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ABSTRACT 

Subsurface dr  ̂ irrigatioa was compared to sprinkler irrigation on bermudagrass 

turf during three consecutive years using tertiary treated wastewater. Irrigation amount 

required by each treatment, visual appearance of the grass, shoot biomass prodtiction, and 

soil saliniQ  ̂were measured, and potential management problems were identified. 

The amount of irrigation water applied via subsurface irrigation was similar or 

higher than that applied via sprinkler irrigation for a turf of similar quality. Shoot 

biomass production did not differ between both irrigation methods when similar amounts 

of water were applied. Soil salinity, measured as electrical conductivity, was monitored at 

the beginning and end of each season. The changes in electrical conductivity at the end of 

every irrigation season did not negatively affect the appearance of the turf in any of the 

years. 

Emitter clogging by root intrusion was identified as a potential problem in the 

subsurface drip irrigation system. A series of greenhouse «cperiments were conducted to 

evaluate the effect of different herbicides and adds at several concentrations on root 

intrusion into subsurface drip emitters. The &st ^senhouse experiment was a study 

intended to idmtify chemical concentrations that could inhibit bermudagrass root growth 

in soil without negatively affecting the visual sq^tpearance of the grass. As a result, two 

herbiddes, trtfiuralm and thiazopyr, and one add, phosphoric add, were selected for a 

second greenhouse exporimenti The second greenhouse experiment focused on the effects 

of the two herbici(fes and ̂  add on root intrusion mto subsurfiice dr  ̂emitters. Only 
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the emitters treated with thiazopyr at the highest dose were completely clean, root-free 

emitters. 
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CHAPTER 1. INTRODUCTION 

1.1. OVERVIEW 

Subsurface drip irrigation has been successfully used on many crops in the United 

States for several decades. This irrigation method applies water through orifices or 

emitters in buried laterals. Direct application to the root zone of the crop potentially 

enhances the water use efficiency of the crop by lowering evaporation losses from the 

soil. Subsurface drip irrigation has been reported to increase irrigation efficiency 

compared to other irrigation methods (Gilley and AUred, 1974; Phene, 1995; Camp, 

1998). In addition, the possibility of using wastewater increases the potential of 

subsurface drip irrigation, particularly in areas where water conservation is an important 

issue (Oron et al., 1991; Camp et al.y 2000; Enriquez et al.^ in press). 

Views regarding water savings through the use of subsurface drip irrigation for 

turfgrass have been optimistic because increased water use efBciency has been reported 

for many agricultural crops. However, concern for water use efficiency is not common 

among turfgrass managers. The amount of dry matter produced with respect to the water 

applied is not considered as important as the visual quality of the turf. 

One of the earliest turfgrass ejqieriments with subsurface drip irrigation was carried 

out by Snyder et al. (1974), who identified possible advantages and disadvantages of this 

system compared to a more traditional qrstem (i.e. sprinkler irrigation). A more detailed 

list of possible advantages and disadvantages of subsur&ce drip irri^ition compared to 
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sprinkler iirigation on turfgrass was provided by Suarez-Rey et al. (2000). Some potential 

advantages of subsurface irrigation are: water savings fiom the reduction of water loss by 

evaporation and wind drift, reduced potential of disease transmission when using 

wastewater because of below-ground water application, energy savings fit)m lower 

pressure requirements, reduced damage fixim vandalism, and the possibility of using the 

turf area while irrigating. On the other hand, the main disadvantages are: higher 

installation costs, difQculty  ̂in germinating turfgrass seedlings if water does not reach the 

surface, difRculty in mechanical core aerification, increased soil salinity, and emitter 

clogging due to root intrusion and/or precipitates into the emitters. 

Some of the aforementioned problems have ahready been described in the literature. 

Visual appearance of turfgrass with subsurface drip irrigation was lower than with 

sprinkler irrigation (Snyder and Burt, 1980; Gibeault et a/., 1985). It was generally 

observed that the appearance of the sprinkler-irrigated turf was usually of better quality 

than the subsurface-irrigated tuif when similar amounts of water were used. On the other 

hand, Snyder and Burt (1980) suggested that it was possible to design subsurface drip 

irrigation systems that might provide better results, especially in terms of closer lateral 

spacing or shallower depths. However, at the time of the experiment (1980), subsurface 

systems were not economically competitive for turfgrass culture compared to other 

irrigation methods. 

There has been significant improvemoit m the quality of subsurface components in 

recent years. Zoldoske et aL (1995) at the Center for Irrigation Technolo  ̂of California 

reported that two subsurface di  ̂products successfully maintained problem-fi%e, hi^-
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quality turf for over jSve years. One of these two products was selected by Suarez-Eley et 

al. (2000) to compare the feasibility of subsurface drip irrigation versus sprinkler 

irrigation of bermudagrass turf in arid conditions. The results obtained after one irrigation 

season were sufBcient to assess the short-term effect of subsurface irrigation on 

bermudagrass turf However  ̂ the identification of long-term technical or management 

problems required further study. 

1.2. PROBLEM STATEMENT AND RESEARCH OBJECTIVES 

Information on the installation and management of subsurface drip irrigation 

systems is widely available in the literature, but there are relatively few studies on 

subsurface drip irrigation of turfgrass. However, this irrigation method has been installed 

and maintained in urban turf areas. In some cases, the systems were managed 

successfully over the years. However, other attempts failed and were abandoned, and 

these failures resulted in doubts about the feasibility  ̂of subsurface drip irrigation for turf. 

In addition, there were no quantitative data that could demonstrate hypothetical 

advantages and disadvantages for subsurface irrigation when compared to sprinkler 

irrigation for growing tur^rass under arid conditions. Therefore, Suarez-Rey et al. (2000) 

successfully completed a field experiment during the 1998 irrigation season that 

compared the two irrigation ^rstems in terms of water usage, shoot biomass production, 

visual shoot quality, relative root growth, salinity increase, urigation uniformity, and 

emitter plugging. Aftor one irrigation season, no significant differences existed between 

the two mgation methods in total amount of water applied, relative root weight, dry 
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shoot biomass per unit area, or visual quality. However, the electrical conductivity was 

greater in the top 10 cm of soil in the subsurface irrigated plots than in the sprinkler 

irrigated plots, but there was no indication of deteriorating turf quality. In addition, visual 

inspection of the emitters at the end of the season found signs of root intrusion probably 

caused by water stress and high soil sand content in some of the subsurface plots. Even 

though the average flow rate measured in some of the emitters was not significantly 

reduced firom its initial value, it was noted that root presence might degrade emitter 

performance over time. This might produce uneven water distribution in the soil profile 

and thus reduce the visual quality of the turf. Further investigation was reconunended to 

determine the long-term viability of subsurface drip irrigation systems in turf. 

The main purpose of this research was to continue data collection and analysis of 

the experiment already in progress for one year. A long-term experiment would improve 

our knowledge of the response of bermudagrass turf under these two irrigation methods. 

In particular, the research objectives were as follows: 

1. To demonstrate the long-term feasibility of subsurface drip irrigation using 

efiSuent in arid and semi-arid regions. 

2. To determine the irrigation dosage needed for both subsurface drip and 

sprinkler irrigation in order to sustam visual quality of the grass above acceptable quality 

standards. 

3. To identify any managemoit problems with either irrigation method during the 

study, especially with subsur&ce drip irrigation, for which less information is currently 

available. 
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4. To investigate the effects of several herbicides and acids on bermudagrass root 

growth to aid in the selection of growth inhibitors that could be used through subsurface 

drip systems. 

5. To investigate the injection of root growth inhibitors into subsurface drip 

irrigation systems to reduce root intrusion and emitter clogging. 
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CHAPTER 2. LITERATURE REVIEW 

2.1. SUBSURFACE DBUP IRRIGATION 

Subsurface drip irrigation is defined by ASAE Standards as *the application of 

water below the soil surface through emitters, with discharge rates generally in the same 

range as drip irrigation. This method of water application is different and not to be 

confused with the method where the root zone is irrigated by water table control, herein 

referred to as subirrigation" (ASAE, 2001). The design of subsurface drip systems is 

similar to that of surface drip ^sterns; however, more attention has to be given in the 

subsurface systems to water filtration, flow measurement, pressure regulation, location of 

vacutmi relief and check valves, and flushing of the ̂ stem (Camp et aLy 2000). 

Water filtration is required to avoid the presence of particles in the water that may 

cause emitter plugging. Air-vaciram relief valves are used to prevent aspiration of soil 

particles into the emitters when the ^stem is depressurized. Specific soil and crop 

characteristics are critical in system design, especially in lateral spacing and depth. 

Ustially, the laterals are placed deep enough to allow for tillage operations in crops or 

mechanical aeration in turfgrass without damaging the pipes. The availability of water 

determines irrigation management with regards to timing and amount. Furthermore, 

emitter spacing and flow rate are affected by crop rooting patterns, soil physical 

characteristics, and lateral depths. With subsurface ̂ stems, water does not reach the soil 

surface unless an excess of water is applied for germination purposes. Otherwise, water 
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reaching the soil surface may indicate that emitter flow rate is higher than the hydraulic 

conductivity of the soil and runoff losses may occur (Camp et al., 2000). 

In one of the most significant recent reviews of subsurface drip irrigation. Camp 

(1998) simunarized published literature relevant to subsurface drip irrigation and traced 

historical development. As part of the historical discussion, some references are given 

about the early use of subsurface drip irrigation in the 1960s and early 1970s, especially 

in California and Hawaii. Most of the problems found in the early applications of 

subsurface drip irrigation were related to poor irrigation uniformity, improper system 

maintenance, and emitter plugging. As a result, surface drip grew at a faster rate than 

subsurface drip irrigation. Later, in the early 1980s, interest in subsurface drip irrigation 

increased mainly because of improved equipment and nutrient management. Subsurface 

drip irrigation has been used for agronomic crops and horticultural crops. The most 

information gathered for any agronomic crop has been for cotton because of its economic 

importance in the United States. The list for horticultural crops includes over twenty 

vegetable, fiuit, and vine crops: tomatoes, lettuce, peas, sweet com, melons, potatoes, 

cabbage, beans, squash, carrots, and others (Camp, 1998). Recent research has focused on 

many different aspects of subsurface drip irrigation including determination of optimum 

separation and depth of laterals, chemical injection, and comparison with other irrigation 

methods. 

In most comparisons of subsurface (hip mgation with other irrigation methods, 

agronomic crop yields were reported to be equal or hi^er with subsurfiice irrigation than 

with other methods. Likewise, horticultural crop yields were similar or higher with 
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subsurface irrigation than with other irrigation methods in most cases. However, the 

amount of water applied with subsurface drip irrigation compared to other methods did 

not follow the same trends, and reduced irrigation amounts were found in some cases but 

not in others. The increased application efSciency expected by applying water in the root 

zone depended on how well Irrigation was matched to crop water requirements (Camp, 

1998). The flexibility of subsurface drip irrigation was also discussed by Camp (1998). 

Reported applications of water ranged fiom multiple times per day to once each week, 

depending on whether the intent was to supply water at the rate used by the crop or to 

replace water removed firom the soil. 

One potential problem with subsurface drip irrigation was found where germination 

and seedling establishment were important. Czunp et al (2000) indicated that either 

sprinkler or surface irrigation mi^t be needed for germination purposes unless initial soil 

water contents were adequate. If subsurface drip irrigation was used for germination, an 

excessive water amount might be required with an mcrease in leaching and runoff. 

Subsurface drip irrigation for turfgrass has not received as much attention as for 

other crops. During the early stages of subsurface drip irrigation, many researchers and 

landscapers apparently faced some problems with this method and only a few research 

articles specifically related to turf were available. One of the first publications described 

an experiment conducted by Siqrder et al. (1974). Tifgreen bermudagrass was grown on 

Pompano fine sand at the University of Florida Agricultural Research Ceata in Ft. 

Lauderdale, Florida. The authors wanted to find the maximum allowable distance that 

cotdd be used between subsui^e dt  ̂ laterals that would still provide uniform turf 
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appearance and water distribution. Laterals were initially installed 100 cm apart with 

emitters every 61 cm within the lateral. The lateral was 10 cm below the soil surface with 

a selected emitter flow rate of 10.6 L/h. Irrigation was schedided three times per week 

during dry periods for about four months. Due to several problems observed with water 

distribution, emitters were replaced to discharge a flow rate of 6.8 L/h. Both installations 

showed green and turgid turf for about 30 cm in either side of the lateral. A sharp 

boundary between turgid and wilted turf was observed. Di addition, yellow patches of turf 

appeared above the emitters. This phenomenon was attributed to insufficient aeration, 

disease, nutrient depletion, or localized high soil pH and Ca. Emitter clogging was not 

considered the possible cause. The authors concluded that 60 cm between laterals was the 

maximum acceptable distance to ensure good quality turf. 

In a later series of experiments by Snyder and Burt (1980), subsurface drip 

irrigation of turfgrass was compared to sprinkler irrigation. In the first experiment, three 

irrigation systems were installed in Pompano fine sand and bermudagrass (jCynoehn sp,) 

was planted. A temporary sprmkler ^stem was used to maintain adequate soil moisture 

until the sod was well established. The research focused mainly on die visual appearance 

of the turf and shoot btomass production. The three oiigation ̂ stems were a subsurface 

point source system, a subsurface line source system, and an overhead sprinkler system. 

The subsurface systems were buried 10 cm below the surface, and the distance between 

laterals was 46 cm for both systems with emitters 30 cm and 46 cm t^art in the point 

source and the line source ^rstem, respectively. The difference between subsur£ice 

^stems was that point source systems apply water fi»m emission points that ate 
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individually and relatively widely spaced, usually over one meter, and line source 

systems apply water through closely spaced perforations, emitters or through a 

continuous porous wall along the lateral line (ASAE, 2001). The sprinkler plots had four 

sprinkler heads located at the comers of the 4.6 m x 4.6 m plots. The irrigation schedule 

for all three irrigation systems in this first experiment provided 12.7 mm per irrigation 

three times per week over a four-month period in 1976. The appearance of wilted patches 

over some of the point sotoxe emitters caused the experiment to be repeated without the 

point source irrigation system the following «cperiment. The presence of the wilted turf 

above some of the point source emitters was attributed to plugged emitters, although the 

nature of the clogging problem was not reported, bi their second experiment, only 

sprinkler and line source subsur&ce irrigation systems were compared (Snyder and Burt, 

1980). Irrigation was again applied three times per week, but the subsurface treatments 

were subdivided into two groups with one group receiving 12.7 mm per irrigation event, 

and the other group receiving 16.9 mm of water per irrigation event. The experiment was 

conducted during dry periods in the spring of 1977 and 1978 and during an extended dry 

period in the late summer of 1978. The authors observed that the visual appearance of the 

turf was better under sprinkler irrigation than with either subsurface irrigation treatment, 

mainly due to the appearance of wilted bands of turf midway between the subsurface 

laterals. Soil moisture data firom tensiometers indicated that the wetted soil zone did not 

overlap in the upper 10 cm of soil wfth the subsurface systems. Instead, au elliptical 

water pattern was observed, with most of the water moving down below the emitter in the 

sandy soil. Clipping (fry weights were also hi^er for the sprinkler irrigated plots than for 



26 

either subsurface treatment. The authors concluded that quality turf could not be 

maintained with less water with subsurface irrigation than with sprinkler irrigation. It was 

also suggested that a better subsurface design in terms of closer spacing of laterals and 

shallower lateral depths might have provided better results. 

A fifteen-month study conducted by Devitt and Miller (1988) at the University of 

Nevada Southern Nevada Field Laboratory in Logandale, Nevada, focused on the use of 

saline water in subsurface irrigation systems with three different lateral spacing: 61, 91, 

and 122 cm. Visual quality, canopy temperature, and soil moisture distribution in the soil 

profile were investigated. The ocperiment was conducted on bermudagrass grown in two 

soils. Calico sandy soil and Overton clay. Bermudagrass is a highly salt- and drought-

tolerant species (Turgeon, 1996) that can tolerate salinity levels up to 6.9 dS/m (saturated 

paste extract) with 100% yield potential (Ayers and Westcot, 1989). During the winter 

months, the experimental imits were overseeded with annual ryegrass (Lolittm multtforum 

L.). hrigation water with a constant electrical conductivity (EC) of 2.2 dS/m was applied 

during the experiment except during turf establishment. Irrigation was scheduled three to 

four days per week to obtain a constant O.IO leaching fiaction. The authors observed that 

the average salinity for both soils at the end of the experiment increased with increased 

lateral spacing. In both soils, salinity increased towards the mid-point between the laterals 

and towards the soil surface, with the lowest salinity values found below the laterals. 

Uneven water distribution with soil cracks up to IS cm deep was observed in the 

experimental units with the clay soil. Canopy temperature was measured and was higher 

in the subsur£ice treatments than in the surfiice irrigated controls, suggesting that there 
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was some stress in the subsurface treatments. The higher temperatures were correlated 

with higher salinity values in the sandy soil and with lower water content in the clay soil. 

The authors suggested the use of a maximum lateral spacing of 61 cm in sandy soils and 

less than 61 cm in clay soils when using salme waters. 

Interest in subsurface systems using wastewater has increased since the 1990s. The 

applications were primarily for landscape plants, forest, and grasses except in Israel, 

where wastewater was used for com, cotton, wheat, peas, and alfalfa (Camp et aL, 2000). 

An advantage of using subsurface drip irrigation compared to other surface irrigation 

systems appears when the use of irrigation water is limited to the use of wastewater; 

mainly due to potential risks of disease transmission asso^nated with the use of surface 

irrigation systems. In Israel, water scarcity is a critical issue and treated wastewaters are 

commonly used for drip irrigation in many crops. Oron et aL (1991) successfully used 

secondary domestic wastewater and subsurface drip irrigation in cotton, winter wheat, 

fodder com, and pea production. The authors observed that yields obtained with 

subsurface drip irrigation were at least as good as yields obtained with surface drip 

irrigation. Gushiken (1995) described the use of reclaimed water in a subsurface drip 

irrigation system in bermudagrass turf in Hawaii. The ̂ stem had trifluralin-impregnated 

emitters with a distance of 61 cm between laterals and 61 cm between emitters that were 

10 tc 15 cm deep. Gushiken (1995) found that the maintenance of the irrigation system 

was minimal with no evidence of emitter plugging or flow reduction in the subsurface 

drip irrigation system. Management practices included fisquent chlorination and proper 
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filtration, which were sufficient to avoid plugging due to sediment, algae, and bacterial 

slime. 

A five-year study firom Zoldoske et al. (1995) focused on the selection of the best 

emitters fix>m an initial set of twelve different emitter types. The initial subsur&ce drip 

evaluation was conducted in subsurface drip laterals buried 10 cm deep and 25 to 61 cm 

apart. Irrigation was scheduled to replace 150% of actual crop evapotranspiration (ET). 

The authors added an extra 50% of ET because of the non-unifbrmi  ̂foimd in many 

sprinkler irrigation systems. At the end of the study, only two emitter types were selected 

from the initial set of twelve. The selection process criterion was maintaining high quality 

turfgrass. One of the two emitters selected had a labyrinth design that posed a physical 

barrier to root intrusion. The other emitter had the herbicide trifiuralin impregnated in the 

emitter during the manufacturing process. However, when some of the emitters were 

inspected, signs of root intrusion were found in the emitters with the physical barrier but 

not in the herbicide-impregnated emitters. A second study comparing sprinkler irrigation 

and subsurface drip irrigation was conducted during the 1994 irrigation season at the 

California State University, Fresno campus (Zoldoske et al.y 1995). Only the herbicide-

impregnated emitter was selected for this part of the study. The sprinkler system 

consisted of conventional sprinklers operated at a pressure of 414 KPa and the subsurface 

drip ̂ stem was operated at 103 KPa. The distance between drip laterals was 46 cm with 

38 cm between emitters in the laterals. The dr  ̂system was buried at a depth of 20 cm to 

allow mechanical aeration of the soil. Both ^stems delivered water at s^iptoxiniately 

12.7 mm/h. The authors observed savings in capital pump costs and pun  ̂operation and 
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it was observed that the subsurface drip system did not require any maintenance whereas 

the sprinkler system required replacement of damaged sprinkler heads. In addition, there 

were no complaints of water runoff with the subsurface system, but there were several 

with the sprinkler system. It was also observed that less water was applied to the turfgrass 

using the subsur^e system than the conventional sprinkler system, although the actual 

amount was not indicated. 

A more recent experiment comparing subsurface drip irrigation and sprinkler 

irrigation on bermudagrass turf was conducted by Suarez-Rey et al. (2000) at the 

University of Arizona Karsten Turfgrass Research Center in Tucson, Arizona. 

Bermudagrass turf was established with a sprinkler system and the experimental plots 

were initially irrigated based on a crop water stress index (CWSI). Due to the lack of 

correlation between the stress index and soil moisture content, the use of the index was 

discontinued and replaced with another criterion based on soil moisture content. The 

experimental plots were stressed until the management allowed depletion (MAD) reached 

a value of 50% in the upper 30 cm of soil, where most of the roots were expected to 

grow. The selected MAD value was correlated with a minimum acceptable visual quality. 

The water source at the experiment site was tertiary reclauned municipal wastewater 

fix)m the city  ̂of Tucson. Injection of sulfiiric acid and chlorine was essential to maintain 

emitters fi%e of carbonate precipitates, bacteria, and algae. Several variables were 

monitored in the study: amount of irrigation water ̂ iplied, relative root weight, clipping 

mass per miit area, visual quali ,̂ soil salinity, irrigation uniformi ,̂ and emitter 

plugging. No si^iificant differences between the two uxigation treatments were found 
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with respect to the total amount of irrigation applied, relative root weight, clipping mass, 

and visual quality. Soil salinity, measured as electrical conductivity in a 1 ;2 soil to water 

extract, showed increased values in the upper 10 cm of soil in the subsurface plots. 

However, the increase was not large enough to affect the visual appearance of the turf. 

Irrigation uniformity in the subsurface plots was calculated as statistical uniformity (Us) 

as described by ASAE (1999) and fell from an initial value of 91.80% to 85.29%. Visual 

inspection of the labyrinth designed emitters at the end of the irrigation season showed 

signs of root intrusion possibly because of the existence of water stress in certain plots 

with high sand content. 

2.2. TURFGRASS WATER USE 

Irrigation is essential to maintain turfgrass in arid and semi-arid climates but water 

conservation is equally important. Kneebone and Pepper (1981) investigated how much 

water was needed to grow s^eral warm and cool season turfgrass species in Arizona. 

