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Abstract 

 Water conservation methods for turfgrass systems are desirable in the golf 

management industry. The majority of maintained areas on golf courses in the United 

States are irrigated and water costs continue to rise. Reducing water and other inputs may 

also be motivated by environmental stewardship, social pressure, or regulations. The 

motivation to reduce inputs on golf courses without compromising course quality 

expectations will continue to support the need for research on efficient resource use and 

alternative management options. In this thesis, I explored two water conservation 

approaches: improving wetting agent application efficiency and establishing low-input 

roughs. 

 The objective of the wetting agent experiments was to determine if soil 

temperature influences how long wetting agents can reduce soil water repellency and 

other functions, as well as determine the benefits of late fall-applied wetting agents on 

cool-season putting green turfgrass. Results indicate that wetting agents can decrease soil 

water repellency parameters, sometimes for much longer than the reapplication interval 

given by labels. Soil temperature influenced water droplet penetration times of wetting 

agent treated plots, but it is unclear if it is a factor in wetting agent longevity. As turfgrass 

was exposed to rootzone heat longer and required more water, potential soil water 

repellency persistence of wetting agent treatments increased. Turfgrass grown in warm 

climates or seasons may require shorter reapplication intervals of wetting agents than 

turfgrass in cool climates or seasons. Late fall wetting agent applications may be 

beneficial by reducing the potential for localized dry spots in the spring.  

 The low-input rough experiment was an evaluation of fine fescue seeding rates 

and mowing timing for maximum weed suppression, golf ball visibility, and aesthetics. 

Seeding rate effects on culm density, biomass, fine fescue cover, broadleaf weed cover, 

and golf ball visibility were limited. The lowest seeding rate (1 pure live seed cm-2) had 

the least broadleaf weed cover for at least one season and highest culm densities, but may 

contribute to low golf ball visibility and large amounts of biomass. Mowing either in the 

spring or previous fall resulted in better recovery after winter compared to unmown 

treatments. Plots mowed in fall had the highest broadleaf weed cover at one location. 
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Mowing timing in unmown fine fescue roughs should be tailored to allow a greater 

fitness of fine fescues than surrounding weed species. 
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CHAPTER 1: Literature Review 

Introduction 

Perennial grass systems offer many ecosystem services in urban and suburban 

landscapes where impervious surfaces are commonplace. Golf courses in particular 

contribute considerable amounts of perennial grass acreage to these sites. With an 

estimated coverage of 931,508 hectares in the United States, 63 percent is maintained 

turfgrass, golf courses impact the surrounding environment. (Gelernter et al., 2017). They 

have the potential to accept stormwater, thus reducing the movement of nutrients and 

sediment in runoff and leachate (Gross et al., 1990; Easton and Petrovic, 2004; Spence et 

al., 2012). Golf courses may also contribute to carbon sequestration as they age (Qian and 

Follett, 2002), and can further enhance their ecosystem services through management. 

Maintaining playable surfaces require a variety of inputs such as water, fertilizer, 

pesticides, and labor. Currently, golf courses are pressured to reduce inputs. This may be 

motivated by environmental stewardship, social pressure, budget limitations, or 

government regulations. Recently, pesticide and fertilizer restrictions on public and 

private landscapes have been implemented in some Canadian provinces and domestic 

cities (Canadian Nursery and Landscape Association, 2017; Non Toxic Communities, 

2020). Lawn watering bans are also prominent in the United States (Metropolitan 

Council, 2016; LACWD, 2020). Although this pressure may lead to input reductions on 

golf courses, course quality expectations will likely remain the same. This contradiction 

will continue to support the need for research on efficient resource use and alternative 

management options.  
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Water conservation methods for turfgrass systems are desirable in the golf 

management industry. Of the maintained turfgrass on golf courses in the United States, 

76 percent is irrigated (Gelernter et al., 2017). The projected percentage of irrigated 

turfgrass on courses varies from region to region, which reflects annual rainfall and 

climate. For example, golf courses in the Southwest irrigated 99 percent of their 

maintained turfgrass, whereas those in the North Central region irrigated 62 percent 

(Gelernter et al., 2017). In addition to large amounts of irrigated land, the push to 

conserve water may be due to increasing water costs. In 2013, 18-hole courses in the 

United States paid about 75 percent more toward water costs than they did in 2005 

(Gelernter et al., 2015).  

Currently, there are a variety of tools golf courses use to reduce water use. The 

use of wetting agents, portable moisture sensors, hand watering, upgrading irrigation 

systems, and installing no-mow areas are all common water conservation methods. New 

irrigation tools and technology, and research on water conservation methods are 

advancing the efforts to reduce water use on golf courses in the United States. This 

literature review will cover two water conservation practices: (1) the use of wetting 

agents, and (2) the installation and management of no-mow roughs. 

