 

DBMS=XLSX REPLACE; 

GETNAMES=YES; 

SHEET="T89_MAP"; 

RUN; 

PROC SORT DATA=SHM.QTL_ANALYSIS; 

BY PLANT_ID; 
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RUN; 

PROC SORT DATA=SHM.T574_MAP; 

BY PLANT_ID; 

RUN; 

PROC SORT DATA=SHM.T89_MAP; 

BY PLANT_ID; 

RUN; 

DATA SHM.T89_QTL; 

MERGE SHM.QTL_ANALYSIS SHM.T89_MAP (IN=INA); 

BY PLANT_ID; 

IF INA; 

RUN; 

 

/*EXPORT QTL DATA FOR ANALYSIS*/ 

PROC EXPORT DATA=SHM.T574_QTL 

OUTFILE="C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda Mapping 

Population\ANALYSIS\SAS\SEEDHEAD TRAITS - QTL ANALYSIS\T574_input" 

DBMS=XLSX REPLACE; 

RUN; 

PROC EXPORT DATA=SHM.T89_QTL 

OUTFILE="C:\Users\jcdunne\Desktop\NCSU\Graduate Research NCSU\Bermuda Mapping 

Population\ANALYSIS\SAS\SEEDHEAD TRAITS - QTL ANALYSIS\T89_input" 

DBMS=XLSX REPLACE; 

RUN; 