They managed irrigation to simulate two different quality conditions, golf course 

fairways and commercial lawns with high water requirements, and home lawns with low 

water requirements. In both situations, the turf was subirrigated by varying the depth of 

the water table from around 30 cm in the high maintenance plots to 40 cm in the low 

maintenance plots. The authors concluded that consumptive water use for warm season 

grasses ranged from 50 to 80% of Class A evsqporative pan losses and for cool season 

grasses ranged from 60 to 85% of Class A ev^^rathre pan losses, depending on the 

quality of grass desired, and that watering above those levels might be wasteful. 
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Another study conducted at the University of California South Coast Field Station 

near Santa Ana by Gibeault et al. (1985), included three irrigation regimes: 100%, 80%, 

and 60% of ETpu,* ETpm and actual ET were previously obtained during a three-year 

study from a standard U.S. Weather Bureau evaporation pan and from a soil water 

balance equation and climatic data (Meyer et al, 1985). The authors used sprinkler 

irrigation and subsurface irrigation for each irrigation level in several cool and warm 

season turfgrass species. The intent of the study was to observe differences in turfgrass 

quality among the irrigation levels in order to improve water management in the area. In 

general, the cool season grasses performed better under sprinkler irrigation than under 

subsurface irrigation. Satisfactory appearance of the cool season grasses was only 

reached when they were irrigated at 100% or 80% of ETpw In the case of the warm 

season grasses, hybrid bermudagrass performed better than the other warm season species 

and its visual rating was similar with both irrigation methods for every irrigation level. In 

addition, the visual appearance of hybrid bermudagrass was not significantly different 

among irrigation levels within an irrigation method, indicating a strong potential for 

water conservation. 

In a two-year experiment on common bermudagrass overseeded with perennial 

ryegrass in Las Vegas, Nevada, Devitt et al. (1992) tried to determine seasonal and 

annual crop coefScient values for two different management conditions. High 

management turf in two golf courses was compared to low management turf in one paric. 

Crop coefiBcients were calculated on a monthly basis by dividing actual ET ̂ T,) values 

by Pemnan calculated reference ET (ETo) values. ET  ̂values were calculated using a soil 



water balance equation and the crop coefficient values were grouped by experimental 

site. Due to the high variability of monthly values, the authors grouped the crop 

coefficient values in periods of several months to provide a more reasonable approach for 

turfgrass irrigation managers. For golf courses, an average annual crop coefficient (Kc) 

value of 0.71 was split into three periods with values of 0.46 firom December to February, 

0.77 from March to May and August to November, and 0.89 from June to July. In the 

case of the park, an annual crop coefficient value of 0.50 was split into two periods, with 

values of 0.41 from December to March and 0.55 from April to November. 

The crop coefficient values of Devitt et al. (1992) are slightly lower than those 

reported by Garrot and Mancino (1994). In their three-year experiment, Garrot and 

Mancino (1994) studied water consumption by three bermudagrass turfs grown in 

Tucson, Arizona. Irrigation scheduling was based on visual symptoms of the grass from 

mid-April to mid-October. The turf was sprinkler irrigated only when it showed 

symptoms of wilt. At that time, water was applied until field capacity conditions were 

reached in the upper 90 cm of the soil where the roots were expected to grow. They 

observed average seasonal Kc values ranging from 0.57 to 0.64, although daily values 

ranged from as high as 1.50 to less than O.IO. Daily values depended mostly on the 

availability of soil water (i.e., higher value corresponded to higher water content), but 

very high values were found when solar radiation was also very low. The authors 

concluded that the quality of the turf was better than acceptable during the study and. that 

the average annnat amount of water us& was 834 to 934 mm of water (including rain), 

dependent on bermudagrass variety and ETg. Deep and infrequent irrigations promoted 
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water extraction from deeper in the soil profile to tensions greater than 1.5 MPa without 

negatively affecting the abili  ̂of the turf to resume growth. 

2.3. IRRIGATION UNIFORMITY AND EMITTER CLOGGING 

The application uniformity of subsurface drip systems is important to consider with 

respect to the uniform distribution of water and chemicals. Emitter uniformity can be 

calculated using traditional methods that are widely used such as the uniformity 

coefficient (UC), the coefficient of variation (CV), and emitter flow variation (qw). or by 

using statistical uniformity (Us) (Rodrigo-Lopez-ef al., 1992). Traditional methods 

require the measurement of emitter discharge for a representative sample of emitters in 

the system. The statistical method requires the measurement of flow rate and pressure 

from a random sample of emitters. For the calculation of statistical uniformity, the flow 

rate is assumed to be normally distributed. Bralts et aL (1981) showed that statistical 

uniformity could be calculated as; 

a,=100a-^;) (2-1) 

where Vq is the total coefficient of variation, calculated as the standard deviation of 

emitter flow divided by average emitter flow. This coefficient combines the effects of 

emitter plugging with the effects of lateral Ime hydraulics and emitter manu&cturing. 

Equations to obtain the value of Vq under different plugging situations were indicated by 

Bralts et al. (1981). 

Camp et aL (1997) compared several parameters of uniformity in surface drip and 

subsurfiice drip irrigation systems that had been m use for several years. The authors 
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observed that, in general, statistical uniformity (Us) was lower than the uniformity 

coefficient (UC), but close to an adjusted uniformity coefficient parameter (UCa) that 

corrected for theoretical differences between Us and UC. In addition, the statistical 

uniformity was lower for the subsurface systems than for the surface systems, which was 

attributed to plugged emitters with soil particles that entered the system during the 

installation process. 

Emitter plugging can be a major problem in subsurface drip irrigation systems that 

can be solved by injecting chemicals, improving emitter design, appropriate irrigation 

management, and system flushing ^lills et al., I9&9; Ayars et al. 1999; Camp, 1998; 

Camp et al, 2000; Suarez-Rey et al., 2000). One of the most common causes of emitter 

plugging is chemical precipitation. The combined effects of water pH, calcium and 

carbonate concentration, and temperature are the major factors influencing chemical 

precipitation. Temperature is a factor since the solubility of calcium carbonate decreases 

with increasing temperature (bfakayama and Bucks, 1985; Hills et al., 1989). The 

potential of chemical precipitation can be estunated using the Langelier Saturation Index 

(LSI), which is calculated as the differmce between the measured pH 0[iHm) and a 

calculated pH value ^Hc). Nakayama and Bucks (1985) presented a simplified 

computational procedure to obtain pHc fix>m temperature and cation concentration values. 

When the LSI value is greater than zero, a supersaturated condition exists and carbonate 

precipitation occurs. Thus, the goieral recommendation for preventing chemical clogging 

is to lower the water pH to a value that stops salt precipitation by injecting acid. Sulfuric 

acid injected in sur&ce and sabsur&ce lat^als to lower water pH firom 7.6 to 6.8 
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successfully reduced chemical clogging in an experiment conducted by Hills et al. 

(1989). 

Sometimes, emitter plugging is caused by microbial by-products when wastewater 

is used for irrigation. In several experiments conducted in Israel on surface drip irrigation 

with treated wastewater (Ravina et al., 1992; Ravina et a/., 1997), reliable long-term use 

of the drip system was achieved by applying a regular chlorination treatment and 

selecting the appropriate filters. The amount of chlorine needed to control biomass 

development in the emitters ranged firom 3 to 5 mg of CI per liter of irrigation water up to 

80 mg of CI per liter on a hot day with very poor water quality conditions. Partial emitter 

plugging was more fi^quent than complete emitter plugging with greater plugging 

towards the end of the laterals. Over-irrigation (emitter flow rate greater than 110% of its 

initial value) sometimes#occurred, especially in the pressure compensated emitters. It was 

suspected that the excess flow rate was indicative of initial clogging, either due to an 

accumulation of material in the labyrinth comers affecting the flow rate, or due to the 

deterioration of the flexible membrane fiom extended chlorination and/or microbial 

activity. Increasing lateral flushing frequencies fiom bimonthly to daily flushing did not 

result in better performance. Ravina et al, (1992) concluded that the successful use of 

wastewater in surface drip systems could be obtained by regularly chlorinating the water, 

using the appropriate filter design, and periodically flushing the laterals. Phene (1995) 

also indicated the need for appropriate syston flushing for removal of particle 

accumulation in subsurfiice dr  ̂i^stems. 
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Ayars et al. (1999) conducted a long-term experiment with subsurface drip systems 

in tomatoes, cantaloupe, cotton, and sweet com at three different locations in California. 

Phosphoric acid was injected almost continuously through the subsurface system at three 

different rates: 0, IS, and 30 mg P per Kg of water. The.purposes of the chemical 

injection were several: i) to supply P to the plant as a nutrient, ii) to prevent precipitation 

of chemicals due to the effect of the acid, and iii) to maintain a clean system &ee of roots. 

It was found that after several years of operation, most emitters seemed to perform well 

but some of the laterals with no phosphoric acid had to be replaced due to emitter 

plugging caused by root intrusion and/br chemical precipitation. 

Emitter design is another parameter that can influence root intrusion. Small orifices 

may have less potential for root entry, but they may also have more problems due to 

particle clogging. Some emitters are built with physical barriers to root intrusion. Others 

have a slow release herbicide incorporated into the emitter (Ruskin et al.j 1990). The 

herbicide is incorporated into a polymeric carrier delivery system that acts as a reservoir 

for the chemical, protects it fiom chemical and biological degradation, and provides a 

method for controlled release. Thus, the herbicide is slowly released into the soil adjacent 

to the emitter, maintaining an effective dose for a long period of time. The herbicide 

commonly used in subsurface drip emitters is trifluralin, an herbicide in the dinitroaniline 

chemical family. The use of trifluralin-impregnated emitters has been recommended by 

some researchers Ruskin et al., 1990; Ayars et al., 1999; Dasberg and Or, 1999). Others 

have recommended the injection of the trifluralm through the irrigation system. In 

particular, Oron et al. (1991) recommended the injection of trifluralin at a rate of 0.5 g 



per emitter per growing season to prevent root intrusion. Ruskin et al. (1990) indicated 

that the minimum daily effective release rate ranged from 0.4 to 0.7 ^g of trifluralin per 

emitter. 

Trifluralin is an herbicide with some attributes that potentially make it suitable for 

subsurface application. This herbicide inhibits root growth and development by inhibiting 

microtubule formation, which is necessary for the proper formation of the spindle 

apparatus during cell division and for normal deposition of cellulose microfibrils in cell 

walls (Cudney et aLy 1993). The half-life of trifluralin (time by which the herbicide is 

degraded to one-half of its original amount) is approximately 45 days (Ross and Lembi, 

1999) but can change due to climatic conditions, with a shorter half-life in wet and warm 

soils due to enhanced biodegradation of the chemical by anaerobic microorganisms. 

Trifluralin has a very low diffusion coefBcient in soil air; it has very low solubility in 

water ̂ ess than 1 mg/L), and it is strongly adsorbed to the soil (Moyer, 1987; Malterre et 

al., 1996, Ross and Lembi, 1999). The herbicide is effective through direct contact and in 

vapor phase within the soils. It is expected to biodegrade in the soil in less than twelve 

months. The above characteristics have been critical m the selection of this herbicide for 

long-term, slow release applications (Ruskin et al., 1990). 

Irrigation management can greatly influence root intrusion. Camp et al. (2000) 

proposed the use of high frequency pulsing irrigation as one possible solution. Frequent 

pulse irrigation would saturate the soil adjacent to the emitters and may discourage root 

intrusion by some plant species. On the other hand, deficit irrigation could increase root 

intrusion as a consequence of higher root concentrations in the emitter area. Therefore, 
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appropriate system design and ^stem management would be critical parameters for 

ensuring the long-term use of subsurface drip systems and the potential benefits of 

subsurface drip irrigation with respect to other irrigatioa methods. 
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CHAPTER 3. COMPARISON OF SUBSURFACE DRIP AND 

SPRINKLER IRRIGATION FOR BERMUDAGRASS WITH EFFLUENT 

ABSTRACT 

Subsurface drip irrigation was compared to sprinkler irrigation of bermudagrass 

turf in a multi-year, Arizona experiment The experimental plots were established with 

sprinkler irrigation in 1997. During the following three irrigation seasons (1998-2000), 

plots were irrigated when the average soil moisture content in the upper 30 cm of soil 

decreased below 20% by volume, which corresponded to a management allowed 

depletion value of 50%. The amount of irrigation water, the visual appearance of the turf, 

shoot biomass production, soil salinity and health risks due to wastewater reuse were 

investigated, and management problems such as emitter clogging were identified. The 

amount of water applied in the subsurface (Up irrigated plots to maintain acceptable 

visual quality was similar to that tqiplied in the sprinkler irrigated plots. The increase of 

soil salinity, measured as the increase in the electrical conductivity of a soil to water 

extract, did not negatively affect turf appearance m the subsurface drip plots. Inspection 

of the emitters at the end of the 1998 and 2000 irrigation seasons found signs of root 

intrusion into the emitters, which may pose a threat to the long-term use of subsurface 

drip irrigation. It was evident that subsurfiice drip urigation with effluent effectively 

reduced the risk of human contaminatiott by pathogens since significantly lower presence 

of bacteriophages were found in turfgrass citings irrigated with subsur^e dr^ than 
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turf iirigated with sprinkler systems. Therefore, subsurface drip irrigation has the 

potential for wastewater reuse with minimum health risks. 

Keywords: subsurface drip irrigation, sprinkler irrigation, efQuent, wastewater, 

bermudagrass, turf 

3.1. INTRODUCTION 

Subsurface drip irrigation has been successfully used to irrigate a variety of crops 

in the United States for decades. Subsur&ce drip irrigation places water in the plant root 

zone with the emitters located below the soil surface. It has been reported to increase 

water use efiSciency (expressed as water used efBciency) in many different crops 

compared to other irrigation methods (Camp, 1998; Ayars et al., 1999). Water use 

efficiency is not a common concept used by turfgrass managers since the amount of dry 

matter produced by the water applied is not as important as the visual quality of the turf, 

which is the primary criterion used by turf managers to assess grass performance. 

One of the earliest studies that irrigated turfgrass with subsurface drip emitters by 

Snyder et al. (1974) identified the possible advantages and disadvantages of using this 

irrigation method in turf culture. The study investigated the maximum separation between 

laterals that would provide good visual quality without dry bands between the irrigation 

lines. A later investigation Snyder and Butt (1980) compared subsurface drip 

irrigation and sprinkler irrigation of turfgrass. Point source and line source emitters were 

used in the subsurface drip ̂ sterns and compared to conventional sprinkler ̂ stems. For 

similar amounts of applied water, grass grown with sprinkler itrigation had better visual 
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appearance than that grown with subsur£ice irrigation. In addition, wilted bands of turf 

between laterals and some dry spots above the point source emitters were observed 

during the study. The presence of wilted turf was attributed to plugged emitters. The 

authors concluded that it was possible to design better subsurface drip irrigation systems 

(e.g., closer lateral spacing or shallower lateral depth) that would provide better results. 

However, at that time, subsurface systems were not economically competitive with ctL.r 

irrigation methods using equipment available at that time. 

Gibeault et al. (1985) found that the visual appearance of the sprinkler irrigated 

cool season grasses was better than that of the subsurface drip irrigated grasses in 

California. However, when the two irrigation systems were compared for growing warm 

season grasses, the relative merit of the two systems was a function of the specific species 

tested. In the case of hybrid bermtidagrass (Cynodon dactylon (L.) x C. transvaalensis), 

no difTerences in appearance between sprinkler irrigation and subsurface irrigation were 

observed when the same amount of water was applied. 

These studies motivated an experiment to compare subsurface drip irrigation and 

sprinkler irrigation on bermudagrass in Arizona using more modem irrigation equipment. 

Suarez-Rey et al. (2000) reported on the methods used and discussed the results obtained 

after one irrigation season. No water savings were observed between subsurface drip and 

sprinkler irrigated plots when the visual appearance of the turf was the same, hi contrast, 

some incipient problems were reported such as an increase in soil surfiice salinity in the 

subsur&ce plots and root intrusioa into some of the emitters inspected at the end of the 

season. 
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In an experiment conducted by Devitt and Miller (1988) where bermudagrass was 

irrigated with saline water supplied by a subsurface drip system, the highest salinity 

concentrations were found at the soil surface midway between laterals. The accumulation 

of salts in the region between laterals was more pronounced for the largest lateral 

separations. It was also observed that, in general, the region of lowest salinity  ̂was foimd 

below the drip lines. The authors concluded that the long-term success of using 

subsurface drip systems depended on the selection of salt tolerant turf species. 

Bermudagrass may tolerate salinity levels up to 6.9 dS/m (saturated paste extract) with no 

decrease in yield potential (Ayers and Westcost, 1989), and it is considered a highly salt-

and drought- tolerant species (Turgeon, 1996). 

The possibility of using efQuent water may increase the potential of subsurface drip 

irrigation, particularly in areas where water conservation is an important issue (Oron et 

al.y 1991; Camp et al., 2000). The experimental ^stem described by Suarez-Rey et aL 

(2000) was used to study the &te of several bacteriophages injected into tertiary efiQuent 

that was used in the subsurface drip and sprinkler irrigated plots (Enriquez et aL, in 

press). The bacteriophages were used as surrogates of other animal viruses, which can be 

found in low quality wastewater. The presence of the bacteriophages in the clippings 

collected from the subsurface irrigated plots was minimal with only a single positive 

detection. It was suspected that the sample might have been contaminated by water firom 

a neighboring sprinkler irrigated plot because of the hi  ̂winds at the sampling time. 

contrast, both bacteriophages were found in large numbers in the clippings collected fiom 

the sprinkler-irrigated plots. 
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The results obtained by Suaxez-R  ̂et aL (2000) after one year of study suggested 

that more research was needed to determine the viability  ̂of subsurface drip irrigation; 

thus, two more years of data were coQected and are presented here. The objectives of the 

present study were: i) to continue investigating the effects of subsurface drip irrigation 

with efiSuent on the growth and visual appearance of the turfgrass, ii) to determine 

whether water savings can be obtained when using subsurface drip irrigation compared to 

sprinkler irrigation, iii) to measure differences in salt accumulation over time between 

irrigation systems, and iv) to investigate possible management problems associated with 

subsurface drip ̂ stems as well as the advantages of these systems compared to sprinkler 

irrigation after several irrigation seasons. 

3 J. MATERIALS AND METHODS 

3.2.1. Descriptioii of the experiment 

The study was conducted at the University of Arizona Karsten Turfgrass Research 

Center in Tucson, Arizona durmg the summers of 1998-2000. Twelve 3.65 x 3.6S m plots 

were prepared during the spring of 1997 and planted with hybrid bermudagrass stolons 

(Cynodon dactylon (L.) Pars, x C. transvaalensis Burtt-Davy, 'Midiron'). Sprinkler 

irrigation was installed in all plots and a subsurface dnp irrigation system was installed in 

half the plots. Sprinkler irrigation was installed in all plots to establish the grass in spring 

1997 and to ensure good shoot and root growth prior to data collection. The soil m the 

ecperimentai area was classified as coarse-loamy over sandy, mixed, calcareous, thermic, 

Typic Torriflment (Agua series), with an estimated bulk density of 1420 Kg/m  ̂and sand 
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concentrations ranging &om SO to 60% sand in the top 30 cm of soil. Soil in two of the 

twelve plots consisted only of sand to simulate golf course greens, and although 

continuously monitored, the data obtained from these plots were not combined with other 

data collected. 

Details of the experimental procedures as well as results from the 1998 season were 

described in Suarez-Rey et al. (2000) and are briefly summarized below. The sprinkler 

irrigated plots had Rainbird' 1804 Series popup heads with BI5Q nozzles located at the 

four comers of the plots, that supplied an average precipitation rate of 37 mm/h at a 

working pressure of 206 KPa. The subsurface drip irrigated plots had Techline* Netafim 

inline emitters spaced 30 cm apart. The subsurface systems were installed according to 

manufacturer specifications for soil type and application. The distance between laterals 

was 46 cm, which were buried 15 cm deep. The average emitter flow rate was 3.48 L/h at 

a working pressure of 108 KPa. The laterals were connected to sub-mains at both ends, hi 

addition, each subsurface drip hrrigated plot had a flush valve to facilitate periodic 

flushing. 

The bermudagrass turf plots were established using sprinkler irrigation in 1997. hi 

addition, sprinkler irrigation was used at the beguming of tiie irrigation season during the 

summers of 1998 and 2000 to ensure homogenous conditions among the plots with 

respect to soil moisture and visual shoot appearance. Subsurface drip irrigation was used 

in 1999 from the beginning of the irrigatioa season. However, after a brief period of time, 

grass appearance fell below minimum standards and additional water was st^Iied (via 

' Mention of trade nanies is solely for tiic benefit of ttic reader nod therefore does not imply any endocsement by tlie author or the 
Unhrenity of Arizona. 
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subsurface) to obtain good visual quality. The extra amount of water was accounted for in 

the data analysis. All plots were irrigated at night to minimize evaporative losses and 

potential off-target loss of water from the sprinkler irrigated plots. Nighttime irrigation is 

standard on many golf courses and other turfs, especially where automatic irrigation 

systems have been installed (Turgeon, 1996). Even though it was not necessary to irrigate 

the subsurface plots at night, they were irrigated at the same time as the sprinkler 

irrigated plots in order to compare results under similar climatic and soil conditions. All 

plots were fertilized using water-soluble agricultural grade fertilizers via an injection 

system, which supplied 365 g of N per 100 m  ̂per month. In 1998 and 1999, fertilizer 

events were scheduled biweekly and in 2000, f^tilization was applied once at the 

beginning of each month. The irrigation water used in. the experiment was tertiary treated 

efQuent with the following characteristics measured in situ: an adjusted sodium 

adsorption ratio (SAR) of 4.7 (meq/L)'̂ , a pH of 7.55, and an electrical conductivity 

(EC) of 0.95 dS/m. The water was classified as having medium to high salinity and a low 

sodium hazard. 

3  ̂J. Irrigatioii schedule 

For a brief period in 1998, irrigations were scheduled based on the Crop Water 

Stress Didex (CWSI) (Jalali-Farahani et aLy 1993) but this irrigation scheduling technique 

was abandoned due to the lack of correlation between the ind  ̂and soil moisture content 

(Suarez-R  ̂ ee al., 2000). After this initial period and for the remainder of the 

ocperunen  ̂ irrigations were scheduled based on the average volumetric water contort 

mrasured with a Time Domain R^ectometer (TDK, Soilmoistuxe Equipment Corp., 
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Santa Barbara, California). TDR measurements were done approximately every two days 

in three locations per plot and the values were averaged for scheduling purposes. 

Moisture content at lower depths was monitored with a neutron probe at depths of 45 and 

90 cm (CPN Corp., Pacheco, California, Model 503) in 1998 and 2000. 

The first visual signs of water stressed grass occurred at a soil volumetric water 

content of approximately 20%, which corresponded to a Management Allowed Depletion 

(MAD) of 50 to 60% in the top 30 cm of soil. The irrigation criterion used in the 

experiment consisted of bringing the soil to field capacity when the average MAD 

obtained firom the eight plots fell below 50%. At that point, the plots were irrigated 

according to their respective soil moisture content. This criterion resulted in irrigations 

approximately every two to three days during dry periods. Garrot and Mancino (1994) 

conducted a study on several cuMvars of bermudagrass in arid conditions. They 

sprinkler-irrigated grasses at the onset of wilt, which resulted in an approximate total 

annual consumptive water use of 60% of reference evapotranspiration (ETo) and an 

overall turf quality rated better than acceptable. Our irrigation scheduling technique 

imposed a level of stress in the turf that allowed comparison of the potential water 

savings between subsurface drip and sprinkler irrigation. 

As previously mentioned, during the 1998 and 2000 seasons, all plots were 

sprinkler irrigated until visual turf quality  ̂and soil moisture were homogeneous in the 

experimental plots. During the first year, plots were sprinkler irrigated from day of year 

(DOY) 121 to 134 (May 1 to May 14,1998) at 85% of the ETo provided on site by the 

Arizona Meteorological Weather Station (AZMET). In 1999, all subsurface drip plots 



were initially irrigated using the subsurface irrigation system. After several weeks of 

irrigation, the appearance of the turf in these plots gradually deteriorated. Thus, all the 

subsurface drip plots were irrigated for six hours in order to ensure survival of the grass. 

The six hours of irrigation was divided into three, two-hour irrigation to minimize deep 

percolation losses. This procedure was performed on DOY 176 (June 25) and repeated on 

DOY 180 (June 29). During the third year, plots were sprinkler irrigated from DOY 136 

to 172 (May IS to June 20, 2000). In general, visual quality was worse at the beginning 

of the third year for all plots after very dry winter a spring seasons, and the period of 

initial sprinkler irrigation was longer in 2000. After homogeneous soil and plant 

conditions were achieved, every plot was irrigated according to its irrigation treatment 

and data collection started. 

3 J J. Emitter clogging 

At the end of 1998 and 2000, some nrigation lines were retrieved from the 

subsurface drip plots and uniformity tests were conducted. In 2000, special care was 

taken to avoid retrieving any of the laterals replaced at the end of the 1998 irrigation 

season. Flow volumes from the emitters in the retrieved laterals were measured during 1-

minute at an operating pressure of 137 KPa. A total of six laterals were retrieved in 1998 

and eight laterals in 2000. Each of the laterals had approximately eleven emitters or 

twelve emitters in 1998 and 2000, for a total of 56 and 94 emitters, respectively. Flow 

rates were measured from all the emitters in one lateral at the same time and repeated 

three times. The mean value was used to calculate statistical uniformity (ASAE Standards 

EP458 DEC98). After the untformi  ̂tes  ̂all emiHers were carefiilly opened and visually 



inspected for root intrusion, calcium or magnesium carbonate precipitation, particulate 

accumulation, and biological clogging. Emitters were ranked using the following scale: 0 

= excellent condition with no dirt, no precipitates and no roots, 2 = hairy roots and some 

carbonates or dirt present, and 4 = serious plugging due to root intrusion or other 

clogging problems. 

Sulfuric acid and chlorine were injected periodically to prevent carbonate 

precipitates, prevent bacterial and algae growth (Hills et ai, 1989; Yuan et al., 1998) and 

to discourage root intrusion. Water pH was lowered to 6.5 with the addition of the acid. 

Beginning in 1999 following visual inspection of some of the emitters containing roots, 

the acid was changed to phosphoric acid and the pH value lowered to approximately 6 to 

6.2. 

3.2.4. Soil salinity 

In municipal wastewater treatment systems, the high salinity of effluent is caused 

by various salt sources such as human excretion, food waste firom in-sink garbage 

disposals, household chemicals such as detergents, brines firom household and small 

industry water softeners, industrial process waters of various sources, and chemicals used 

in water facilities. High effluent salinity makes reclamation more difScult. It has been 

reported that the accumulation of salts occurred midway between laterals (Devitt and 

Miller, 1988). Consequently, one of the concerns at the beginning of the experiment was 

that salt would accumulate between the irrigation lines and reduce the visual qualiQr of 

the turf. To monitor salinity increases during the irrigation season, four soil samples firom 

0 to 20 cm deep were taken firom every plot at the beginning and end of the irrigation 



season each year. Samples in the subsurface drip irrigated plots were collected midway 

between laterals, where the highest salt concentrations were expected. Soil salinity 

samples were divided in four sub-samples of S cm depth and 1:2 soil to water extracts 

were made from the air-dried samples. The electrical conductivity (EC) of the extracts 

was measured with a conductance meter (YSI Scientific Division, Yellow Springs, Ohio, 

Model 32) in 1998. A different soil sampling device was used in 1999 and 2000 a smaller 

soil sample was collected. Thus, to ensure enough extract volume for the analysis, 1:5 

soil to water extracts were made from the soil samples. The increase in salinity in each 

plot and at each depth was calculated as the difference between the EC at end of the 

season and the EC at beginning of the season. 

3 .̂5. Shoot growth and visual quality 

Shoot growth, measured as shoot biomass production, was used to assess the status 

of the turf. Clippings firom each plot were collected on a semi-weekly basis at a height of 

40 mm with a rotary mower from a strip approximately 3.dS m long by 0.53 m wide. The 

shoot biomass samples were oven dried at 65 "C for 4S hours and weighed. Shoot dry 

weight was calculated as clipping dry weight per square meter. 

Visual quality is the most important parameter used by turf managers to assess 

turfgrass health and was monitored throughout the length of the study. Periodic visual 

assessment was performed based on color, shoot density, and ground cover. The plots 

were rated on a 1 to 10 scale ̂ ndiere 10 — ideal shoot density, color, and unifi>nnity; 6 — 

minimum acceptable quality for good turf; and 1 = dead turf. The irrigation criterion 

scheduling used in the study resulted in turf with a mmimiim value of which would 
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support a functional playing surface as well as adequate color and uniformity for general 

purposes (USDA, 1998). 

3J2.6, Experimental design and statistical anafysu 

The experimental design was a randomized complete block design with four 

replications of each irrigation method, either sprinkler or subsurface drip. The experiment 

was conducted three years from DOYs 144-259 in 1998, DOYs 148-271 in 1999, and 

DOYs 192-267 in 2000. Analysis of variance and mean separation at the 95% confidence 

level using Student's t-test was performed to determine differences among the means 

within years. Sub-sampling (multiple observations per plot) was used for soil electrical 

conductivity analysis. Analysis of variance to evaluate changes over the three years of the 

study used a split-plot design with years as the main plots effects and irrigation 

treatments as the subplots. Separation of means at the 95% confidence level was done 

using the Bonferroni (Dunn) T test. 

33. RESULTS AND DISCUSSION 

33.1. Irr^tion management 

Irrigation was scheduled based on soil moisture conditions during the three-year 

study, except for a brief period during the first year. Plots were brought back to field 

capacity by replenishing the water deficit in the top 30 cm. Runoff and deep percolation 

were assumed to be zero in this study. The average amount of irrigation applied to the 

plots per uxigation is shown in Figure 3-1. Durmg the &st year, tiiere were no significant 
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differences between the treatments for any single irrigation event or for the mean 

seasonal value, and the average irrigation amount applied to the treatments remained 

more or less constant throughout the season. The irrigation treatments started on DOY 

144 (May 24, 1998) after two weeks of sprinkler irrigation resulted in homogeneous soil 

moisture and turf quality conditions in all plots. The amount of water provided by the 

sprinkler system prior to initiation of treatments was 86 mm (Table 3-1). 

During the second irrigation season, the initial irrigation of the subsurface drip 

plots were done with subsurface drip irrigation and the treatments were started on DOY 

148 (May 28, 1999). Approximately 200 mm of rainfall were measured from October 

1998 to May 1999. Several weeks after the 1999 experiment started, the visual quality of 

the subsurface drip plots started to decline despite TDR readings from the upper 30 cm of 

the soil in the subsurface drip plots that were similar to those of sprinkler irrigated plots, 

indicating similar moisture availability. Several soil samples 20 cm deep were obtained 

from the subsurface drip plots and indicated that water emitted from the subsurface drip 

system was not reaching the soil sur&ce. Although it was already late in the season, it 

was decided to intensively irrigate all subsurface drip plots until water reached the soil 

surface to insure the survival of the turf. The solution adopted at the time may have 

provided more water than needed but the survival of the turf was critical for continuation 

of the experiment and to retum the turf to an acceptable quality level. The optimum 

amount of water that would be needed to promote turf sprmg growth via subsurface drip 

could be lower than the amount applied if the irrigation had started earlier in the season 

and non stressing conditions were imposed during the time of resuming growth. 
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However, the informatioii about urigatioii management of subsurface drip iirigation of 

turf in our climatic conditions was scarce at the time. Undoubtedly, mote research is 

needed to determine the optimimi amount of water to start turfgrass from subsurface drip 

irrigation, but that was beyond the scope of this investigation. 

Two irrigation events provided enough moisture to wet the soil surface and the 

grass returned to the desired minimum quality. Six hours of irrigation, divided into three 

two-hour irrigations (approximately 65 mm per two-hour irrigation) in eight hour 

intervals were given to all the subsurface drip plots. The procedure was performed in 

DOYs 176 (June 25) and 180 (June 29). Significant differences were found for that year 

with respect to the amount of water used in each treatment, with the subsurface plots 

receiving more water than the sprinkler plots (Figure 3-1 (b)). The amount of water 

applied to the subsurface plots on DOYs 176 and 180 is not shown in the figure but it was 

included in the analysis to compute the total amount of irrigation applied with the 

subsurface system. 

From October 1999 to May 2000, only 54 mm of rain were recorded at the 

experimental site. As a result, all plots were visually rated below acceptable quality  ̂

standards at the beginning of the 2000 irrigation season and they were irrigated only with 

sprinklers for 36 days at 85% of ETq. Thtis, fix>m DOY 136 to DOY 172, all plots 

received 276 mm of water. After a strong rain m DOY 181 (Figure 3-l(c)), the visual 

appearance of the plots started to increase. The initial low visual quality  ̂ conditions 

resulted in a shorter irrigation season with the treatments compared to the two prior years. 

As in 1998, no significant differences were fi)nnd in the total amount of water applied to 
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the two iirigation treatments (Table 3-1). However  ̂some significant differences between 

the subsurface and sprinkler irrigation treatments were found for several days in the 

season, as shown in Figure 3-l(c), where the subsurface drip plots received less water 

than the spriokler plots from DOY 230 to DOY 260, approximately. 

Overall, the subsurface drip irrigated treatment required more irrigation water than 

the sprinkler irrigated treatment because of the extra water applied in 1999 for the 

subsurface plots (Table 3-1). The total amount of water applied with both treatments in 

the three-year study was 1434 mm for the subsurface drip plots and 1210 mm for the 

sprinkler plots. The average irrigation amount applied per irrigation event was not 

significantly different between treatments in 1998 and 2000 in our experiment conditions. 

33.2. Emitter clogging 

One of the main concerns with the use of the subsurface drip laterals was the 

potential for emitter plugging and its possible effects on irrigation uniformity  ̂and flow 

rate. At the end of 1998, six laterals were randomly retrieved firom subsurface drip plots 

and flow rates were measured and uniformi  ̂was calculated. The mean values for 1998 

were presented in Suarez-Rey et aL (2000) and summarized in Table 3-2 along with the 

values obtained firom the third year (2000) when eight laterals were retrieved fix>m the 

plots. Statistical uniformity did not change fix>m the first to the third year and remained in 

the '̂ Average'* classification (ASAE Standards, 1999); however, the average flow rate 

was greater in the third year compared to the first year. It was suspected that the decrease 

in uniformity finm an initial value of 91.80% was due primarily to emitter clogging; thus, 

it was expected that the flow rate finm the emitter would decrease ^ralts et aL, 1982; 
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Persyn et al., 2000). Since pressure-compensated emitters were used, a possible 

explanation for the increased flow rate observed in 2000 was that the emitter diq)hragms 

were damaged. 

Root intrusion is an important concern among subsurface drip system managers and 

when it happens, it is expensive and difBcult to replace drip lines. The emitters were 

opened after the uniformi  ̂test and ranked using a scale ftom zero to four (Table 3-3). In 

1998 and 2000, only roots were observed clogging the emitters. During the first irrigation 

season, sulfuric acid and chorine were injected to lower the irrigation water pH to prevent 

carbonate precipitates as well as inhibit bacterial and algae growth. Sulfiiric acid was also 

injected in an attempt to discourage root intrusion. However, after the first year, root 

intrusion into some of the emitters was serious enough to suggest that the acid was not 

effective for that purpose. Ayars et aL (1999) reported root-fi«e emitters when using 

phosphoric acid at doses of 15 and 30 mg of P/Kg of irrigation water in tomatoes, sweet 

com, cotton, and cantaloupes. 

After 1998, phosphoric acid substituted for sulfuric acid and the irrigation water pH 

adjusted to a value between & to 6.2. The worst cases of emitter clogging in 1998 

appeared in plot 7, which had the highest sand content in the top 30 cm of soil. It was 

assumed that clogging might have been worse in these emitters due to the comb^tion of 

deficit irrigation and less available water m that specific plot due to high sand content 

Emitter clogging was also sli^itly higher for the same plot in 2000, but not high enough 

to be significantly different compared to emitters finm other plots (Table 3-3). 

Remarkably, root intrusion was significantly lower m 2000 than in 1998. It was not 



possible to ascertain whether reduced root intrusion into the emitters was due to the 

change in acid, since water pH was maintained at a similar value with both acids. Since 

pH was constant, it seemed that water stress was the main cause of root intrusion into the 

subsurface emitters. Subsurface drip system management has to consider avoiding 

stressing the turf and consider the application of a chemical that can effectively control 

turf root growth into the emitters. 

333, Soil salinity 

The electrical conductivity of soil to water extracts was measured every year at the 

begiiuiing and end of the irrigation season. Changes in EC were calculated as the 

difference between EC at the end and the beginning of each season are shown in Figure 

3-2. There was a significant increase in soil salinity in the top 10 cm of soil in 1998 and 

in the top S cm of soil and at the IS to 20 cm depth in 1999 in the subsurface drip 

irrigated plots (Figure 3-2(b)). Furthermore, even when the salinity was higher in the 

subsurface plots than in the sprinkler plots for the first two years, the EC change values 

did not seem to be high enough to threaten the visual appearance of the turf. We 

suspected that the monsoon rains that usually occur in Tucson during the summer months 

might have provided enough leaching of accumulated salts in the soil surface. No 

significant differences between the two irrigation treatments were found at any depth in 

2000. The latter might be a consequence of the shorter duration of the treatments in that 

year with a longer pre-irrigation season usmg only sprinklers. 
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3 J.4. Benefits firom dry soil surface 

In addition to saliniQr problems associated with efQuent use, microbial water 

quality is emerging as a major problem in using wastewater. In agriculture, the use of 

reclaimed water to irrigate crops by conventional drip irrigation may pose a public health 

hazard due to the potential presence of pathogens. With subsurface drip irrigation, it is 

believed that the soil envelope surrotmding the subsurface emitters acts as a biological 

filter, enhancing the degradation of pathogens contained in the applied efQuent. However, 

a limited number of studies have been conducted on pathogen survival or release into the 

environment from subsurface drip irrigation and the safety of irrigating with reclaimed 

wastewater. 

Unlike common agricultural crops, turf consists of a dense fibrous root system near 

the ground surface. Consequently, water released from subsurface drip irrigation systems 

cannot readily reach the top of the soil profile, resulting in a dry surface during and after 

irrigation. Accordingly, the potential risk of disease caused by bacteria and viruses can be 

substantially reduced when reclaimed water is distributed below ground for turf 

irrigation. No wet spot was observed due to subsurface drip irrigation except in the spring 

of 1998 for the reason addressed earlier. During this experiment, the contamination of 

turfgrass by bacteriophages MS2 and PRDl was also assessed. The use of subsurface drip 

irrigation resulted in minimal contamination of turfgrass with significantly lower 

pathogen presence in subsurface drip than in sprinkler irrigated grass for the MS2 (p = 

0.04) and PRDl bacteriophages (p = 0.01 for PRDl), respectively (Enriquez et al.y in 



press). This indicates that subsurface dr  ̂ irrigation can reduce the potential 

contamination of turf irrigated with bacterial and virus-contaminated efQuents. 

We also observed reduced weed problems in the subsurface drip plots due to the 

dry surface; i.e., airborne weed seed germination was reduced in the absence of an 

overhead sprinkler system because weed seeds were not exposed to enough moisture to 

initiate germination. Therefore, a dry surface reduces weed problems and improves the 

overall aesthetics of the turf landscape. 

33.5. Shoot growth and visual quality 

The experimental plots were periodically mowed at a height of 40 mm and the 

clippings were collected and oven dried at 65 "C for 48 hours. Figure 3-3 displays the 

shoot dry collection for îch year. In 1998 and 1999 (Figure 3-3(a) and 3-3(c), 

respectively), there was a decrease in shoot production with time until it reached a 

constant value. In general, the lowest values were found at the end of every season for 

both treatments when day length was short, which corresponded to the start of the 

dormancy period. In 1999 (Figure 3-3(b)), shoot biomass production increased after the 

extra water that was applied to the subsurface dr  ̂ plots and substantial rains that 

stimulated growth in both irrigation treatments. Bermudagrass shoot biomass production 

in 1999 was higher for the subsur^e plots than for the sprinkler plots, ̂ ^ch could be 

the effect of the higher amount of water applied to the subsurface plots (Table 3-4). In 

addition, bermudagrass shoot mass production was significantly better in 2000 than in the 

two prior years. The longer pre-krigation applied to all plots in 2000 with sprinklers only 
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and no water stress may have resulted ui overall higher biomass production for both 

irrigation treatments. 

The visual qualily of the turf was assessed during the study based using a scale of I 

to 10 where 1 = dead turf and 10 = excellent quality based on green color, shoot density, 

and turf uniformity. No significant differences between treatments were found in 1998 or 

1999. In 2000, the field evaluation was performed by Fitz-Rodriguez as part of his 

master's thesis and results finm the evaluation in that year are included in Fitz-Rodriguez 

and Choi (2002). Overall, visual quality was higher in 2000 than in 1998 or 1999 for both 

treatments (Figure 3-4), following a similar trend compared to shoot biomass production. 

In addition, even though there were no significant daily differences between the two 

irrigation treatments in 2000, the yearly visual quality mean was higher for the sprinkler 

irrigated plots than for the subsurface-irrigated plots (Table 3-5). 

3.4. CONCLUSIONS 

Subsurface drip irrigation was compared to sprinkler irrigation of bermudagrass 

turf using tertiary treated effiuent in Arizona. Data collection and analysis for the period 

of 1998 to 2000 resulted in the following conclusions: 

1. Subsurface drip irrigation did not show significant water savings when 

compared to sprinkler irrigation, hi addition, when we attempted to promote spring 

growth via subsurface drip irrigation, turf quality started to deteriorate. We suspect that 

improper nrigation management (t.e., insufficient amount of water ̂ plied by subsurface 

(hip with dry soil surfiu;e conditions) led to failuie of the subsurface <Mp ^stem. More 
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research is needed to deteimine the optunum amounts of water to establish turfgrass and 

for spring green up from subsurface drip irrigation on beimudagrass turf without the need 

of a temporary sprinkler irrigation system. 

2. Irrigation unifomiity remained within the ASAE '̂ Average" range in 1998 and 

2000. However, emitter flow rate increased in 2000. The presence of roots in some of the 

emitters in 1998 indicated the need to replace sulfiiric acid with another chemical. 

Phosphoric acid was injected in 1999 and 2000. Although a lower number of emitters 

showed signs of root intrusion and the presence of roots in the inner chamber was 

generally low, it is not clear that the effect was due to phosphoric acid. 

3. Electrical conductivity of soil extracts was measured each year from soil 

samples in the top 20 cm of soil. Only the first and second year showed significant 

increases in the EC of the soil surface of the subsurface drip irrigated plots. However, the 

increase was not high enough to negatively affect turf appearance. A shorter irrigation 

season in 2000 may have caused that no significant differences between irrigation 

treatments were found in EC values at any sampled depth. 

4. Clippings were collected durmg the entire study. In 1999, shoot biomass 

production was higher for subsurface dr  ̂plots than for sprinkler irrigated plots. The 

latter could be a direct consequence of the higher irrigation doses used in the subsut&ce 

plots that year. In addition, shoot biomass was higher for both treatments in 2000, which 

may have been the result of a longer pre-uiigatioa period with sprinklers at 85% of ETq. 

5. Visually appealing grass was maintained with both irrigation methods. In 2000, 

the quality of the grass was consistently Mgher than the previous two years. 
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independently of the irrigation method. In addition, overall visual quality was higher for 

the sprinkler irrigated plots than for the subsurface plots during the third year of the 

study. 

Subsurface drip irrigation for turf could an alternative to sprinkler irrigation 

systems when water use is restricted to low quality wastewaters and water conservation is 

not an issue. Unlike for some agricultural crops, subsurface drip urigation is not a tool for 

water savings on bermudagrass turf> EfiQuent can be safely used with minimum health 

risks since water is applied below ground and does not reach the surface. 
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Table 3-1. Average irrigation and rainfall amounts for bermudagrass turf grown with 
subsurface drip irrigation and sprinkler irrigation in a three-year study. 

Year 
Treatment 1998 1999 2000 Average overall 
Pre-irrigation length (days) 13 0 36 
Pre-irrigation (mm)* 86 0 276 
Treatment length (days)  ̂ 115 123 75 
Subsurface irrigation (mm) 465 ±50.6  ̂ 690 ± 31.2 279 ± 22.3 478 ±178.9 
Sprinkler irrigation (mm) 472 ±54.8 410 ±37.6 328 ±24.8 403 ±71.63 
Rain (mm) 138 261 137 
Total water subsurface  ̂(mm) 689 951 692 
Total water sprinkler (mm) 696 671 741 
ANOVA® 

Treatment (T) NS NS ** 
Year(Y) •• 
T x Y  » •  
Pre-irrigation amount and period at beginning of 1998 and 2000 when all plots were 

irrigated with sprinklers only at 85% of reference ET. 
 ̂The irrigation period with irrigation treatments ranged firom DOYs 144-259 in 1998, 

from DOYs 148-271 in 1999, and from DOYs 192-267 in 2000. 
 ̂Data are irrigation amount means ± one standard deviation. 
 ̂Total amounts include pre-irrigation, irrigation with treatments, and rainfall. 
 ̂ ANOVA for individual years was a randomized complete block design with four 

replications and two treatments, subsurface drip irrigation and sprinkler irrigation. 
ANOVA for overall years was a split-plot design with years as the maui plots and 
irrigation treatments as the subplots. 
^^Significant at P = 0.05 and NS = not significant, respectively. 

Table 3-2. Statistical uniformî  and classification of the subsurface drip system irrigating 
bermudagrass turf. 

_ Year Parameter — 
1998 2000 

No. laterals sampled 6 8 
U,̂ /o) 
CV  ̂

85.29 86.19 U,̂ /o) 
CV  ̂ 0.15 0.14 
Flow rate (L/h) 3.8 5.8 
Classification* Average Average 
' CoefRcient of variation calculated as the ratio between the standard deviation of emitter 
flow rate and average emitter flow. 
* Adapted from ASAE Standard EP405.1, for line source emitter type. 
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Table 3-3. Clogging of emitters due to root mtrusion in a subsurface drip system 
irrigating bermudagrass turf. 

Year 
199S 2000 

Plot Rank  ̂ Maximum  ̂ Rank Maximum 
1 0.60 ± 1.07 ab 4.0 0.04 ±0.20 a 1.0 
3 1.08 ± 1.44 ab 4.0 0.08 ±0.28 a 1.0 
5 0.24 ±0.44 a 1.0 0.13 ±0.33 a 1.0 
7 1.47 ± 1.33 b 4.0 0.21 ±0.41 a 1.0 

Overair 0.86 ±1.20 a 0.11 ± 0.32 b 
 ̂ Values are means ± one standard deviation of 56 emitters sampled in 1998 and 94 

emitters sampled in 2000. Values within the year followed by the same letter are not 
significantly different (P = 0.05). 
 ̂Based on a zero to four scale with zero being the best and four being the worst 

* Values are means ± one standard deviation for the year. Values within the row followed 
by the same letter are not significantly different (P = 0.05). 

Table 3-4. Average daily bermudagrass shoot biomass production calculated from 
clippings collected from mowed strips in subsurface drip and sprinkler irrigated 
plots. 

Treatment 
Year 

Overall Treatment 1998 1999 2000 Overall 
Subsurface (g/m'Vd) 
Sprinkler (g î̂ /d) 

2.0±L44T 
1.9 ±1.38 

3.1 ± 1.77 
2.5 ±1.83 

5.0 ±3.14 
4.6 ±3.01 

3.4 ±2.64 
3.1 ±2.52 

ANOVA* 
Treatment (T) NS ** NS NS 
YearOO ** 

T x Y  NS 
Data are means ± one standard deviation. 
 ̂ ANOVA for individual years was a randomized complete block design with four 

replications and two treatments, subsurface <foip irrigation and sprinkler irrigation. 
ANOVA for overall years was a split-plot design with years as the main plots and 
irrigation treatments as the subplots. 
** Significant at P = 0.05 and NS=not significant, respectively. 
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Table 3-5. Bermudagrass yearly average shoot visual quality under subsurface drip and 
sprinkler irrigation during a three-year study. 

Year 
Treatment 1998 1999 2000 Overall 
Subsurface 7.2±0.79T 6.7 ±1.38 8.2 ±1.08 7.9 ±122 
Sprinkler 7.0 ±0.80 7.1 ± 1.09 8.5 ±0.96 8.2 ±1.13 
ANOVA« 

Treatment (T) NS NS ** 

Year(Y) ** 

T x Y  NS 
Data are means ± one standard deviation. 
 ̂ ANOVA for individual years was a randomized complete block design with four 

replications and two treatments, subsurface drip irrigation and sprinkler irrigation. 
ANOVA for overall years was a split-plot design with years as the main plots and 
irrigation treatments as the subplots. 
** Significant at P = 0.05 and NS = not significant, respectively. 
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Figure 3-1. Average irrigadon amount by treatment in each irrigation event during the 
years: (a) 1998, (b) t999» and (c) 2000. Dotted line for subsur&ce onigation is 
discontinued finm £X>Y 165 to DOY 215 in 1999. hi that period, 65 mm of 
irrigation was s l̂ied three tunes in DOYs 176 and 180 to ensure turf quality 
above mfnimum standank. Vertical bars represent one standard deviation of the 
mean value. An asterisk indicates significant differences ^<0.0  ̂between 
treatments for that specific day of year. 
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Figure 3-2. Electrical conductivity of the soil water extracts at different soil depths, measured at the beginning and end of 
the irrigation season during the years: (a) 1998, (b) 1999, and (c) 2000. The average EC values of all soil depths in 
the subsurface drip irrigated plots at the beginning of the irrigation season were 0.4, 0.3, and 0.3 dS/m in 1998, 
1999, and 2000, respectively. The soil to water extracts were (1:2) the first year, and (1:5) in 1999 and 2000. An 
asterisk indicates significant differences (P<O.OS). Horizontal bars represent one standard deviation of the mean. 
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Figure 3-3. Average daily bermudagrass diy mass of collected clippings under subsurface drip and sprinkler irrigation 
during the years; (a) 1998, (b) 1999, and (c) 2000. An asterisk indicates significant differences (P<0,05). Vertical 
bars represent one standard deviation of the mean. 
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Figure 3-4. Visual quality rating for bermudagrass turf irrigated by subsurface drip and sprinkler irrigation during the 
years: (a) 1998, (b) 1999, and (c) 2000. Vertical bars represent one standard deviation of the mean. 
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CHAPTER 4. EFFECTS OF ACIDS AND HERBICIDES ON 

BERMUDAGRASS ROOT GROWTH 

ABSTRACT 

In arid and semi-arid lands, interest in subsurface drip irrigation has increased in 

agriculture because of its potential advantages. However, root intrusion into the emitter 

poses a threat to the long-term success of a subsurface system, particularly in fibrous 

rooted arops. Two acids, sulfuric acid and phosphoric acid, and two pre-emergence 

herbicides, trifluralin and thiazopyr, were tested on small pots to examine effectiveness 

for the prevention of bermudagrass root growth under greenhouse conditions. After an 

active growing period, all pots were opened longitudinally by half and transversely in 

three parts: the top part containing the top shoot growth, the intermediate part containing 

roots and rhizomes, and the bottom part containing only roots. Only thiazopyr inhibited 

root growth in the bottom portion of the pot. The trifluralin and acid treatments were not 

significantly different compared to the control. However, visual quality of shoot growth 

in the thiazopyr-treated pots was lower than the observed quality in the rest of the 

treatments and of non-treated bermudagrass. The «q)eriment described here was part of a 

preliminary investigation to aid in the selection of chemicals to be used with subsur&ce 

drip laterals. 

Kqrwords: thiazopyr, trifluralm, root growth, root mtrusion. 
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4 .̂ INTRODUCTION 

Subsurface drip irrigation saves water in many crops because water is directly 

applied in the root zone without losses due to evaporation or runoff. It has been studied 

and used in the United States for the last 40 years. In particular, interest in subsurface 

drip irrigation has increased in the past 20 years because of its potential reduction in 

water requirements compared to other hrigation methods. Future use is promising in 

wastewater systems, particularly in areas where water conservation is an important issue 

(Oron et aL, 1991; Camp et aLy 2000; Enriquez et a/., in press). However, irrigation 

uniformity, though very high compared to other irrigation methods, may be severely 

affected by emitter clogging. The relationship between flow rate reduction and emitter 

clogging is not direct; emitter flow rate is a curvilinear function of emitter clogging (Hills 

etaL, 1989). 

Emitter obstruction due to chemical, physical or biological activity has been 

extensively investigated and documented. Chemical obstruction, mainly due to the 

presence of carbonates in irrigation water, is preventable with injection of an acid. 

Adding sulfuric acid, which lowers the pH of the irrigation water, maintained uniform 

flow in drip laterals and reduced chemical cloggmg (Hills et al.̂  1989). 

Root penetration into emitters is a biological clogging mechanism. Root intrusion 

may be prevented by injecting trifluralm, an herbicide that is strongly adsorbed to soil 

colloids, to prevent root growth in the immediate vicinî  of the emitter CDasberg and Or, 

1999). Phosphoric acid has also been used in subsurface ̂ sterns for several purposes: t) 

to reduce water pH to avoid chemical clogging, 2) to maintain root-free emitters, and 3) 
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to provide P to plants (Ayars et aly 1999). Ayars et al. (1999) successfully used 

phosphoric acid to control root growth into emitters in long-term studies of irrigated 

tomatoes, sweet com, cotton, and cantaloupes. 

Two commonly used herbicides were selected for the experiment: trifluralin and 

thiazopyr. Trifluralin is a dinitroaniline herbicide used in many crops, such as cotton, 

soybeans, sunflowers, and tree crops as a soil-applied pre-emergence herbicide. The 

active ingredient's half-life is generally 45 days but can be shorter in anaerobic conditions 

(Ross and Lembi, 1999). Trifluralin degradation in soil leads to the formation of many 

metabolites. The leaching of trifluralin and its metabolites is very low due to the low 

water solubility of trifluralin and its afiBnity  ̂for soil colloids. This herbicide is already 

used in substurface drip laterals for landscape use. Geoflow** produces herbicide-

impregnated emitters, and Netafim* produces filter disks impregnated with trifluralin that 

slowly release the herbicide, which can be periodically replaced. 

Thiazopyr (trade name Visor) is a relatively new herbicide also used in agricultural 

crops. It is a pre-emergence pyridine herbicide with a half-life of 64 days. Both trifluralin 

and thiazopyr are persistent herbicides which cause spindle tube malfunction in mitosis 

and disrupt ceil division. Normal cell wall formation and root development are inhibited 

by these two herbicides. 

After one year of irrigation of bermudagrass with subsurface drip irrigation, where 

sulfiiric acid was applied to lower the water pH to 63, root intrusion into some emitters 

was found at the end of the irrigation season (Suarez-Rey et al., 2000). Although root 

intrusion did not compromise the uiigation ^stem at the end of the study, the problem 
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was serious enough to suggest that irrigation uniformity could deteriorate over several 

years. One possible reason for root growth into the emitters was that the plots were 

irrigated at 50% of the Management Allowed Depletion (MAD). Due to water stress, 

roots were encouraged to grow in the vicinity  ̂of the emitters, where more water was 

available. It is also possible that a crop with an invasive and fibrous root system, such as 

bermudagrass, might grow roots into emitters even in the absence of water stress. An 

emitter with a physical barrier (Techline** by Netafim) was used in the study but it did not 

completely stop root intrusion into the inner chamba. 

Suarez-Rey et al. (2000) concluded that a systematic experimental study with 

different chemicals to inhibit root growth and variation of water doses in irrigation 

regimes was necessary to find better methods for controlling root intrusion into the 

emitters of subsurface drip laterals. The first part of the study would include the trial and 

selection of different chemicals at different dosages that effectively controlled root 

growth of bermudagrass. The second part of the study would include the use of the 

chemicals that provided the best control on root growth to subsurface drip laterals under a 

variation of water doses in the nxigation regime. The desî  and results obtained fiom the 

first part of the two-phase study are presented here. Therefore, the objectives of the 

present study were: (i) to investigate the response of bermudagrass growth to various 

chemical treatments (i.e., several concentrations of two different acids and two different 

herbicides) in the root zone; and (iO to determ  ̂overall plant responses based on dosage 

rates of these chemical treatments. 
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4J2, MATERIALS AND METHODS 

Hybrid bennudagrass (Cynodon dactylon L. Pets, x C transvaalensis Burtt-Davy, 

^Midiron') was selected for this study because of its demonstrated root intrusion into 

subsurface drip emitters (Suarez-Rey et aLy 2000). Bermudagrass sod was grown in 7.62 

cm tall metallic trays from mid-January to mid-March in a greenhouse. The trays were 

sprinkler irrigated daily to maintain optimimi growth and moisture conditions. The soil in 

the trays contained 10% peat moss, 34% vermiculite, 28% sand, and 28% topsoil (which 

contained 49% sand, 33% silt, and 18% clay). The pH measured in a water to soil extract 

of 1:1 was 8.1, and the electrical conductivity  ̂was 1.45 dS/m. 

When there was siifGcient bermudagrass root growth in the bottom of the trays 

(March 16, Day After Transplanting CDAT) = 0), cylindrical plugs 10.16 cm in diameter 

were collected and transplanted into PVC pots. The PVC pots were 17.78 cm tall and 

10.16 cm in diameter (Figure 4-1). Each pot was assembled from four pieces, which 

allowed the pots to be partitioned longitudinally and transversely, leaving 7.62 cm in the 

bottom and 10.16 cm in the top part The pieces were sealed with aluminum taupe to avoid 

water loss and to maintain structural integrity during the «cperiment. The bottom part of 

the pot (7.62 cm) was filled with the same soil used in the metallic trays for sod growth. 

A fine mesh was tightly inserted in the bottom to retain the soil in. the pots. 

The same concentrations for thiazopyr and trifluralm were used in the experiment. 

Three concentrations of active ingredient were used for the above treatments; 0.55 parts 

per million on a weight basis O^pnxw), 1.09 ppmw, and 2.19 ppmw, respectively. The 

middle value corresponds approxunately to the dose recommended by the manu&cturers. 



Herbicides were incorporated into the soil in the bottom part of the pots prior to 

transplanting. Two acids, sulfuric acid and phosphoric acid, were also tested for 

controlling root growth. Three levels of acid were tested in this ̂ qieriment. Those levels 

corresponded to irrigation water pH values of 2, 3.5, and 5. Nakayama and Bucks (1986) 

reconunended using pH 2 if emitter clogging was a problem. A non-treated control was 

also added in the experimental setup for comparison purposes. The experiment had 

thirteen treatments (two acids at three levels, two herbicides at three levels, and a control) 

that were replicated four times. A randomized complete block design was used to 

minimize differences in root growth due to differences in plug quality observed at 

transplanting. The experimental unit was a 10.16 cm tall plastic tray containing two PVC 

pots (Figure 4-1). 

One concem at the beginning of the experiment was that the soil discontinuity  ̂

between the bottom and top of the pot, which contained the plugs fix>m the 7.62 cm tall 

metallic trays, could impose a physical barrier to root growth. Thus, additionsd plastic 

trays simulating the control treatment were added to the experiment to provide 

information on root growth into the bottom of the pots during the experiment. After 

several of these extra pots were opened and root growth was visually confirmed, they 

were discarded. 

Trays were arranged on two tables oriented in an E-W direction inside the 

greenhouse. The position of the ocperhnental units was random and was changed several 

times during the «cperiment to minimize temperature and/or humidity gradient 

differences existing within blodcs £a the «cperimental area. This experiment was 
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conducted in a greenhouse for several reasons; first, it provided better control of 

extraneous variables that could interfere with treatments, and second, it promoted faster 

plant and root growth due to optimum environmental conditions as well as uniform 

harvesting technique. 

Irrigation was applied three times a week early in the morning by filling the plastic 

trays. Water was not intended to be a limiting factor for root growth in this experiment. 

This irrigation frequency resulted in excellent shoot growth and visual qualî  in the 

control pots. Fertilization was applied along with the irrigation. Hoaglands nutrient 

solution, which is a complete fertilizer solution for greenhouse plants, was used. The acid 

treatments were also added via irrigation with the nutrient solution in the appropriate 

experimental units. 

Irrigation water was left in the plastic trays for approximately five hours. Water 

movement from the bottom of the pot occurred by capillary action. The length of time the 

water needed to reach the surface of the pot was experimentally determined before the 

experiment began. Soil in a PVC pot was initially wetted from the top and allowed to 

drain. For^-eight hours later, water was added to the bottom of a plastic tray containing 

two pots; water was detected at the surface five hours later. Thus, irrigation water was 

left in the plastic trays for five hours and then drained. 

Clipping was performed regularly with electric clippers at an approximate height of 

SO mm. Visual observation of shoot qualiQr was done twice toward the end of the 

ocperiment, on May 3 (DAT 47) and May 9 (DAT S3). The control treatment served as a 

reference for the qualitative ranking assigned to each oqierimental unit. The scale used 
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for visual quality ranged firom 1 (totally dead shoot) to 10 (excellent shoot qualî  based 

on total shoot ground cover, green color, and turgid leaves). 

Harvest of plants occurred when the remaining supplemental untreated control pots 

showed 40-50% root area contact at the bottom of the pot. On May 10 (DAT 54), all pots 

were collected and sliced transversely into three parts: the top part, 2.54 cm in height, 

containing the top of the pot and the shoots; the intermediate portion, 7.62 cm in height, 

containing roots and rhizomes; and the bottom 7.62 cm containing the roots grown during 

the experiment. In addition, the bottom portion was split in half longitudinally, and root 

length was visually observed. A numerical score of (3) was assigned to pots with no root 

growth in the bottom section of the pot; a score of (2) was assigned if roots occupied the 

top 50% of the bottom section of the pot; and a score of (1) was assigned if roots reached 

the bottom of the pot After the visual rating, all sections were washed carefully and the 

plant biomass samples were collected in paper bags. The samples were oven dried at 60 

for seventy-two hours, then weighed. 

At the end of the experiment, pH was measured in the soil contained in the bottom 

of randomly chosen acid-treated pots of all three levels of both acids. The ratio of water 

to soil was 1:1 and pH was measured with a standardized pH-meter. 

The statistical design was a randomized complete block design with thirteen 

treatments, four blocks and two sub-samples per experimental unit. Analysis of variance 

was performed to determine differences among the treatments. Separation of means at the 

95% confidence level was done with the Bonferroni O^unn) T test. 
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43, RESULTS AND DISCUSSION 

The e£fect of the treatments on bermudagrass root growth was determined by 

measuring root growth in the bottom portion of the pots as this section contained the 

roots influenced by treatments alone. Root biomass in the bottom section of the pots 

differed among treatments (Figure 4-2). Trifluralin, sulfuric acid, and phosphoric acid did 

not significantly affect root dry weight as compared to the control. In contrast, all 

concentrations of thiazopyr inhibited root growth. Likewise, there were no significant 

differences in root biomass among the different concentrations of thiazopyr. 

Root and rhizome biomass in the medium portion of the pot was not affected by 

any treatment (Figure 4-3). Similarly, none of the treatments significantly differed from 

the control in shoot dry weight (Figure 4-4) or total biomass (Figure 4-5). 

The ratio of root dry weight to shoot dry weight was investigated by calculating the 

variables 'RSr and *RS2*. RSI was the ratio of the sum of root dry weight in the 

medium and bottom portions of the pot to shoot dry weight, and RS2 was the ratio of toot 

dry weight in the bottom pot section to shoot dry weight. There were no significant 

differences in the RSI ratio compared to the control for any of the treatments (Table 4-1). 

As previously mentioned, differences finm the control were found only in root dry weight 

in the bottom portion of the pots in the thiazopyr treatments (Figure 4-2). Similarly, the 

RS2 ratio was lower in tiie thiazopyr treatments than in other treatments (Table 4-1). In 

general, lack of root growth m the bottom section of the pot had little effect on shoot 

growth because it represented only a small portion of the total weight of the plant 
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Root growth was observed at the end of the experiment by splitting the bottom 

portion of the PVC pot in half prior to washing off the soil. Visual examination indicated 

whether roots were growing all the way down to the bottom of the pot, hal̂ ay down, or 

not at all. Again, only thiazopyr in the bottom section of the pots significantly inhibited 

root growth. These results are consistent with the root dry weights measured in the 

bottom portion of the treatments. 

Thiazopyr did not affect shoot dry weight (Figure 4-4), but it affected shoot quality 

(Figure 4-6). Shoot quality was visually assessed twice during the experiment (DAT 47, 

and DAT S3) on a one to ten scale. Shoot quality  ̂declined as thiazopyr concentration 

increased (Figure 4-6). In general, the grass was shorter when thiazopyr was used, but 

density was similar to that observed in the control pots. Nutrient and water uptake may 

have been reduced in the thiazopyr treatments, since less root mass was present in the 

bottom of the pots, and that may have had a negative influence on shoot elongation. A 

decrease in shoot weight may be possible over a longer time, even though shoot dry 

weight in the thiazopyr treatments was not affected during the present study. A lower 

concentration of thiazopyr may have improved the visual qualî  while maintaining the 

effective root growth inhibition. Another &ctor for consideration is that in the field, 

emitter distances and deeper soil profiles may cause a desirable boundary effect if 

thiazopyr was used. Bermudagrass toots may be able to grow past zones of higher 

concentration directly around the emitter and therefore have minimal effect on shoot 

growth. 



Trifluralin did not inhibit root growth at any dose in this experiment One possible 

explanation may be that triflnralin underwent an anaerobic degradation involving the 

reduction of the nitro groups in the molecule. This may have occurred while irrigation 

water was left in the experimental units for five hours to ensure capillary water 

movement to the top of the pots. Camper et al. (1980) showed that anaerobic degradation 

of trifluralin occurred during the first two months of a study in which anaerobic 

conditions were maintained by flooding. Probst et al. (1975) showed that rapid 

degradation of trifluralin associated with anaerobic conditions could not be associated 

with anaerobic microorganisms or soil type. They reported that degradation of trifluralin 

was greater under anaerobic conditions than in well-aerated soils, and that moist 

anaerobic conditions promoted greater degradation than flooded anaerobic or moist 

aerobic conditions respectively. Enhanced degradation in the presence of an organic 

substrate was also noted. The combination of two factors, continuously moist soil and a 

high concentration of soil organic matter (10% in the soil usecO, niay have contributed to 

the failure of the trifluralin to inhibit root growth in the bottom portion of the pots in this 

study. 

Sulfuric acid and phosphoric acid did not inhibit root growth (Figure 4-2). 

Phosphoric acid has been reported to inhibit toot growth into subsurface drip emitters 

when used continuously during irrigation at a rate of 15 or 30 mg P/Kg of water (Ayars et 

al., 1999). In this study, the effect on soil pH was determined at the end of the 

experiment. Pots iirigated with water adjusted to pH 5,3.5, and 2 with phosphoric acid 

had soil pH values of 7.0,7.1, and 63 respecttvely at the end of the study compared to an 
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initial soil pH of 8.1. Pots irrigated with water adjusted to pH 5,3.5, and 2 with sulfiiric 

acid had soil pH values of 7.1,7.1, and 7.2, respectively. It appeared that the soil acted as 

a buffer and soil pH did not decrease below 6 in any case. It is necessary to emphasize 

that the results obtained here do not provide enough information to determine whether 

acid injection would stop root growth into emitters of subsurface drip laterals. However, 

outside the emitter, we may expect healthy root growth even with high concentrations of 

acid in the irrigation water due to the buffer capacity of the soil. 

The present greenhouse study was conducted with a minimum of environmental 

factors to investigate the effect of different compounds on root growth and overall 

bermudagrass quality. The results obtained in this experiment need to be validated using 

subsurface drip irrigation laterals. Further research is needed to determine which 

chemical product can provide the best solution to the problem of root intrusion when 

using subsurface drip irrigation for bermudagrass turf. 
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Table 4-1. Root to shoot ratios and visual observations of root length. 

Treatment̂  RSl̂  RS2  ̂ Visual Roots  ̂

Control 0.69 ±0.20 a 0.06 ±0.03 a 1.00 ± 0.00 c 
Thiazopyr 0.55 ppmw 0.63 ±0.17 a 0.00 ± 0.00 b 2.87 ±035 a 
Thiazopyr 1.09 ppmw 0.74 ±0.29 a 0.00 ± 0.00 b 3.00 ±0.00 a 
Thiazopyr 2.19 ppmw 0.69 ±0.16 a 0.00 ± 0.00 b 3.00 ± 0.00 a 
TrifluraUn 0.55 ppmw 0.64 ±0.15 a 0.08 ±0.02 a 1.12 ± 0.36 cb 
Trifluralin 0.55 ppmw 0.72 ±0.11 a 0.07 ±0.01 a 1.25 ± 0.46 cb 
Trifluralin 2.19 ppmw 0.72 ±0.20 a 0.07 ±0.02 a 1.37 ± 0.52 cb 
Sulfuric pH 2.0 0.67 ±0.14 a 0.09 ±0.03 a 1.12 ± 0.35 cb 
Sulfuric pH 3.5 0.75 ±0.16 a 0.09 ±0.03 a 1.25 ± 0.46 cb 
Sulfuric pH 5.0 0.61 ±0.14 a 0.08 ±0.03 a 1.00 ± 0.00 c 
Phosphoric pH 2.0 0.63 ±0.18 a 0.09 ±0.04 a 1.12 ± 0.36 cb 
Phosphoric pH 3.5 0.75 ±0.08 a 0.0ft±0.03a 1.62 ± 0.52 b 
Phosphoric pH 5.0 0.69 ±0.25 a 0.09 ± 0.03 a 1.62 ± 0.52 b 
' Data are means ± one SD. Means withm a data column followed by same letter are not 
significantly different OP<0.05) using the Bon&rroni QDunn) T test 
 ̂RSI = totd root dry weight in medium and bottom pot sections / shoot dry weight; RS2 

= root dry weight in bottom section of the pot / shoot dry weight. 
 ̂A value of 1 indicates root growth for the whole length of the bottom section, a value of 

2 indicates growth half ̂ y down of the bottom length, and a value of 3 indicates no root 
growth observed in that section. 
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Figure 4-1. Dimensions of the experimental unit used in the study (in cm). Each 
experimental unit contained two pots. 
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Figure 4-2. The effect of thiazopyr, trifluralin  ̂ sulfuric acid, and phosphoric acid on 
bermudagrass root growth in the bottom. 7.62 cm of the pots. Data are means ± 
one SD. Treatment abbreviations: th-I, th-m, and th-h are thiazopyr at 0.55, 1.09, 
and 2.19 ppmw, respectively; tr-1, tr-m, and tr-h are trifluralin at 0.55, 1.09, and 
2.19 ppmw, respectively; su-1, su-m, and su-h are sulfuric acid at pH 2,3.5, and 5, 
respectively; and ph-1, ph-m, and ph-h are phosphoric acid at pH 2, 3.5, and 5, 
respectively. An * indicates significant differences (P < 0.05) using the 
Bonferroni Q)unn) T test 
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Treatment 

Figure 4-3. The effect of thiazopyr, trifluralin, sulfuric acid, and phosphoric acid on 
bermudagrass root and rtdrome biomass in the medium portion of the pot (top 
7.62 cm of soil). Data ate means ± one SD. Refer to Figure 4-2 for treatment 
abbreviations. 
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Figure 4-4. The ef&ct of thiazopyr, trifluralin, sulfuric acid, and phosphoric acid on 
bermudagrass shoot growth. Data are means ± one SD. Refer to Figure 4-2 for 
treatment abbreviations. 
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Figure 4>S. The effect of thiazopyr, trifluralin, sulfuric acid, and phosphoric acid on 
bermudagrass whole plant biomass. Data are means ± one SD. Refer to Figure 4-2 
for treatment abbreviations. 
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Figure 4-6. The effect of thiazopyr, trifluralin, sulfuric acid, and phosphoric acid on shoot 
quality measured on May 3 O^AT 47) and May 9 (DAT S3), 2000. Data are 
means ± one SD. Refer to Figure 4-2 for treatment abbreviations. An * indicates 
significant differences (P < 0.05) using the Bonfenoni ̂ )unn) T test. 
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CHAPTER 5. PREVENTION OF BERMUDAGRASS ROOT 

INTRUSION INTO SUBSURFACE DRIP EMITTERS 

ABSTRACT 

Subsurface drip irrigadon has been used successfully on many crops with reported 

increases in yield and reduced water use compared to other irrigation methods. However, 

emitter clogging due to root intrusion may pose a threat for long-term sustainability, 

especially in fibrous rooted crops. Bermudagrass was grown under greenhouse conditions 

with subsurface drip irrigation. Nine treatments were tested for control of root intrusion 

into the emitters: trifluralin at 5 and 100 parts per billion on a weight basis (ppbw), 

thiazopyr at 5 and 100 ppbw, phosphoric acid at 15 and 30 mg P/Kg of water, trifluralin-

impregnated emitters; a water stressed control, and a non-water stressed control. Root 

intrusion into the emitters was not significantly different among the treatments; however, 

only thiazopyr at 100 ppbw and trifluralin-impregnated treatments showed totally root-

fi:ee emitters. Overall root and shoot growth was not affected by treatment, but shoot 

visual quality was. The most appealing grass corresponded to trifluralin at 100 ppbw, 

whereas the least visually appealing grass was that treated with thiazopyr at S ppbw. 

Ko^ords: bermudagrass, root intrusion, subsurface (frip irrigation, trifluralin, thiazopyr, 

phosphoric acid> 
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5.1. INTRODUCTION 

Subsurface drip irrigatioa has been successfully used in the United States on many 

crops, with reported benefits including reduced water use and increased yields. However, 

emitter clogging is one of the main concerns among subsurface drip irrigation 

practitioners since it threatens the long-term sustainabilî  of the irrigation system. In 

early use of drip irrigation, surface drip {plications grew at a faster rate than subsurface 

applications because of emitter plugging and root intrusion problems (Camp, 1998). 

Emitter plugging can be due to chemical, physical, or biological processes. 

Chemical plugging is mainly due to the use of alkaline water and can be controlled by 

using an acid to lower pH (Hills et aL, 1989). Small particles in the irrigation water can 

also physically clog the emitters, but can be removed with an appropriate filter system. 

The use of chlorine-treated water can control algae and bacterial growth inside the 

emitter and thus control plugging caused by some biological agents (Nakayama and 

Bucks, 1986). Preventing root mtnision and emitter plugging is a priority  ̂ to ensure the 

long-term use of subsurface dr  ̂iccigation ̂ sterns. Several methods are currently in use 

(Dasberg and Or, 1999) including using an herbicide (e.g., trifluralin), dilute acid, or 

irrigation at high frequency. 

Ayaxs et aL (1999) succes îEy used subsur^e drip irrigation in agricultural crops 

such as tomatoes, sweet com, cotton, and cantaloupe, and they observed no problems 

with root intrusion whea phosphoric acid was injected into the irrigation line at doses of 

IS to 30 mg P/Kg of water. The authors also suggested that using drip products with 

trifluralin-impregnated emitters might potentially prevent root mtnision. 
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Suarez-Rey et al. (2000) conducted an experiment growiî  bermudagrass with 

subsurface drip irrigation emitters where sulfuric acid was injected with the dual purpose 

of controlling carbonate precipitation and root intrusion. After one year of operation, 

fiffy-six emitters were opened and carefully inspected for evidence of root intrusion and 

other possible causes of emitter plugging. Root intrusion was observed in some of the 

emitters, and though emitter flow rate was not seriously affected at the time, statistical 

uniformity was reduced &om 91.8% to 85.3%. It was concluded that the use of sulfuric 

acid was adequate for prevention of chemical precipitation, but it did not stop roots from 

entering into the emitters. 

Trifluralin is a dinitroaniline herbicide currently used in subsurface drip irrigation 

systems to inhibit root growth inside emitters. This herbicide effectively inhibits both 

root and shoot growth and development (Probst et al.̂  1975). Trifluralin inhibits 

microtubule formation, which is necessary for the prop< r formation of the spindle 

apparatus during cell division and for normal deposition of cellulose microfibrils in plant 

cell walls. Thus, the herbicide affects normal cell wall formation and root development 

(Cudney et al., 1993). The average half-life of trifluralin is 45 days (Ross and Lembi, 

1999), but it can be longer in dry or cold climatic conditions (Malterre et al., 1996). On 

the other hand, in wet and warm sofls, anaerobic microorganisms can rapidly degrade 

trifluralin (Moyer, 1987). Trifluralin has a very low diffiision coefficient in soil air, very 

low solubility in water, and it is strongly adsorbed on the soil ^oyer, 1987; Malterre et 

al., 1996). The diffusion coefficient will decline ̂ en the air-filled porosity of the soil is 

reduced below approximately 40% of the total pore volume ̂ oyer, 1987). 
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Thiazopyr (trade name Visor) is a relatively new pre-emergence pyridine herbicide 

with a half-life of 64 days (Ross and Lembi, 1999) that is used to coatrol annual grasses 

and certain broadleaf weeds. Thiazopyr is also a mitosis disrupter, which works much 

like trifluralin. Like trifluralin, thiazopyr has very low water solubility and a low 

potential for vertical movement. It is hydrolyticaUy stable, but degrades rapidly by 

photolysis (EPA, 1997). Both trifluralin and thiazopyr are classified as persistent 

herbicides, which could harm susceptible species during the first and sometimes into the 

second season after application ̂ oss and Lembi, 1999). 

Herbicide availability to a plant depends on the amount of herbicide in the soil 

solution and on the rate of herbicide transport by mass flow and diffusion to plant roots or 

shoots in the soil. If the soil is very dry, the herbicide might be transported into the intra-

aggregate pores during the wetting process, resulting in the exposure of more soil surface 

to herbicide and a lower herbicide solution concentration (Moyer, 1987). As the main 

concern is to control root growth in the vicinity of the emitter, careful management of the 

irrigation system and herbicide dosage is necessary to avoid unwanted effects, such as 

excessive buildup of herbicide near the emitter or leaching of the herbicide if too much 

water is applied. 

The objectives of the present study were: i) to determine the efiScacy of two 

herbicides and one acid each at two different concentrations in stopping root growth into 

subsurface drip emitters; and ii) to mvestigate overall bermudagrass growth and response 

to the treatments. 
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5 J. MATERIALS AND METHODS 

The experiment was conducted in a greenhouse to optimize plant growth. Soil 

containing 10% peat moss, 34% vermiculite, 28% sand, and 28% topsoil (which was 49% 

sand, 33% silt, and 18% clay) with a bulk density of 1480 Kg/m  ̂was pasteurized and 

placed into plastic containers that were S3.3 cm in length, 39.4 cm wide, and 27.9 cm 

deep (Figure 5-1). Each container was watered by an irrigation lateral with two emitters 

30 cm apart that ran the length of the container 10 cm below the top and extended outside 

the pot. One end of the lateral was closed with a plastic clip that allowed for periodic 

opening and flushing of the line. The other end was connected to a main irrigation line 

that delivered the appropriate treatment. The bottom of the container had seven 

perforations for drainage. The soil pH was 8.1 and the electrical conductivity was 1.4S 

dS/m, both measured in a 1:1 soil to water octract 

Bermudagrass sod (Cynodon dactylon L, Pers. x C. tramvetalensis Burtt-Davy, 

"Midiron*) was transplanted on June 6 2001. The semi-transparent containers were 

covered with black plastic to block sunlight and reduce algae growth. The black plastic 

was easily removed to check for toot growth development during the experiment. Each of 

these containers represented an experimental unit m the study. 

Two herbicides, trifluralin and thiazopyr, were selected for the study because of 

their effectiveness in stopping cell elongation and growth of root tips. Their effect is 

exerted through direct contact with toots and in vapor phase within the soil. Trifluralin is 

currently used commercially for controlling root mtrusion mto emitters in two different 

ways. Rootguard*  ̂by Geoflow inline emitters are impre îated with trifluralin, which is 
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slowly released into the soil with an estimated operational life of five to fifteen years. 

Lower longevity values might be expected at higher temperatures (Ruskin et al., 1990). 

Techfilter* from Netafim is a slow-release disk filter impregnated with trifiuralin, which 

releases the herbicide into the irrigation line each time the system operates. The 

manufacturer recommends replacing the filter cartridge every 200 hours of use or after 

two years of service, whichever comes first. Thiazopyr (trade name Visor) is a relatively 

new herbicide approved for direct incorporation into the soil by sprajring with ground 

eqmpment (EPA, 1997) for pre-emergence control of annual grass and broadleaf weeds 

in forestry and several crops, but it is not registered for injection into irrigation lines. 

However, for comparison purposes, we added thiazopyr through the irrigation line in the 

same maimer as trifiuralin. 

Each herbicide was injected through the irrigation system at doses of 5 and 100 

parts per billion on a weight basis (^bw). These dosages were considered a low and a 

high dose, respectively. The lower dose is similar to the release rate from the Rootguard* 

inline emitter after a period of approximately 14 days. However, for longer periods of 

time, that value slightly decreases to a more or less constant value of approximately 2 

ppbw in the case of the Rootguard** emitter. The value for the higher dose was set to be 

significantly higher than the lower dose to detect possible differences in the results. The 

herbicide treatments were dilated with water prior to injection, and the mixing solution 

was continuously agitated in the mix tank to ensure uniform delivery into the irrigation 

^stem. 
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Other treatments in the e}q)eriment included phosphoric acid and two control 

treatments. Phosphoric acid was injected at rates of IS and 30 mg of P/Kg of water. 

These concentrations successfiiUy controlled root intrusion in several agricultural crops 

(Ayars et ed., 1999). One control served as a non-stressed control treatment where the 

units were adequately irrigated for the whole length of the study. Once the root system 

was fiiliy established in the experimental units, the stressed control units were water 

stressed for the last ten weeks of the experiment. 

Eight of the treatments were applied using Techline* by Netafim emitters, and the 

trifluralin-impregnated Rootguard* by Geoflow emitters was the ninth treatment. An 

•extra container was included in each block that was treated the same as the stressed 

control. These containers were periodically examined for root growth within the 

container. They were also used to determine when to end the experiment by opening 

them one by one several times during the experiment and inspecting the emitters for root 

intrusion. A randomized complete block design was used to minimize the possible 

variation in overall plant growth due to gradients in temperature, relative humidity, and 

light in the greenhouse. 

A check valve and a backflow prevention valve were installed in the beginning of 

the irrigation system prior to the chemical injection point to prevent chemical 

contamination of the main water supply line. The water stressed and the trifluralin-

impregnated emitter treatments shared the same chemical injector since fertilization was 

the same for all treatments. The rest of the treatments had a unique injector and irrigation 

line to avoid interference and possible contamination between treatments (Figure 5-1). 
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Ail experimental units were irrigated daily only from the top with a garden hose to 

ensure vigorous and homogenous plant growth for the first month of the study. Nitrogen 

fertilization was regularly applied with the irrigation water. Chlorine was also 

periodically injected to prevent bacteria and algae growth into the emitters. After that 

initial period, irrigation was scheduled based on soil moisture content readings. Soil 

moisture was checked approximately every two days with tensiometers and a time 

domain reflectometer (TDR, Soilmoisture Equipment Corp., Santa Barbara, Calif., Model 

60S0XI) in sixteen randomly chosen containers. When soil tension (measured 10 cm 

below the soil surface) fell below 0.02 MPa, all the experimental units were irrigated 

until water was seen draining fiom the bottom. After September 2 (Days After 

Transplanting, DAT 88) all treatments except the non-water stressed control were 

irrigated when soil tension fell below 0.05 MPa. Water stress was imposed to promote 

root intrusion and enhance treatment differences. 

Bermudagrass shoot quality and growth were assessed several times during the 

experiment. The visual criteria used to rate shoot quality were color, shoot density, 

uniformity, and percentage ground cover with values between 1 to 10. A value of I was 

assigned to a dead shoot, and a value of 10 was assigned to complete ground cover and 

ideal shoot densî , color, and uniformity. The visual rating started on July 17 (DAT 41) 

when general quality was excellent and it was done every 7 to 10 days. Shoot growth is 

another parameter used to assess the physiological status of the plants. Weekly mowing 

was done with an electric trimmer at a height of ̂ proxunately 40 mm. Clippings fiom a 

15-cm diameter circle were collected fiom the center of the container, stored in paper 
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bags, oven dried for 48 hours at 60 °C, and weighed. After opening some of the extra 

containers and finding that roots were reaching the bottom of the containers and that there 

was root intrusion into several onitters, the experiment was ended on November 9 (DAT 

156). All of the containers were cut longitudinally and the drip lateral was carefiiUy 

removed. In one of the container halves, soil was carefiilly washed away by spraying 

water through a fine metallic grid placed on top of the soil to minimize disturbance of the 

root system. After the soil was washed o£f to a depth of one inch, root growth was 

visually mspected and assigned a value of either zero or one. A value of zero was 

assigned to the units with a sparse or low density root system that did not extend to the 

bottom of the container, and a value of one was assigned to the units with a dense root 

system that reached the bottom of the container. A soil cylinder 10 cm in diameter and 

16.5 cm long was taken from the other half of the containers using a golf course cup 

cutter. After carefully washing off the soil, the roots and rhizomes were placed in paper 

bags and oven dried at 60 "C for one week. After collecting roots and rhizomes, all 

emitters were carefully opened and visually inspected for signs of root intrusion. Emitter 

clogging was visually ranked on a scale of zero to four. The value of zero was given to 

clean emitters with no signs of root intrusion; a value of two was given to emitters with 

existence of hairy roots; and a value of four was given to emitters with serious root 

intrusion. 

The experimental design was a randomized complete block design with four 

replications of each treatment. Analysis of variance was performed to evaluate 

differences among the means. Separation of means at the 95% confidence level was done 



with the Bonferroni (Dunn) T test Sub-sampling (two observations per experimental 

unit) was used for the analysis of root intrusion and emitter clogging. Root growth data 

followed a binomial distribution and treatment means were separated wiien the 95% 

confidence intervals did not overlap. 

5.3. RESULTS AND DISCUSSION 

Root intrusion into the subsurface drip emitters was visually assessed in all the 

emitters using a four points scale. Root intrusion was relatively low and not significantly 

different between treatments at the end of the five-month experiment. We cannot predict 

whether these values would increase during longer iirigation seasons and use of the 

system over a period of years. Although flow rate fix)m the emitters was not measured at 

the end of the experiment, we suspect that the un^rmity of irrigation might be 

negatively affected. Decreases in uniformity have been found even when no apparent 

changes in the mean flow rate occurred, due to an increase of variability in flow rates 

(Suarez-Rey et al.y 2000). 

All emitters treated with thiazopyr at 100 ppbw were completely clean and root-

free. Emitters treated with thiazopyr at S ppbw had variable amounts of root intrusion 

with a mean score of 0.75 and a maximum score of 3. Rootguard!*  ̂ by Geoflow inline 

emitters also did not show any sign of toot intrusioiL However, three out of eight emitters 

had algae growth in the inner chamber. The origin of the biological growth m affected 

emitters is unknown, since chlorme was periodically iryected in the irrigation water and 

no other emitters showed any sign of this growth. All of the emitters treated widi 
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trifluralia received a score less than four. The scores assigned to the emitters treated at 

100 ppbw were not different than those treated with lower concentration. 

Diaz-Diaz et al. (1995), studied chemical disappearance firom soils for several 

herbicides, including trifluralin, where leaching and runoff were impeded and chemical 

loss was modeled using single-compartment, first-order kinetics. The herbicide 

concentration in the soil followed an exponential decay function: 

Q = Co exp (-Kt) (5-1) 

where Ct is the concentration in mg of herbicide/Kg of soil in the container at time 

t, Co is the initial herbicide concentration, and K is a constant. The same model have been 

use to predict chemical dissipation of thiazopyr firom soil (Mueller and Hayes, 1996). The 

herbicide half-life under field conditions can be approximated by the degradation half-life 

value (t[/2), which is available in the literature for many herbicides (Diaz-Diaz et aLy 

1995; Ross and Lembi, 1999). 

Diaz-Diaz et al. (1995) reported that the properties of the herbicides appeared to 

have a major role in determining degradabiliQr. Thus, for the purposes of simple 

modeling, the assumption that chemical properties were more significant in determining 

degradation than soil properties seemed acceptable, especially in the absence of extreme 

environmental conditions. Therefore, equation (5-1) was used to obtam an approximation 

of the chemical concentration of herbicide in our oqierimental conditions. 

The value of the constant K was calculated finm equation (5-1) and substituting the 

half-values given by Ross and Lembi (1999): 
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 ̂ ln(0.5) 
K=--  ̂ (5-2) 

nn 

The concentration of herbicides was calculated firom equations (5-1) and (5-2) and 

is shown in Figure 5-2. Due to the low mobility of the two herbicides in the soil, they 

were expected to be adsorbed to the soil particles and aggregates in the vicinity of the 

emitter. However, the real distribution of the herbicides within the container was 

unknown. Thus, we calculated an average concentration of herbicide in each case. The 

concentration peaks in the chart indicate application of herbicide along with the 

irrigation, with degradation occurring between consecutive applications. At any time, the 

concentration of thiazopyr is higher than that of trifluralin for treatments with equivalent 

dosage, due to the higher half-life and lower K values for thiazopyr. An arrow indicates 

the end of the experiment. From that point on, there is continuous exponential decay of 

the herbicidal concentration. As ocpected, degradation is faster for trifluralin than for 

thiazopyr due to the chemical differences in the two herbicides. Trifluralin is degraded in 

soil by an aerobic pathway involving sequential oxidative dealkylation of propyl groups 

and by an anaerobic pathway involving initial reduction of the nitro groups (Probst et al., 

1975; Camper et al., 1980). Usually, the degradation process includes the combination of 

oxidation and reduction reactions. The degradation includes processes such as volatility, 

photodecomposition, chemical and biochemical processes. In our conditions, we expect 

degradation to be mainly caused by chemical and biochemical processes. On the other 

hand, microbial degradation plays an important role in thiazopyr dissipation fiom soil 
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(Mueller and Hayes, 1996; Fernandez et al,, 2001). Other forms of degradation include 

metabolization in plants via oxidation and/or hydrolysis (Fernandez et aL, 2001). 

The emitters treated with phosphoric acid and the stressed control emitters had the 

maximum possible values for root intrusion (Table S-1). The addition of acid in the 

irrigation water did not seem to stop root intrusion into the emitter. On the other hand, 

several non-stress control emitters also had some intrusion. High fiiequency irrigation has 

been suggested as a mechanism to control root intrusion into the emitters (Dasberg and 

Or, 1999). Although irrigation in the non-stressed control treatment was not deficient, 

water was applied in response to soil moisture readings, resulting in irregular irrigation 

intervals with longer intervals towards the end of the study when temperatures were 

cooler. It might be interesting to investigate root intrusion and emitter plugging when 

using a pulse irrigation method that would provide high firequency irrigation at lower 

water doses. 

Root elongation and overall growth inside the containers was given a score of zero 

when thin root systems not reaching the bottom of the container were present, or one in 

units with a dense root system reaching the bottom of the container (Table S-2). Root 

elongation and growth was least for thiazopyr at 100 ppbw, indicating that concentration 

was high enough to negatively affect root growth underneath the irrigation line. Thus, we 

suspect that some of the herbicide leached with soil water movement towards the bottom 

of the container, and that the treatment concentration was above the critical level needed 

to stop root intrusion figure 5-3). 
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Roots and rhizomes were collected fix)m a cylinder of 10 cm in diameter and 16.5 

cm length and were weighed after being oven dried at 60 °C. No significant differences 

were found among treatments in root dry weight or rhizome dry weight CFigure 5-3). 

Shoot growth was monitored weekly by cutting the grass at a height of 40 mm. 

Those clippings were oven dried at 60 for 48 hours. No significant differences were 

observed among treatments in shoot growth (Figure 5-4), even though the emitters treated 

with thiazopyr at 100 ppbw tended to have less root growth. A possible explanation 

might be due to slightly higher rhizome growth in those containers (Figure 5-3). 

Rhizomes are underground shoots with adventitious roots that form new aerial shoots 

(Turgeon, 1996). The latter may have compensated for the weaker root system allowing 

normal shoot growth. 

Visual shoot quality was assessed ten times during the experiment and all the units 

were assigned a value ranging fiom 1 (d  ̂shoot) to 10 (ideal shoot density, color, and 

uniformity). The mean values obtained are included in Table 5-2. Color was the main 

factor in assigning a given score. Thiazopyr treatment at 5 ppbw showed the lowest shoot 

quality and trifluralin at 100 ppbw showed the highest quality. Overall, shoot density and 

uniformity was good for all treatments. 

5.4. CONCLUSIONS 

Root intrusion into sobsur&ce drip emitters was studied under greenhouse 

conditions. Bermudagrass was transplanted into plastic containers and irrigated for a five-

month period. Treatments to control root growth into the emitters, includmg the 
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herbicides trifluralin and thiazopyr at two concentrations, were injected through the 

irrigation system. In addition, phosphoric acid at two concentrations was injected to the 

system. To observe the e£fect of water management on emitter clogging, water stressed 

and non-water stressed treatments were added to the experiment. The ninth treatment 

consisted of emitters with trifluralin impregnated in the plastic of the emitter housing. 

Several conclusions were drawn fiom our results: 

1. Emitters completely free of roots were found only with thiazopyr at 100 ppbw, 

and in the Rootguard* by Geoflow inline emitters. The worst examples of root intrusion 

were observed in emitters treated with phosphoric acid. It appeared that phosphoric acid 

did not stop root growth into the emitters, and that the fertilizer effect of the acid might 

worsen the problem. 

2. General root and rhizome growth was unaffected by treatment. Shorter root 

growth in the container for the thiazopyr at 100 ppbw treated emitters was compensated 

by slightly higher rhizome growth. Overall, shoot dry weight was not affected and there 

were no differences among treatments. 

3. Shoot visual qualî  was lowest for the thiazopyr treatment at S ppbw and 

highest for the trifluralin treatment at 100 ppbw. 

The present study was conducted in a greenhouse to maintain optimum growth 

conditions and to minimize octemal factors for the ^cperiments. Field trials would be 

needed to validate the presented data. Although thiazopyr was injected into the irrigation 

line to compare it with trifluralin due to its similar herbicidal mode of action, it is not 

commercially approved for use by injection into the irrigation system. Dithiopyr (trade 
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name Dimension) is an herbicide member of the pyridine family and closely related to 

thiazopyr, currently used for turf weed control and that might be an alternative to 

thiazopyr on bermudagrass turf. 
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Table 5-1. Emitter root intrusion scores in subsurface drip irrigation laterals measured 
five months after treatments were initiated. 

Treatment* Root intrusion  ̂ Maximum  ̂ Frequency' 

Stress control 1.0±I.4la 4.0 0.125 
Thiazopyr 5 ppbw 0.7 ±1.16 a 3.0 0.125 
Thiazopyr 100 ppbw 0.0 ±0.00 a 0.0 1.000 
TrifiuraKn 5 ppbw 0.6 ±0.74 a 2.0 0.125 
Trifiuralin 100 ppbw 0.5 ±1.07 a 3.0 0.125 
Phosphoric acid 15 mg/Kg 1.5 ±1.60 a 4.0 0.125 
Phosphoric acid 30 mg/Kg 1.4 ±1.51 a 4.0 0.125 
Trifluralin-impregnated 0.0 ±0.00 a 0.0 1.000 
Non stress control 0.5 ±1.07 a 3.0 0.125 
* All treatments except trifluralin-impregnated' were conducted in Techline'* by Netafim 
tubing. Trifluralin-impregnated' refers to the Rootguard** by Geoflow tubing with 
trifluralin-impregnated in the emitter housing. Treatments were water stressed during the 
last ten weeks of the experiment except the 'non-stress control' treatment. 
 ̂Data are means d: one SD. Visual quality assessment was done using a scale of 0 (clean 

emitter) to 4 (serious root intrusion). Means within a data column followed by the same 
letter are not significantly different ̂ <0,0S) with the Bonferroni (Dimn) T test. 
 ̂The values included correspond to the maximum values foxmd for each treatment. 
 ̂ Proportion of emitters observed with the maximum observed value from a sample of 

eight emitters. 
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Table 5-2. Root growth and shoot visual quality scores in the experimental units. 

Treatment* Root growth  ̂ Shoot quality* 

Stress control 1.0 :t 0.00 a 7.4 ± 1.06 ab 
Thiazopyr 5 ppbw 0.5 ± 0.49 ab 7.1 ± 1.34 b 
Thiazopyr 100 ppbw 0.0 ± 0.00 b 7.5 ± 1.11 ab 
Trifluralin S ppbw 0.2 ± 0.42 b 7.3 ± 1.30 ab 
Trifluralin 100 ppbw l.OiO.OOa 8.0 ± 1.07 a 
Phosphoric acid 15 mg/Kg 0.5 i 0.49 ab 7.7 ± 1.26 ab 
Phosphoric acid 30 mg/Kg 1.0 ±0.00 a 7.6 ± 1.07 ab 
Trifluralin-impregnated 0.5 ± 0.49 ab 7.8 ± 1.09 ab 
Non stress control 0.7 ±0.42 a 7.4 ± 1.23 ab 

tubing. Trifluralin-impregnated' refers to the Rootguard* by Geoflow tubing with 
trifluralin-impregnated in the emitter housing. Treatments were water stressed towards 
the end of the experiment except the 'non-stress control' treatment. 
 ̂ Data are means ± one SD. Data followed a binomial distribution where visual root 

assessment was done at the end of the experiment and assigned a value of either 0 (sparse 
root system not reaching the bottom of the container) or I (dense root system reaching 
the bottom of the container). Means within a data colunm followed by the same letter 
indicate that there is no overlap in the 95% confidence intervals. 
 ̂ Data are means ± one SD. Means wfthin a data column followed by the same letter are 

not significantly different (P<0.05) with the Bonferroni (Dunn) T test. Visual shoot 
quality was assessed ten times during the experiment on a scale of 1 (dead plant) to 10 
(ideal shoot density, color, and uniformity). 
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Figure 5-1. Experiment setup in greenhouse and detail of an experimental unit containing subsurface drip lateral. 
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Figure 5-2. Theoretical herbicide concentratioa expressed as mass of herbicide per Kg of 
soil in the container calctilated with an ocponential decay equation. 
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Figure 5-3. The effect of thiazopyr, trifluralin, phosphoric acid, and water stress in 
bermudagrass root and rhizome growth. Data are means ± one SD. Treatment 
abbreviations: nonstress-control, and stress-control are the non-water-stressed and 
water-stressed treatment, respectively; th-5, and th-100 are thiazopyr at 5 and 100 
ppbw, respectively; tr-5 and tr-lOO are trifluralin at 5 and 100 ppbw, respectively; 
ph-15 and ph-30 are phosphoric acid at 15 and 30 mg of P/Kg of water, 
respectively; and tr-impreg is the Rootguard** by Geoflow tubing. No significant 
differences found among the treatments (P < 0.05). 
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Figure 5-4. The effect of thiazopyr, trifluralin, phosphoric acid, and water stress in 
bermudagrass shoot growth. Data are means ± one SD. Refer to Figure 5-3 for 
treatment abbreviations. No significant differences found among the treatments (P 
<0.05). 



113 

APPENDIX A: SUBSURFACE DRIP IRRIGATION AND SPRINKLER 

IRRIGATION ON BERMUDAGRASS TURF: FIELD DATA 

IRRIGATION MANAGEMENT AND CLIMATIC DATA 

Irrigation was initially scheduled in 1998 based in the remotely sensed Crop Water 

Stress Index (CWSI) as defined by Jalali-Farahani et al. (1993). The empirical model 

described by the authors used a multiple linear regression with vapor pressure deficit and 

net radiation as the independent variables, and the difference between canopy and air 

temperature as the dependent variable for a well watered turf. However, as described by 

Suarez-Rey (1999), no linear relationship between the stress index and the percent 

available extractable water (defined as the ratio of measured soil moisture minus the 

lower limit of extractable water to the total extractable water) was found. Therefore, the 

use of the stress index was discontmued and firom that time on, irrigation was scheduled 

based on volumetric water content in the upper 30 cm of soil, where most of the root 

growth was expected. The soil moisture content was measured with a time domain 

refiectometer (TDR) at three locations per plot. The limits of ectractable water were 

defined in terms of volumetric water content as 28% for the upper limit and 12% for the 

lower limit. The previous values represented an retractable water capacity of 48 mm at 

the upper 30 cm of soil. More detailed descr t̂ions of the irrigation managemmt and soil 

characteristics as well as the data for the first irrigation season are described by Suarez-

Rey (1999). 
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The first visual signs of stress in the turf were correlated to a Management Allowed 

Depletion (MAD) of SO to 60%. A MAD of 50% was chosen to schedule irrigation the 

rest of that season (1998) and for the next two years (1999 and 2000). When the average 

of all the experimental plots was lower than the threshold MAD value, each plot was 

irrigated accordingly to its soil moisture content until field capacity conditions were 

reached. 

Table A-1 shows the cumulative irrigation depths given to each irrigation treatment 

in 1999 and 2000. Data for the 1998 irrigation season can be found in Suarez-Rey (1999). 

In addition, cumulative precipitation and cumulative reference evapotranspiration (ETo) 

data are presented. Climatic data were obtained firom the Arizona Meteorological 

Network weather station (AZMET) located on she at the University of Arizona Karsten 

Turfgrass Research Center. Table Al-2 includes the irrigation depth applied to each 

experimental plot for the 1999 and 2000 irrigation seasons. Odd plot numbers correspond 

to subsurface irrigated plots and even plot numbers correspond to sprinkler irrigated 

plots. 
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Table A-1. Cumulative iirigatioa for each irrigation treatment and climatic data for 1999 
and 2000. Refermce ET fix>m Arizona Meteorological Networic (A2^MET) data. 

brigation method 

Subsurfiice Sprinkler 
Year DOY (mm) (mm) ETo (mm) Rain (mm) 
1999 148 0.00 41.70 8.20 0.00 

152 2725 69.70 41.30 0.00 
155 5425 106.70 68.60 0.00 
157 75.25 123.95 85.00 0.00 
159 97.50 123.95 103.50 0.00 
162 119.00 149.70 130.00 0.00 
165 145.00 177.45 159.20 0.00 
176 353.50 218.95 254.70 0.00 
180 562.00 260.45 290.70 0.00 
215 582.25 284.45 505.50 172.70 
229 606.50 315.70 591.30 183.61 
239 62725 342.70 649.10 200.38 
252 648.00 367.45 725.00 226.54 
255 674.25 391.20 743.50 226.54 
271 689.75 410.20 826.60 260.83 

2000 192 25.73 33.15 8.00 56.38 
194 53.23 33.15 23.40 56.38 
198 7523 56.15 50.50 5638 
201 97.48 72.65 76.70 56.38 
204 118.73 94.90 102.30 63.49 
207 118.73 123.65 124.10 64.00 
211 145.23 149.65 157.80 64.00 
215 170.23 182.40 188.40 64.76 
223 195.48 208.90 242.80 73.65 
227 213.48 224.90 265.60 7924 
236 227.73 247.15 324.40 109.96 
250 227.73 277.40 402.40 127.49 
260 236.73 286.40 466.50 137.40 
263 262.73 312.40 485.50 137.40 
267 278.73 328.40 510.30 137.40 
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Table A-2. Applied irrigatioa per plot (mm) during 1999 and 2000. Odd numbers 
correspond to subsurface irrigated plots and even numbers correspond to sprinkler 
irrigated plots. 

Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. 
Year DOY 1 2 3 4 5 6 7 8 
1999 148 0.0 36.0 0.0 45.9 0.0 41.5 0.0 43.4 

152 30.0 39.0 21.0 27.0 35.0 21.0 25.0 25.0 
155 30.0 34.0 27.0 44.0 27.0 35.0 24.0 35.0 
157 20.0 18.0 19.0 13.0 28.0 14.0 17.0 24.0 
159 21.0 0.0 26.0 0.0 20.0 0.0 22.0 0.0 
162 16.0 19.0 23.0 34.0 24.0 23.0 23.0 27.0 
165 22.0 24.0 29.0 27.0 27.0 29.0 26.0 31.0 
176 208.5 41.5 208.5 41.5 208.5 41.5 208.5 41.5 
180 208.5 41.5 208.5 41.5 208.5 41.5 208.5 41.5 
215 22.0 25.0 23.0 26.0 15.0 17.0 21.0 28.0 
229 23.0 29.0 26.0 26.0 24.0 29.0 24.0 41.0 
239 30.0 28.0 27.0 27.0 25.0 23.0 1.0 30.0 
252 12.0 9.0 25.0 30.0 30.0 27.0 16.0 33.0 
255 19.0 14.0 31.0 28.0 31.0 25.0 24.0 28.0 
271 14.0 14.0 21.0 21.0 14.0 18.0 13.0 23.0 

2000 192 30.0 28.3 23.4 34.6 21.0 32.6 28.5 37.1 
194 26.0 0.0 22.0 0.0 28.0 0.0 34.0 0.0 
198 22.0 18.0 15.0 22.0 24.0 21.0 27.0 31.0 
201 23.0 20.0 18.0 27.0 22.0 19.0 26.0 0.0 
204 23.0 20.0 18.0 26.0 24.0 18.0 20.0 25.0 
207 0.0 25.0 0.0 32.0 0.0 25.0 0.0 33.0 
211 28.0 23.0 22.0 34.0 28.0 22.0 28.0 25.0 
215 23.0 30.0 22.0 34.0 24.0 32.0 31.0 35.0 
223 25.0 24.0 25.0 27.0 24.0 27.0 27.0 28.0 
227 18.0 16.0 18.0 16.0 18.0 16.0 18.0 16.0 
236 14.0 25.0 16.0 19.0 13.0 23.0 14.0 22.0 
250 0.0 25.0 0.0 39.0 0.0 28.0 0.0 29.0 
260 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 
263 26.0 26.0 26.0 26.0 26.0 26.0 26.0 26.0 
267 16.0 16.0 16.0 16.0 16.0 16.0 16.0 16.0 
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SOIL SALINITY 

Four cylindrical soil samples 20 cm long and 2.5 cm in diameter were obtained 

from each plot at the beginning and end of each irrigation season. Samples from the 

subsurface plots were taken midway between laterals, where the highest salinity values 

were expected (Devitt and Miller, 1988). Samples in the sprinkler plots were taken in the 

same relative position as in the subsurface plots for comparative purposes. 

Samples were divided in four S cm long sub-samples and were air-dried in the 

laboratory at ambient conditions for several weeks. A 1:5 soil to water extract was 

obtained for each sample and electrical conductivity (ECi;s) measured with an electrical 

conductance meter (YSI Scientific Division, Yellow Springs, OH, Model 32). 

Temperatures of the extract were recorded simultaneously and ECi;s values corrected to 

25 °C. 

Contour maps of ECt;s for 1999 and 2000 were generated by linear interpolation. 

Contour maps for the 1998 mgation season were presented in Suarez-Rey (1999). 

Figures A-l(a) to (d) show values at the beginning and end of the 1999 and 2000 seasons 

at the soil surface (0- to 5-cm depth). Figures A-2(a) to (d) show values at the beginning 

and end of the 1999 and 2000 seasons at 5- to 10-cm depth. Figures A-3(a) to (d) show 

values at the beginning and end of the 1999 and 2000 seasons at 10- to I5-cm depth. 

Figures A-4(a) to (d) show values at the beginning and end of the 1999 and 2000 seasons 

at 15- to 20-cm, respectively. Experimental plots are represented by dotted lines, where 

SDI indicates subsurface nrigated plots and SI indicates sprinkler irrigated plots. 
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DRY BIOMASS PRODUCTION 

Ail plots were mowed two to three times per week at a height of 40 mm, and 

clippings were collected after one pass of the rotary mower (0.53 m x 3.65 m) firom July 

17 (DOY 198) to September 30 (DOY 273) in 1999, and from July 12 (DOY 194) to 

September 26 (DOY 270) in 2000. Clippings were oven dried at 65°C for 48 hours and 

dry mass per area (g of dry matter/m )̂ were calculated. Table A-3 presents daily values 

for all experimental plots obtained during both irrigation seasons. Data pertaining to the 

1998 season can be found in Suarez-Rey (1999). 
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Table A-3. Daily dry mass per unit area productioa (gAn )̂ for the two irrigation methods 
in 1999 and 2000 with subsurface plots represented by odd numbers and sprinkler 
plots represented by even numbers. 

Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. 
Year DOY 1 2 3 4 5 6 7 8 
1999 198 3.74 1.74 5.40 3.72 1.70 1.08 1.85 1.53 

203 4.40 2.23 4.52 3.45 1.79 1.54 1.90 2.66 
207 5.27 3.25 6.39 8.47 2.88 2.30 3.83 3.23 
210 3.94 2J2 2.92 3.34 2.07 1.57 2.99 2.24 
215 3.79 1.23 1.85 5.43 0.92 051 1.33 0.62 
218 4.44 1J7 4.78 4.10 3.93 1.37 0.85 1.37 
222 6.15 1.03 4.87 2.95 2.31 1.28 2.56 1.54 
229 3.66 2.42 3.08 3.15 1.98 1.68 3.22 2.78 
232 3.93 6.66 6.66 7.86 4.27 2.39 4.10 2.22 
235 4.74 3.84 4.49 6.79 3.97 6.28 5.25 5.64 
238 6.66 6.66 5.98 5.64 4.78 4.44 8.37 4.10 
242 4.91 3.15 6.37 5.57 4.61 3.88 4.61 3.73 
245 4.02 2.05 3.42 2.99 1.88 1.88 2.22 1.88 
250 5.13 3.42 4.78 5.30 1.71 1.71 1.03 1.71 
253 1.25 1.08 2.05 2.11 0.57 0.85 0.91 0.68 
257 0.73 0.81 1.68 1.83 1.24 0.95 1.32 0.88 
260 0.88 0.84 132 0.95 0.92 051 1.06 0.59 
264 2.01 1.41 1.96 2.09 1.96 1.11 1.58 0.47 
267 1.65 1.14 227 1.21 1.14 0.73 0.95 0.66 
270 1.44 1.06 1.70 1.47 1.03 1.22 1.03 0.86 
273 3.16 2.39 3.50 2.99 2.05 2.48 2.14 1.71 

2000 194 5.03 6.54 10.57 5.53 6.04 855 6.04 453 
198 7.55 9.56 17.11 11.07 12.58 11.57 13.58 8.05 
201 13.08 10.06 8.55 8.05 5.53 7.55 8.55 6.04 
204 9.06 8.05 6.54 7.04 5.03 7.55 11.57 8.05 
207 5.03 0.00 5.53 6.54 9.06 6.04 9.56 5.03 
210 4.53 6.04 6.54 11.07 855 7.55 6.04 8.05 
213 3.02 5.53 10.06 11.07 8.05 4.03 4.03 3.02 
216 2.52 2.01 2.01 3.02 3.52 3.02 3.02 LOl 
219 5.03 3.02 5.53 755 6.04 6.54 4.53 4.03 
222 3.52 5.03 5.53 755 4.03 6.04 4.53 3.52 
225 3.02 9.06 8.55 9.56 7.04 5.53 7.04 553 
228 6.54 6.54 4.03 6.04 3.52 8.05 5.53 5.53 
231 5.53 6.04 654 7.04 7.55 5.53 5.03 4.03 
234 3.02 433 5.53 7.04 7.04 3.52 4.03 3.52 
237 9.56 533 7.04 10.57 8.05 9.06 8.05 5.03 
240 3.02 3.02 553 7.04 9.56 3.52 6.04 2.52 
243 2.52 3.02 4.03 553 5.53 3.52 4.03 2.52 
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Plot NO. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. 
Year DOY 1 2 3 4 5 6 7 8 

2000 246 1.51 1.01 3.02 4.03 3.52 1.51 2.01 1.51 
249 1.51 1.01 3.02 2.01 6.04 1.51 2.52 1.01 
252 2.01 1.01 1.01 4.53 2.01 1.01 1.01 1.51 
255 3.52 5.53 4.03 5.03 4.53 1.51 2.01 2.01 
258 1.51 1.01 2.01 1.51 5.03 2.52 2.01 1.51 
261 3.02 1.01 2.01 2.52 2.52 1.51 1.01 0.50 
264 3.52 l.Ol 2.01 1.01 2.52 1.51 1.01 0.50 
267 2.26 2.26 1.76 2.26 2.77 0.75 1.26 0.75 
270 1.51 2.01 2.01 1.51 1.01 0.50 1.51 1.01 



125 

VISUAL QUALITY 

The criterion for the visual evaluation of the turfgrass was maintained for the total 

length of the experiment. In order to evaluate the appearance of the grass, several factors 

were considered: grass color, shoot density, and ground cover. Visual ratings were based 

on the following scale; 10 = ideal shoot density, color and uniformity for the particular 

species, 6 = mim'mum acceptable quality for a good turf, and I = dead shoots. A value of 

6 would support a functional playmg surface, with adequate color, density and uniformity 

for general purposes (USDA, 1998). Table A-4 shows visual quality ratings given in 

1999 and 2000. Visual quality ratings from 1998 can be found in Suarez-Rey (1999). Odd 

plot numbers correspond to the subsurface irrigated plots and even numbers correspond 

to the sprinkler irrigated plots. Ratings in the 1999 season were recorded from June 6 

(DOY 157) to October 27 (DOY 300). Ratings in the 2000 season were recorded from 

July 10 (DOY 192) to September 26 G^OY 270) by Fitz-Rodriguez as part of his master's 

thesis and are included in Fitz-Rodriguez and Choi (2002). 
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Table A-4. Shoot visual quality for the two iirigatioa methods in 1999 and 2000 with 
subsurface plots represented by odd numbers and sprinkler plots represented by 
even numbers. 

Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. 
Year DOY 1 2 3 4 5 6 7 8 
1999 157 6 7 8 7 3 6 4 6 

174 7 9 8 8 3 6 5 7 
237 6 7 6 6 7 7 7 8 
244 9 8 9 9 9 8 8 8 
253 6 7 6 6 7 6 7 7 
258 7 8 7 8 7 7 7 7 
269 8 8 8 8 8 8 8 8 
275 7 8 7 8 8 8 7 7 
280 7 7 6 7 7 7 7 8 
288 6 7 6 6 7 7 7 7 
300 5 5 5 4 6 5 5 5 

2000 192 5 6 6 6 5 6 6 5 
194 5 6 5 6 5 6 6 '6 
198 6 7 7 8 8 8 7 7 
201 6 7 6 7 7 8 7 7 
202 7 8 7 7 8 8 7 7 
203 7 8 8 8 8 8 8 8 
204 7 8 7 7 8 8 8 8 
206 7 8 8 8 9 9 8 8 
207 7 8 8 7 7 9 8 8 
208 8 9 9 8 8 9 9 9 
209 8 9 8 8 8 9 8 8 
210 7 9 8 9 8 9 9 8 
211 7 8 8 9 8 9 9 8 
212 8 9 9 9 9 10 9 9 
213 8 8 8 8 9 9 9 9 
214 7 8 8 9 9 9 9 8 
215 8 9 8 8 8 8 9 8 
216 8 9 9 9 9 9 9 9 
217 8 9 9 9 9 9 9 9 
218 8 9 9 9 8 9 9 8 
219 8 9 10 10 10 10 9 9 
220 8 9 9 9 9 9 9 8 



221 
222 
223 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
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Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. 
1 2 3 4 5 6 7 8 
8 8 8 9 9 9 9 8 
8 9 9 9 9 9 9 8 
8 9 9 10 9 9 9 8 
8 9 9 10 9 9 9 8 
8 8 9 10 9 9 9 8 
8 9 9 10 10 9 9 8 
8 9 9 10 9 9 8 8 
8 9 9 10 9 10 9 9 
8 9 10 10 9 10 8 8 
9 10 10 10 10 10 9 9 
8 9 10 10 10 10 9 9 
8 9 9 10 9 9 9 8 
8 9 10 10 10 9 9 8 
8 9 9 10 9 9 8 8 
8 9 10 10 9 9 8 9 
9 9 10 10 10 9 9 9 
8 9 10 10 10 9 8 8 
8 9 10 10 10 9 8 8 
8 9 10 10 9 8 8 8 
8 10 10 10 9 9 9 8 
8 9 9 10 9 9 8 8 
8 9 10 10 10 9 9 8 
8 9 9 10 9 9 8 8 
8 9 10 10 9 9 8 8 
8 9 9 9 9 8 8 8 
8 9 9 9 9 8 8 8 
7 9 9 9 9 8 8 8 
8 9 9 9 9 8 8 8 
8 9 9 10 8 8 7 7 
7 9 9 9 9 8 7 7 
7 9 9 9 9 9 8 8 
7 9 9 9 9 8 8 7 
7 10 9 10 10 9 8 8 
7 9 9 10 10 9 8 8 
7 9 9 9 9 8 8 8 
7 10 9 10 9 8 8 8 



258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
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Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. Plot No. 
7 8 I 2 3 4 5 6 

7 9 9 9 9 8 
6 9 8 8 8 7 
6 9 8 8 8 7 
6 8 8 7 8 8 
6 8 8 7 8 8 
6 9 8 8 9 8 
7 9 8 8 8 8 
6 9 8 8 8 8 
6 10 9 8 9 8 
6 9 8 8 9 8 
6 9 8 8 8 8 
6 10 8 8 8 8 
6 9 8 8 9 8 
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STATISTICAL UNIFORMITY AND EMITTER CLOGGING 

At the end of the 199S irrigation season, six laterals were randomly retrieved from 

the subsurface plots and uniformî  tests conducted (Suarez-Rey, 1999). At the end of the 

2000 irrigation season, two laterals from every subsurface plot were retrieved. Special 

care was taken to avoid retrieving some of the laterals replaced in 1998. Flow rate was 

measured from about 12 emitters in each lateral at an operating pressure of 137 KPa. The 

flow rate of all emitters was measured during 1-minute intervals at an average water 

temperature of 15 "C. The test was replicated three times. 

The statistical uniformity was calculated with the equation (ASAE Standards 

EP458 DEC98): 

S 
U, =100(1-̂ ) (A-1) 

q 

where: Us = statistical uniformity, 

Sq = standard deviation of emitter flow rate (L/h), 

q = average emitter flow rate (L/h). 

Table A-S shows the statistical unifiimiity values obtained at the end of the 2000 

irrigation season. The first column in the table indicates the plot number and the lateral 

number (e.g., P-1; L-1 corresponds to plot 1 and lateral I). After the uniformî  tests were 

concluded, the polyethylene laterals were cut and the emitters opened in search of 

evidence of root intrusion, calcitmi or magneshmi carbonate precipitation, particulate, 

and/or biological clogging. The emitters were classified according to the following scale: 
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0 = excellent condition with no dirt, no carbonate precipitates and no root presence, 2 = 

existence of hairy root(s) and/or minimal presence of carbonates and dirt, 4 = serious root 

intrusion and other clogging problems. Table A-6 presents the emitter classification 

according to the previous scale. Only root intrusion was observed in some of the emitters. 
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Table A-5. Statistical uniformity of eight retrieved subsurf̂ e drip laterals at end of the 
2000 irrigation season. 

Lateral Identification No. of emitters per 
lateral Flow rate (L/h) Statistical Uniformity 

(%) 

P-1 : L-1 12 5.55 86.88 
P-1 : L-2 11 6.03 85.36 
P-3 : L-1 11 5.69 89.95 
P-3 : L.2 12 6.39 77.34 
P-5 : L-1 12 5.64 92.26 
P-5: L-2 12 6.29 83.94 
P-7: L-1 12 5.76 77.93 
P-7: L-2 12 538 95.86 

Table A-6. Clogging of subsurface drip emitters at the end. of the 2000 irrigation season. 

Plot No. No. of emitters sampled Mean value Std. Deviation Minimum Maximum 

1 23 0.04 oao 0.0 I.O 
3 23 0.08 0.28 0.0 1.0 
5 24 0.12 0.34 0.0 1.0 
7 24 0.21 0.41 0.0 1.0 
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STATISTICAL ANALYSIS 

The analysts of variance (ANOVA) model for treatment responses on a per year 

basis and for the combined year analysis are provided in Tables A-7 and A-8. For any 

single year, the statistical design was a randomized complete block design with two 

irrigation treatments and four blocks (Table A-7). The statistical design for the combined 

year analysis is a split-plot design where years were the main plots and irrigation 

treatments were the subplots. The ANOVA table for the split-plot design is presented in 

Table A-8. 
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Table A-7. General ANOVA per year in a randomized complete block design with two 
irrigation treatments and four blocks. 

Source of variation Degrees of freedom Test' 
Total 7 
Block 3 
Irrigation method I MS(hiigation) / MS l̂ock x Irrigation) 
Error (Block x Irrigation 3 
Method) 

MS is mean square value calculated by dividing the sum of squares by the degrees of 
freedom. The test statistic F is equal to the MS(Irrigation)/MS(Error). 

Table A-8. Combined analysis with years as the main plots and the subsurface drip and 
sprinkler irrigation methods as the subplots in the three-year study. 

Source of variation Degrees of freedom Test 
Total 23 
Block 3 
Year 2 MS(Year) / MS(Block x Year) 
Block X Year (Error 1) 6 
Irrigation method 1 MSOmgation) / MS(Residual) 
Irrigation method x Year 2 MS(Irrigation x Year) / MS(Residual) 
Residual (Error 2) 9 



134 

COEFFICIENT OF CORRELATION FOR SEVERAL VARIABLES OF INTEREST 

The coefiScient of correlatioii can be used to investigate whether there is a 

relationship between two random variables. Then, if X and Y are random variables with 

means and ^y, the correlation coefiScient can be obtained from; 

Cov(X,Y) , 
 ̂ V(VarX)(VarY) 

where p = Pearson correlation coefficient; and VarX, and VarY are the variances of X 

and Y, respectively. 

The covariance between X and Y is given by; 

Cov(X,Y)=E[(X-Hx)(Y-tiv)]=E[XYl-E[X]E[Y] (A-3) 

where EpC] is the expected value of X (i.e., the theoretical average value of X). 

The Pearson correlation coefiBcient was used to investigate the relationship between 

total amount of irrigation applied, total shoot biomass production, and seasonal shoot 

visual quality for each year (1998, 1999, and 2000). The Pearson correlation coefficient 

calculated for each treatment is shown in Table A-9. 
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Table A-9. Correlatioa coefficients (p) for several random variables investigated in the 
three-year study at the Karsten Turfgrass Research Center. 

Treatment Year Variable Mgad'on dosage Shoot biomass Visual Quality 

Subsur^e drip 1998 Irrigation dosage 
Shoot biomass 
Visual qualî  

I 
-0.078 
0.855 

I 
0286 1 

1999 Irrigation dosage 
Sboot biomass 
Visual quality 

I 
0.130 
0J93 

I 
0.935 I 

2000 Irrigation dosage 
Shoot biomass 
Visual quality 

I 
-0.490 
-0.478 

I 
0.983 1 

Sprinkler 1998 Irrigation dosage 
Shoot biomass 
Visual quality 

1 
0.766 
0332 

I 
0.507 I 

1999 Irrigation dosage 
Shoot biomass 
Visual quality 

I 
0.257 

-0221 
I 

0.018 1 
2000 Irrigation dosage 

Shoot biomass 
Visual quality 

I 
0.650 
0.090 

I 
0.788 1 
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APPENDIX B: ROOT GROWTH OF BERMUDAGRASS TREATED 

WITH ACIDS AND HERBICIDES IN GREENHOUSE CONDITIONS 

SOIL CHARACTERISTICS 

A soil containing 10% peat moss, 34% vermiculite, 28% sand, and 28% topsoil 

(with a composition of 49% sand, 33% silt, and 18% clay) was used for the greenhouse 

experiments after being pasteurized at 90 °C for one hour. Soil pH and ECt;i soil to water 

extract were 8.07 and 1.45 dS/m, respectively. 

The soil characteristic curve describes the ability of a specific soil to hold water at 

different suction values and irrigation practitioners use it to schedule irrigations. A 

desorption curve was determined by extracting water finm saturated soil samples. As 

suction is applied, the first pores to be emptied are the larger ones that cannot retain water 

against the suction applied. As suction is mcreased, there is a decrease on the thickness of 

the hydration envelopes adsorbed to the soil surfaces. The amount of water in the soil at 

equilibriimi is a function of the sizes and volumes of the water-filled pores and the 

amount of water adsorbed to the particles, and thus, it is a function of the soil matric 

suction (Hillel, 1998). 

The wetter part of the curve was determmed by the "hanging water column" 

method, where low suctions were î lied to the soil samples by lowering the hydraulic 

head of a water-filled tube with respect to the soil reference level. This method can only 
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be used for low suction values up to 250 cm water (0.025 MPa). For higher suctions, a 

pressiure chamber was used for pressures ranging fiom 0.025 MPa to 1.5 MPa. 

A general approximation for many soil water desorption curves was described by 

van Genuchten (1980): 

where: W = nomialized water content, 

9 = volumetric water content (cmVcm ,̂ 

9r = residual water content (cmVcm ,̂ 

9s = saturated water content (cm /̂cm ,̂ 

a = fitting factor (a > 0), 

h = absolute value of tension corresponding to 0 (cm water), 

m - fitting factor (0 < m < 1). 

Equation B>1 was used to fit the experimental data and the resulting curve is 

presented in Figure B-I. 

W (B-1) 
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Figure B-L Soil desorption curve for the greenhouse soil using van Genuchten's fit with 
m = 0.313 and a = 0.191. 
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DRY BIOMASS PRODUCTION 

Harvest of plants in the preliminary greenhouse experiment was carried out on May 

10 (Day After Transplanting, DAT 54), 2000 when imtreated control pots showed 40-

50% root area contact at the bottom of the pot Each pot was sliced transversely in three 

parts; the top part, 2.54 cm in height, containing the top of the pot and the shoots; the 

intermediate portion, 7.62 cm in height, containing roots and rhizomes; and the bottom 

7.62 cm containing the remaining roots grown during the experiment. All samples were 

washed carefully and the plant biomass samples were collected in paper bags. The 

samples were oven dried at 60 for seventy-two hours, then weighed. 

Table B-1 presents the data firom each of the three sections for each pot There were 

two pots per experimental unit and th  ̂were identified as sub-units 1 and 2, respectively. 
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Table B-1. Dry biomass production fiom whole bermudagrass plants collected on May 10 
(DAT 54), 2000. 

Root and 
rhizome weight Bottom root 

Treatment Sub-unit No. Shoot weight (g) (g) weight (g) 
Control 1 7.24 3.24 0.27 
Control 2 9.05 7.22 0.48 
Control 1 6.83 3.46 0.35 
Control 2 8.47 3.34 0.33 
Control 1 9.79 8.36 0.62 
Control 2 11.78 8.32 0.67 
Control 1 9.32 7.32 1.35 
Control 2 12^93 7J5 0.85 
Thiazopyr 0.55 ppmw 1 10.69 5.23 0.00 
Thiazopyr 0.55 ppmw 2 9.36 6.36 0.11 
Thiazopyr 0.55 ppmw 1 7.71 7.76 0.05 
Thiazopyr 0.55 ppmw 2 6.88 4.23 0.00 
Thiazopyr 0.55 ppmw 1 10.94 5.34 0.00 
Thiazopyr 0.55 ppmw 2 10.̂  5.86 0.00 
Thiazopyr 0.55 ppmw I 9.13 6.12 0.00 
Thiazopyr 0.55 ppmw 2 11.94 6.72 0.02 
Thiazopyr 1.09 ppmw 1 8.10 7.97 0.00 
Thiazopyr 1.09 ppmw 2 9.47 4.33 0.00 
Thiazopyr 1.09 ppmw 1 10.90 4.22 0.00 
Thiazopyr 1.09 ppmw 2 6.65 6.91 0.00 
Thiazopyr 1.09 ppmw 1 7.32 5.77 0.00 
Thiazopyr 1.09 ppmw 2 5.48 4.60 0.00 
Thiazopyr 1.09 ppmw I 5.36 5.75 0.00 
Thiazopyr 1.09 ppmw 2 6.80 2.64 0.00 
Thiazopyr 2.19 ppmw 1 9.75 5.93 0.00 
Thiazopyr 2.19 ppmw 2 7.60 5.54 0.00 
Thiazopyr 2-19 ppmw 1 8.30 6.97 0.04 
Thiazopyr 2.19 ppmw 2 8.24 6.80 0.40 
Thiazopyr 2.19 ppmw 1 12.86 4.30 0.00 
Thiazopyr 2.19 ppmw 2 8.85 6.35 0.00 
Thiazopyr 2.19 ppmw 1 7.13 5.53 0.00 
Thiazopyr 2.19 ppmw 2 9.14 6.20 0.01 
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Btootand 
rhizome weight Bottom root 

Treatment Sub-unit No. Shoot weight (g) (g) weight (g) 
Trifiuralin 0.55 ppmw 1 10.52 6.83 0.76 
Trifiuralin 0.55 ppmw 2 10.87 7.20 1.26 
Trifiuralin 0.55 ppmw 1 8.79 3.69 0.69 
Trifiuralin 0.55 ppmw 2 7.70 5.76 0.78 
Trifiuralin 0.55 ppmw I 10.76 5.47 0.66 
Trifiuralin 0.55 ppmw 2 12.05 3.91 0.60 
Trifiuralin 0.55 ppmw 1 9.75 5.48 0.81 
Trifiuralin 0.55 ppmw 2 10.85 6.72 0.77 
Trifluralm 1.09 ppmw 1 10.27 5.58 0.67 
Trifiuralin 1.09 ppmw 2 9.08 5.09 0.55 
Trifiuralin 1.09 ppmw 1 11.30 8.23 1.07 
Trifiuralin 1.09 ppmw 2 10.17 5.76 0.62 
Trifiuralin 1.09 ppmw 1 723 4.47 0.41 
Trifiuralin 1.09 ppmw 2 11.02 8.22 0.89 
Trifiuralin 1.09 ppmw 1 7.55 5.81 0.73 
Trifiuralin 1.09 ppmw 2 8.66 5.49 0.38 
Trifiuralin 2.19 ppmw 1 14.66 5.63 0.49 
Trifiuralin 2.19 ppmw 2 939 8.04 0.78 
Trifiuralin 2.19 ppmw 1 9.09 5.82 0.63 
Trifiuralin 2.19 ppmw 2 12.02 7.49 0.92 
Trifiuralin 2.19 ppmw 1 9.20 5.43 0.49 
Trifliualin 2.19 ppmw 2 8.60 5.63 0.59 
Trifiuralin 2.19 ppmw I 8.20 7.97 0.62 
Trifiuralin 2.19 ppmw 2 10.01 5.16 0.76 
Sulfuric pH 2.0 I 11.46 4.17 0.72 
Sulfuric pH 2.0 2 11.09 6.65 1.28 
S'llfuric pH 2.0 1 8.17 4.98 0.55 
Sulfuric pH 2.0 2 14.54 9.30 1.12 
Sulfiiric pH 2.0 1 11.41 — 0.64 
Sulfuric pH 2.0 2 9.69 4.20 1.04 
Sulfuric pH 2.0 1 9.11 7.10 0.78 
Sulfuric pH 2.0 2 9.76 5.65 1.38 
Sulfiiric pH 3.5 1 9.66 3.20 0.63 
Sulfuric pH 3.5 2 8.42 6.02 0.99 
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Root and 
rhizome weight Bottom root 

Treatment Sub-unit No. Shoot weight (g) (R) weight (g) 
Sulfuric pH 3.5 1 8.91 6.43 0.69 
Sulfuric pH 3.5 2 8.32 5.77 0.74 
Sulfuric pH 3.5 1 9.56 6.12 0.70 
Sulfiiric pH 3.5 2 11.11 5.89 1.47 
Sulfuric pH 3.5 1 8.72 7.65 0.62 
Sulfuric pH 3.5 2 8.26 6.34 0.54 
Sulfuric pH 5.0 1 10.90 6.80 0.65 
Sulfuric pH 5.0 2 10.43 5.06 0.78 
Sulfuric pH 5.0 1 13.73 4.85 0.63 
Sulfuric pH 5.0 2 7.66 4.90 0.82 
Sulfuric pH 5.0 1 10.35 4.36 0.42 
Sulfuric pH 5.0 2 9.98 5.50 0.62 
Sulfuric pH 5.0 1 9.57 4.52 0.98 
Sulfimc pH 5.0 2 10.88 7.63 1.43 
Phosphoric pH 2.0 1 10.49 6.92 1.03 
Phosphoric pH 2.0 2 8.92 2.91 0.42 
Phosphoric pH 2.0 1 9.30 4.60 0.76 
Phosphoric pH 2.0 2 9.32 6.29 0.55 
Phosphoric pH 2.0 1 8.62 2.77 0.39 
Phosphoric pH 2.0 2 9.30 5.46 1.09 
Phosphoric pH 2.0 1 9.67 5.92 0.94 
Phosphoric pH 2.0 2 9.40 6.49 1.36 
Phosphoric pH 3.5 1 9.01 5.18 0.55 
Phosphoric pH 3.5 2 8.65 6.78 0.98 
Phosphoric pH 3.5 1 9.93 72S 039 
Phosphoric pH 3.5 2 10.22 62A 039 
Phosphoric pH 3.5 1 9.18 6.26 0J8 
Phosphoric pH 3.5 2 9.20 6.54 0.63 
Phosphoric pH 3.5 1 12.71 7.74 0.79 
Phosphoric pH 3.5 2 9J4 6.15 1.21 
Phosphoric pH 5.0 1 9.87 5.34 0.85 
Phosphoric pH 5.0 2 8.03 8.60 1.28 
Phosphoric pH 5.0 1 11.01 6.72 0.92 
Phosphoric pH 5.0 2 11.07 6.88 0.98 
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Treatment Sub-unit No. Shoot weight (g) 

Root and 
rhizome weight 

(g) 
Bottom root 
weight (g) 

Phosphoric pH 5.0 I 15.12 5.91 0.63 
Phosphoric pH 5.0 2 13.12 6.57 1.17 
Phosphoric pH 5.0 I 9.88 6.86 0.87 
Phosphoric pH 5.0 2 13.14 5.64 0.68 
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VISUAL QUALITY 

Visual observation of shoot qualî  was performed twice toward the end of the 

experiment, on May 3 (DAT 47) and May 9 (DAT S3), 2000. The control treatment was 

used as a reference for the qualitative ranking assigned to each experimental unit. The 

scale used for visual quality rating was already described in Appendix A; Visual Quality. 

Table B-2 presents the ratings given in both days for all experimental units and 

treatments. 

Visual observation of root length fiom the bottom portion of the pots was 

conducted on May 10 (DAT 54). A numerical score of (3) was assigned to pots with no 

root growth in the bottom section of the pot; a score of (2) was assigned if roots occupied 

the top 50% of the bottom section of the pot; and a score of (1) was assigned if roots 

reached the bottom of the pot. Table B-3 presents the visual observation of root length, 

where the root presence through container identified as "NONE" corresponds to a score 

of (3); the value 'HALF" corresponds to a score of (2), and the value "ALL" corresponds 

to a score of (1). 
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Table B-2. Bermudagrass visual shoot quality observed in May 3 QDAT 47) and May 9 
(DAT 53), 2000. 

Treatment Visual Day 1 Visual Day 2 

Control 8.5 9.0 
Control 9.0 9.0 
Control 10.0 10.0 
Control 10.0 10.0 
Thia2opyr0.55 ppmw 8.0 8.0 
Thia2opyr0.55 ppmw 9.0 8.0 
Thia2opyr0.55 ppmw 8.5 9.0 
Thia2opyr0.55 ppmw 6.0 5.0 
Thiazopyr 1.09 ppmw 8.0 5.0 
Thiazopyr 1.09 ppmw 7.0 6.0 
Thiazopyr 1.09 ppmw 5.0 6.0 
Thiazopyr 1.09 ppmw 5.0 8.0 
Thiazopyr 2.19 ppmw 4.0 3.5 
Thiazopyr 2.19 ppmw 4.0 4.0 
Thiazopyr 2.19 ppmw 6.5 3.0 
Thiazopyr 2.19 ppmw 4.0 4.0 
Trifluralin 0.55 ppmw 10.0 10.0 
Trifluralin 0.55 ppmw 9.0 10.0 
Trifluralin 0.55 ppmw 9.5 10.0 
Trifluralin 0.55 ppmw 10.0 10.0 
Trifluralin 1.09 ppmw 10.0 9.0 
Trifluralin 1.09 ppmw 9.5 10.0 
Trifluralin 1.09 ppmw 9.0 9.0 
Trifluralin 1.09 ppmw 10.0 10.0 
Trifluralin 2.19 ppmw 10.0 10.0 
Trifluralin 2.19 ppmw 10.0 10.0 
Trifluralin 2.19 ppmw 10.0 10.0 
Trifluralin 2.19 ppmw 9.0 9.0 
Siilfiiric pH 2.0 85 lO.O 
Sulfiiric pH 2.0 9S 10.0 
Sulfiiric pH 2.0 83 10.0 
Sulfuric pH 2.0 10.0 9.0 



Treatment Visual I Visual 2 

Sulfuric pH 3.5 9.5 10.0 
Sulfuric pH 3.5 9.5 9.0 
Sulfuric pH 3.5 10.0 10.0 
Sulfiiric pH 3.5 10.0 lO.O 
Sulfuric pH 5.0 10.0 9.0 
Sulfuric pH 5.0 10.0 10.0 
Sulfuric pH 5.0 9.5 10.0 
Sulfuric pH 5.0 9.5 10.0 
Phosphoric pH 2.0 9.0 10.0 
Phosphoric pH 2.0 9.0 10.0 
Phosphoric pH 2.0 9.0 10.0 
Phosphoric pH 2.0 9.5 10.0 
Phosphoric pH 3.5 10.0 lO.O 
Phosphoric pH 3.5 9.5 lO.O 
Phosphoric pH 3.5 9.5 9.0 
Phosphoric pH 3.5 10.0 9.0 
Phosphoric pH 5.0 10.0 10.0 
Phosphoric pH 5.0 10.0 10.0 
Phosphoric pH 5.0 9.5 lO.O 
Phosphoric pH 5.0 10.0 10.0 
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Table B-3. Bermudagrass visual root growth observation on May 10 (DAT 54), 2000. 

Treatment 
Experimental 
sub-unit ID 

Root presence 
through container 

Control 1 ALL 
Control 2 ALL 
Control 1 ALL 
Control 2 ALL 
Control 1 ALL 
Control 2 ALL 
Control 1 ALL 
Control 2 ALL 
Thiazopyr 0.55 ppmw I NONE 
Thiazopyr 0.55 ppmw 2 NONE 
Thiazopyr 0.55 ppmw 1 NONE 
Thiazopyr 0.55 ppmw 2 NONE 
Thiazopyr 0.55 ppmw I NONE 
Thiazopyr 0.55 ppmw 2 NONE 
Thiazopyr 0.55 ppmw 1 NONE 
Thiazopyr 0.55 ppmw 2 HALF 
Thiazopyr 1.09 ppmw I NONE 
Thiazopyr 1.09 ppmw 2 NONE 
Thiazopyr 1.09 ppmw I NONE 
Thiazopyr 1.09 ppmw 2 NONE 
Thiazopyr 1.09 ppmw 1 NONE 
Thiazopyr 1.09 ppmw 2 NONE 
Thiazopyr 1.09 ppmw 1 NONE 
Thiazopyr 1.09 ppmw 2 NONE 
Thiazopyr 2.19 ppmw I NONE 
Thiazopyr 2.19 ppmw 2 NONE 
Thiazopyr 2.19 ppmw I NONE 
Thiazopyr 2.19 ppmw 2 NONE 
Thiazopyr 2.19 ppmw I NONE 
Thiazopyr 2.19 ppmw 2 NONE 
Thiazopyr 2.19 ppmw 1 NONE 
Thiazopyr 2.19 ppmw 2 NONE 
Trifluralin 0.55 ppmw 1 ALL 
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Experimental Root presence 
Treatment sub-unit ID through container 
Trifluralin 0.55 ppmw 2 HALF 
Trifluralin 0.55 ppmw 1 ALL 
Trifluralin 0.55 ppmw 2 ALL 
Trifluralin 0.55 ppmw 1 ALL 
Trifluralin 0.55 ppmw 2 ALL 
Trifluralin 0.55 ppmw 1 ALL 
Trifluralin 0.55 ppmw 2 ALL 
Trifluralin 1.09 ppmw 1 ALL 
Trifluralin 1.09 ppmw 2 HALF 
Trifluralin 1.09 ppmw 1 ALL 
Trifluralin 1.09 ppmw 2 ALL 
Trifluralin 1.09 ppmw 1 ALL 
Trifluralin 1.09 ppmw 2 ALL 
Trifluralin 1.09 ppmw 1 ALL 
Trifluralin 1.09 ppmw 2 HALF 
Trifluralin 2.19 ppmw 1 ALL 
Trifluralin 2.19 ppmw 2 ALL 
Trifluralin 2.19 ppmw 1 HALF 
Trifluralin 2.19 ppmw 2 ALL 
Trifluralin 2.19 ppmw 1 ALL 
Trifluralin 2.19 ppmw 2 HALF 
Trifluralin 2.19 ppmw 1 ALL 
Trifluralin 2.19 ppmw 2 HALF 
Sulfuric pH 2.0 1 ALL 
Sulfuric pH 2.0 2 ALL 
Sulfuric pH 2.0 1 ALL 
Sulfuric pH 2.0 2 ALL 
Sulfuric pH 2.0 1 ALL 
Sulfiiric pH 2.0 2 HALF 
Sulfuric pH 2.0 I ALL 
Sulfuric pH 2.0 2 ALL 
Sulfiiric pH 3.5 I ALL 
Sulfimc pH 3.5 2 ALL 
Sulfuric pH 3.5 1 ALL 
Sulfimc pH 3.5 2 ALL 



Experimental Root presence 
Treatment sub-unit ID through container 
Sulfuric pH 3.5 1 ALL 
Sulfuric pH 3.5 2 HALF 
Sulfuric pH 3.5 I ALL 
Sulfuric pH 3.5 2 HALF 
Sulfuric pH 5.0 I ALL 
Sulfuric pH 5.0 2 ALL 
Sulfuric pH 5.0 I ALL 
Sulfuric pH 5.0 2 ALL 
Sulfuric pH 5.0 I ALL 
Sulfuric pH 5.0 2 ALL 
Sulfuric pH 5.0 1 ALL 
Sulfuric pH 5.0 2 ALL 
Phosphoric pH 2.0 I ALL 
Phosphoric pH 2.0 2 ALL 
Phosphoric pH 2.0 I HALF 
Phosphoric pH 2.0 2 ALL 
Phosphoric pH 2.0 I ALL 
Phosphoric pH 2.0 2 ALL 
Phosphoric pH 2.0 1 ALL 
Phosphoric pH 2.0 2 ALL 
Phosphoric pH 3.5 I ALL 
Phosphoric pH 3.5 2 HALF 
Phosphoric pH 3.5 1 HALF 
Phosphoric pH 3.5 2 ALL 
Phosphoric pH 3.5 1 HALF 
Phosphoric pH 3.5 2 HALF 
Phosphoric pH 3.5 1 ALL 
Phosphoric pH 3.5 2 HALF 
Phosphoric pH 5.0 1 ALL 
Phosphoric pH 5.0 2 ALL 
Phosphoric pH 5.0 1 HALF 
Phosphoric pH 5.0 2 HALF 
Phosphoric pH 5.0 1 ALL 
Phosphoric pH 5.0 2 HALF 
Phosphoric pH 5.0 1 HALF 
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Experimental Root presence 
Treatment su^unit ID through container 

Phosphoric pH 5.0 2 HALF 
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COEFHCIENT OF CORRELATION FOR SEVERAL VARIABLES OF INTEREST 

The Pearson correlation coefiScient was used to investigate the relationship between 

shoot weight, root and rhizome weight in the intermediate portion of the pots, root weight 

from the bottom of the pots, total plant biomass (calculated as the sum of shoot, rhizome, 

and root weight), and average shoot visual quality. Shoot weight, rhizome weight, and 

root weight were measured only once at the end of the study, whereas shoot visual quality 

was assessed two times during the length of the study. The Pearson correlation coefBcient 

calculated for each treatment is shown in Table B-4. 
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Table B-4. Correlatioa coefficients (p) for several random variables investigated in the 
root growth study under greenhouse conditions. 

Treatment Variable Shoot 1 
weight 

Root + 
Rhizome 
weight 

Root 
bottom 
weight 

Visual 
Quality 

Total 
Biomass 

Control Shoot weight 
Root + Rhî me weight 
Root bottom weight 
Visual Quality 
Total Biomass 

I 
0.745 
0.508 
0.759 
0521 

1 
0.631 
0.755 
0.943 

1 
0.758 
0.663 

1 
0.830 I 

Thi:izopyrO.SS ppmw Shoot weight 
Root + Rhizome weight 
Root bottom weight 
Visual Quality 
Total Biomass 

1 
0.089 

-0.189 
-0.281 
0.862 

I 
0.511 

-0275 
0.582 

1 
0.082 
0.119 

1 
-0366 I 

Thiazopyr 1.09 ppmw Shoot weight 
Root + Rhizome weight 
Root bottom weight 
Visual Quality 
Total Biomass 

1 
-0.138 
0.715 
0.358 
0.711 

1 
-0253 
0.033 
0.598 

I 
0218 
0.398 

1 
0312 I 

Thiazopyr 2.19 ppmw Shoot weight 
Root + Rhizome weight 
Root bottom weight 
Visual Quality 
Total Biomass 

1 
-0.608 
-0247 
0.595 
0.877 

I 
0.717 
-0349 
-0.150 

1 
-0222 
0.132 

1 
0.528 I 

Trifluralin O.SS ppmw Shoot weight 
Root + Ethizome weight 
Root bottom weight 
Visual Quality 
Total Biomass 

1 
0.108 
0.013 
0.609 
0.725 

1 
0.661 
0.682 
0.759 

1 
0.437 
0.518 

1 
0.868 1 

Trtfluralin 1.09 ppmw Shoot weight 
Root + Rhizome weight 
Root bottom weight 
Vî l Quality 
Total Biomass 

I 
0.780 
0.715 

-0.085 
0541 

1 
0.898 
-0.062 
0.945 

1 
-0.007 
0.871 

1 
-0.073 1 

Trifluialtn 2.19 ppmw Shoot weight 
Root + Rhkome weight 
Root bottom weight 
Visual Qualdy 
Total Biomass 

I 
-0.154 
-0.003 
0298 
0.838 

1 
0.518 

-0.086 
0.408 

I 
-0.124 
0329 

1 
0221 1 
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Treatment Variable Shoot 
weight 

Root+ 
Rhizome 
weight 

Root 
bottom 
weight 

Visual 
Quality 

Total 
Biomass 

Sulfuric acid pH 2.0 Shoot weight 
Root + Rh^me weight 
Root bottom weight 
Visual Qualî  
Total Biomass 

I 
0.631 
0.277 
0.030 
0.707 

I 
0.326 
0J31 
0.885 

1 
-0.069 
0.559 

1 
0.412 1 

Sulfuric acid pH 3.5 Shoot weight 
Root + Rhizome weight 
Root bottom weight 
Visual Quality 
Total Biomass 

I 
-0J03 
0.701 
0J6I 
0.533 

1 
-0.010 
0.140 
0.635 

1 
0.170 
0.644 

1 
0.382 1 

Sulfuric acid pH 5.0 Shoot weight 
Root + Rhizome weight 
Root bottom weight 
Visual Quality 
Total Biomass 

I 
0.147 
-0.123 
0.007 
0.801 

I 
0.605 

-0J43 
0.702 

1 
0.012 
0.352 

1 
-0.169 1 

Phosphoric acid pH 2.0 Shoot weight 
Root Rhizome weight 
Root bottom weight 
Visual Quality 
Total Biomass 

1 
0.812 
0J89 
0.177 
0.878 

1 
0.750 
0.400 
0.986 

1 
0.591 
0.800 

1 
0.402 I 

Phosphoric acid pH 3.5 Shoot weight 
Root + Rhizome weight 
Root bottom weight 
Visual Quality 
Total Biomass 

I 
0.661 
0.028 

•0.189 
0.943 

I 
0.044 
-0J23 
0.854 

1 
0.132 
0.165 

1 
•0.200 1 

Phosphoric acid pH 5.0 Shoot weight 
Root + Rh^me weight 
Root bottom weight 
Visual Quality 
Total Biomass 

1 
•0.600 
-0.600 
-0.738 
0.853 

1 
0.788 
0.199 

•0.099 

1 
0.063 

•0.192 
1 

•0.814 I 
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APPENDIX C: ROOT INTRUSION INTO SUBSURFACE DRIP 

EMITTERS IN GREENHOUSE CONDITIONS 

IRRIGATION MANAGEMENT 

The experimental units were irrigated daily from the top with a garden hose to 

ensure homogeneous plant growth for the first month of the study. After that period, the 

treatments were started and irrigation was scheduled based on soil moisture readings on 

July 11 (Days After Transplanting DAT 35), 2001. Each experimental imit contained two 

emitters (Figure 5-1) with an approximate flow rate of 3.8 L/h per emitter operated at a 

working pressure of 108 KPa. 

Soil moisture was checked with microtensiometers every four hours and with a 

time domain reflectometer (TDR) every two days. Soil water tension and volumetric 

water content in the upper 10 cm of the containers were obtained from the 

microtensiometers and the TDR readings, respectively, and related to Figure B-1 in 

Appendix B. When the average soil tension fell below 0.02 MPa, all the experimental 

units were irrigated until water was seen draining from the drainage holes. From 

September 3 (DAT 89) all treatments except the non-stressed control were irrigated when 

soil tension fell below 0.05 MPa until November 6 CDAT153). 

Soon after the experiment started, soil tension values from the microtensiometers 

fluctuated greatly between readings. The mstruments were checked daily and moved to 

other positions within the container to ensure good soil-instrument contact. However, the 
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readings continued to be erratic in some cases and the use of the microtensiometers was 

discontinued for irrigation scheduling. It was suspected that the coarse texture of the soil 

used in the experiment had large macropores that caused loss of microtensiometer-soil 

contact, ll̂ us, only TDR readings were used to schedule irrigation. Volumetric soil water 

content was related to soil tension via the soil desorption curve shown in Figure B-l. 

Table C-l displays the irrigation timing and volume of water applied for the 

treatments in the greenhouse. 
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Table C-1. Irrigatioii management of bermudagrass turf grown in containers under 
greenhouse conditions. 

Days after 
transplanting 

Irrigation 
Event No. 

Irrigation 
time 

'stressed* 
(min) 

Irrigation 
volume 
'stressed' 

(L/Container) 

Irrigation time 
'non-stressed' 

(min) 

Irrigation 
volume 'non-

stressed' 
(L/Container) 

35 1 25 3.2 25 3.2 
41 2 13 1.6 13 1.6 
44 3 7 0.9 7 0.9 
47 4 16 2.0 16 2.0 
50 5 27 3.4 27 3.4 
54 6 20 2.5 20 2.5 
57 7 27 3.4 27 3.4 
61 8 27 3.4 27 3.4 
64 9 15 1.9 15 1.9 
67 10 60 7.6 60 7.6 
68 11 60 7.6 60 7.6 
70 12 60 7.6 60 7.6 
77 13 36 4.6 36 4.6 
82 14 35 4.4 35 4.4 
89 15 0 0.0 28 3.5 
93 16 25 3.2 0 0.0 
96 17 0 0.0 21 2.7 
98 18 44 5.6 24 3.0 
105 19 43 5.4 25 3.2 
111 20 48 6.1 31 3.9 
114 21 0 0.0 20 2.5 
118 22 44 5.6 0 0.0 
120 23 0 0.0 26 3.3 
124 24 40 5.1 0 0.0 
126 25 0 0.0 23 2.9 
132 26 55 7.0 25 3.2 
138 27 46 5.8 29 3.7 
145 28 0 0.0 24 3.0 
149 29 54 6.8 19 2.4 
153 30 0 0.0 33 4.2 
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VISUAL RATING OF EMITTER ROOT INTRUSION 

Emitters were opened on November 9 QDAT 156), 2001, four months after 

treatments started and visually inspected for signs of root intrusion. They were ranked 

using the same scale presented in Appendix A: Statistical uniformity and emitter 

clogging. 

Table C-2 presents the ranking assigned to each emitter in the experimental unit for 

each treatment and replication. 
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Table C-2. Visual rating of root intrusion into subsur^e drip emitters. 

Treatment Block Emitter I Emitter2 

Stress control I 0 2 

2 0 I 

3 I 4 

4 0 0 

Thiazopyr S ppbw I 0 3 

2 0 0 

3 0 0 

4 I 2 

Thiazopyr 100 ppbw I 0 0 

2 0 0 

3 0 0 

4 0 0 

Trifluralin S ppbw I 1 2 

2 0 I 

3 0 I 

4 0 0 

TrifluraJin 100 ppbw I 0 0 

2 0 3 

3 0 0 

4 0 I 

Phosphoric acid IS mg/Kg I I 0 

2 I 3 

3 0 3 

4 0 4 

Phosphoric acid 30 mg/Kg I 0 2 

2 0 3 

3 1 4 

4 0 I 

Trifluraim-hnpregnated I 0 0 

2 0 0 

3 0 0 

4 0 0 

Non stress control I Q I 

2 0 3 

3 0 0 

4 Q 0 
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DRY BIOMASS PRODUCTION 

Shoot growth was monitored by clipping the grass weekly at a height of 40 mm 

with an electric trimmer Clippings were collected fiom a IS cm diameter circle located 

at the center of the experimental unit. They were then stored in paper bags and oven dried 

for 48 hours at 60°C. 

Table C-3 shows the daily average shoot biomass production per treatment and per 

collection day calculated as the mass of dry clippings per square meter divided by the 

number of days between clippings. Clippings were collected from August 27 (DAT 82) to 

October 29 (DAT 145), 2001. 

At the end of the experiment, all experimental units were cut longitudinally in two 

halves. A soil cylinder 10 cm in diameter and 16.5 cm long was taken from one of the 

halves. After washing off the soil, the roots and rhizomes were placed in p^)er bags and 

oven dried at 60 "C for one week. Table C-4 presents roots and rhizomes dry weight data, 

where indicates no available data. 
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Table C-3. Average daily dry mass productioa per unit area (g/m^) of bennudagrass 
under nine treatments in greenhouse conditions. 

Treatment 

_ „ Stress Thiazopyr Thiazopyr Trifiuralin Trifloralm Pho l̂̂ c i-fiflujajin. 
=>*1̂  contol Sppbw lOOppbw Sppbw lOOppbw  ̂  ̂a.,pregn««l̂ , 

82* 10.83 11.26 6.99 9.16 I0J6 9.18 11.06 13.20 10.83 

89 4.42 5.85 7J0 4.88 10.16 4.58 6.79 720 6.01 

96 2.17 2.29 1.86 2.60 1.53 2.55 1.59 1.78 2.55 

103 0.84 U3 0.78 0.80 I.I6 0.90 1.02 137 1.86 

no 1.04 0.45 0.67 0.80 1.61 0.67 0.86 1.08 0.94 

117 1.33 1.55 1.43 1.59 1.86 1.63 1.59 1.47 1J9 

124 0.76 0.49 0.67 0.74 1.00 0.82 0.72 0.69 0.65 

131 0.69 0.55 0.51 0.67 0.76 0.67 0.55 0.45 0.53 

138 0.84 0.61 0.72 0.67 0.88 0.98 0.82 0.98 0.84 

145 1.06 0.57 1.00 0.88 1.45 1.12 1.21 137 1.10 
* Initial clipping weights. 

Table C-4. Root and rhizome dry weight for the nine treatments in the subsurface drip 
study of bermudagrass in greenhouse conditions. 

Treatment 

Phosphoric Phosphoric Non 
Stress Thiazopyr Thiazopyr Trifluralm Trifiuralin acid IS acid 30 Trifluralm* stress 

BIoclcconttoI_^£gb^_IOO^gb;̂ _5jggbw__IOO^gbw_m^Kg___rng2Cg__nngregiatedcon l̂ 

3 
1 ~ ~ 2.21 — 239 3.12 1.88 125 1.42 

3 2 22S 1.71 1.25 1.79 226 1.71 1.92 1.83 1.54 

1 3 231 226 1.25 3J4 2.07 2.75 227 135 1.21 
0k 

4 1.72 237 2.13 1.53 1.81 2.40 135 2.46 1.77 

3 I ~ — 4J5 — 5.98 2.77 6.83 638 3.04 
CA 

1 
2 639 5.03 9.96 733 7.93 5.00 3.88 4.03 8.6 

CA 

1 3 4.49 7.07 13.74 7.71 12.24 10.82 7.68 4.82 6J9 

§ 4 2.01 6.24 536 3.87 7.42 5.69 2.52 12.89 3.67 
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VISUAL QUALITY 

Shoot visual quality was assessed ten times during the greenhouse experiment from 

July 17 (DAT 41) to November 9 (DAT 156), 2001. The criterion used to rank the quality 

of the turf was already described in Appendix A: Visual quality. Table C>S presents the 

average shoot visual quality ratings per treatment and per evaluation event. 

Visual assessment of the roots was also performed on November 9 (DAT 156). All 

experimental units were cut longitudinally in two halves. One half of the soil mass was 

washed with a fine metallic grid on top to avoid disturbing of the root system. After one 

inch of soil was washed off, root growth in the container was visually inspected and 

either a value of 0 or 1 was assigned to each imit. The rating was assigned as: 0 = 

presence of a sparse root system not fully elongated to the bottom, or 1 = presence of a 

dense root system reaching the bottom of the container. Table C-6 presents the visual 

rating of root growth. 
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Table C-5. Average shoot visual quality for the nine treatments in the subsurface drip 
study of bermudagrass in greenhouse conditions. 

Treatment 

DAT Stress Thiazopyr Thiazopyr Trifluralm Trifluralm 
control 5 ppbw 100 ppbw 5 ppbw 100 ppbw 

Phosphoric 
acid 15 
mg/Kg 

Phosphoric 
acid 30 
mg/Kg 

Trifluralin-
impregnated 

Non 
stress 

control 

41 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 

47 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

64 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 

75 7.25 125 7.50 7.50 8.25 7.75 7.75 8.75 7.50 

82 125 125 7J0 7.00 8J0 7.50 7.50 8.00 7.25 

88 7.00 150 7.50 7.00 7.50 7.50 7.75 7.75 6.75 

94 6.75 625 6.75 6.50 7.00 625 6.75 6.75 7.00 

116 7.00 6.50 7.00 6.00 8.25 6.75 6.75 7.25 7.00 

126 7.00 6.00 6.75 6.75 7.75 125 7.50 7.00 6.25 

156 7.00 530 125 7.00 8.00 6.75 7.50 150 7.00 

Table C-6. Visual root growth rating for the nine treatments in the subsurface drip study 
of bermudagrass in greenhouse conditions. 

Treatment 

. Stress Thiazopyr Thiazopyr Trifluralm Trifluralm Pho l̂̂ c 
5p,tw lOOppbw 5,pbw lOOppbw  ̂̂  

t 1 I 0 1 1 1 1 t I 

2  1 1 0  0  1  1  1  0  t  

3 1 0 0 0 1 0 1 1 0 

4 1 0 0 0 1 0 1 0 1 
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COEFFICIENT OF CORRELATION FOR SEVERAL VARIABLES OF INTEREST 

The Pearsoa correlation coefScient was used to investigate the relationship between 

total shoot biomass production expressed as shoot weight and obtained fiom 

bermudagrass clippings; rhizome weight and root weight measured once at the end of the 

study; and average shoot visual quality, assessed ten times during the study, respectively. 

The Pearson correlation coefficient calculated for each treatment is shown in Table C-7. 
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Table C-7. Correlatioii coefBcients (p) for several variables investigated in the subsurface 
drip irrigation study in greenhouse conditions. 

Treatment Variable Shoot 
weight 

Rhizome 
weight 

Root 
weight 

Visual 
Quality 

Stress control Shoot weight 
Rhizome weight 
Root weight 
Visual Quality 

1 
•0.606 
-0.158 
0.709 

I 
0.881 
0.902 

1 
0.999 1 

Thiazopyr 5 ppbw Shoot weight 
Rhizome weight 
Root weight 
Visual Quality 

1 
-0.440 
-0.856 
0.810 

1 
0.840 
0.808 

1 
0359 1 

Thiazopyr 100 ppbw Shoot weight 
Rhizome weight 
Root weight 
Visual Quality 

I 
-0.447 
0.490 
0.822 

1 
-0.925 
0.161 

1 
0.038 I 

Trifluraltn S ppbw Shoot weight 
Rhimme weight 
Root weight 
Visual Quality 

1 
0.686 
-0.067 
0.418 

1 
0.679 
0.090 

I 
0.792 1 

Trifluralin 100 ppbw Shoot weight 
Rhizome weight 
Root weight 
Visual Qualî  

1 
-0.771 
0.646 
0.259 

1 
-0.298 
0.976 

1 
0330 1 

Phosphoric actd IS mg/Kg Shoot weight 
Rhizome weight 
Root weight 
Visual Quality 

1 
0.262 
0.609 
0365 

1 
0.004 
0341 

1 
0534 1 

Phosphoric acid 30 mg/Kg Shoot weight 
Rhizome weight 
Root weight 
Visual Quality 

I 
-0329 
-0314 
0.455 

1 
0.844 
0.942 

I 
0.873 1 

Trifluralin-impregnated Shoot weight 
Rhizome weight 
Root weight 
Visual Quality 

1 
-0.080 
0369 
0.823 

1 
0.768 
0.818 

1 
0.819 1 

Noa stress control Shoot weight 
Rhizome weight 
Rootweî  
Visual Quality 

1 
-0.200 
-0.686 
0316 

1 
-0.270 
0.277 

1 
-0.157 1 
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