Wetting agents 

The most common water conservation practice implemented by golf courses in 

2013 was the use of soil wetting agents (Gelernter et al., 2015). Wetting agents are 

surfactants typically sprayed on golf greens, fairways, and tees. Being amphiphilic, 

wetting agents will bond with nonpolar and polar molecules or surfaces, similar to soap 

products. As with other surfactants, soil wetting agents reduce the surface tension of 
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water, contributing to uniform distribution of water in porous media such as a turfgrass 

rootzone (Kostka, 2000; Oostindie et al., 2008; Soldat et al., 2010; Serena et al., 2018). 

They can also alter the amount of plant available water in rootzones (Leinauer et al., 

2001; Serena et al., 2018). Research suggests wetting agents may improve water retention 

in rootzones during dry or hydrophobic conditions, and water infiltration during wet 

conditions (Leinauer et al., 2001; Karcher et al., 2006; Mitra et al., 2006; Serena et al., 

2018).   

Soil wetting agents are valuable to golf course superintendents by providing a 

variety of uses. 

Soil wetting agents are also used to prevent or cure localized dry spots on golf 

playing surfaces. These dry spots result from water repellency in turfgrass rootzones, 

which limit plant available water. Soil water repellency causes many issues such as loss 

of uniform wetting of soil, increased preferential flow, increased runoff potential, and 

turfgrass death (Tucker et al., 1990; Ritsema and Dekker, 1994; Miyata et al., 2007). The 

formation of hydrophobic coatings on soil surfaces cause soil water repellency (Miller 

and Wilkinson, 1977; de Blas et al., 2010). These hydrophobic coatings may be the 

product of a variety of biological processes including organic matter degradation, plant 

root deposits, or microorganisms (Bond and Harris, 1964; Feeney et al., 2006; de Blas et 

al., 2010; Moradi et al., 2012; Mao et al., 2014; Ahmed et al., 2015; Mao et al., 2016). 

Wetting agents will bond to hydrophobic coatings of soil or sand surfaces and restore the 

bond of water to soil for plant availability. Not only can wetting agents make water more 

available, some products may also eliminate the cause of soil water repellency by 

removing humic substances from soil particle surfaces (Song et al., 2018).  
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By altering the soil-water relationship, wetting agents can improve irrigation and 

provide water savings. Even with the most uniform irrigation system, variability in soil 

surfaces and profile limit the uniformity of water in a rootzone. By maintaining uniform 

soil moisture and moisture retention, the use of wetting agents in multiple case studies 

reveal a 20 percent or more water savings (Kostka et al., 2005; Park et al., 2005; Karcher 

et al., 2006). With the cost of water expected to continue rising, wetting agent usage will 

likely remain high.  

Wetting agent application frequency differs amongst products and conditions, and 

is directed by product labels. The frequency of application is often determined by the 

desired rate, and rates are adjusted based on course conditions, seasonal influences, and 

the superintendent’s intended use. Generally, labels direct handlers to apply wetting 

agents in fixed intervals for localized dry spot prevention. This approach, however, may 

not provide the most efficient use of wetting agents since localized dry spot development 

is most common in mid-summer dry periods. Most of the wetting agents used in the 

turfgrass industry are nonionic surfactants (Kostka and Fidanza, 2018). Nonionic 

surfactants are susceptible to microbial degradation, which may be influenced by soil 

conditions such as temperature and moisture (Scott and Jones, 2000). Additionally, some 

wetting agent labels state their product is mobile in soil. Water movement in the soil 

profile may promote wetting agent leaching from the system. The fate of wetting agents 

used in turfgrass systems in the environment is largely unknown. Environmental 

conditions such as moisture and temperature are speculated to play a role in wetting agent 

loss or loss of wetting agent performance. 
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  Golf courses have managed to address reducing inputs by using data-informed 

decision-making and best management practices. Precision golf course management, or 

the use of inputs as needed, with the amount needed, and where needed is becoming more 

available to courses through research and development. Prediction models created by 

turfgrass researchers allow managers to apply inputs when needed. Growing degree day 

models have been shown to explain biology of weeds, which determine when herbicide 

applications are most effective by logging air temperature accumulation over time 

(Fidanza et al., 1996a; Patton et al., 2018). They are also used to determine the rate of 

plant growth regulator metabolism in creeping bentgrass (Agrostis stolonifera L.) and 

ultradwarf hybrid bermudagrass [Cynodon dactylon (L.) Pers. x C. transvaalensis Burtt-

Davy] for optimal application frequencies on putting greens (Kreuser and Soldat, 2011; 

Reasor et al., 2018). In addition to logging air temperature, some models need relative 

humidity to explain fungal pathogen pressure (Fidanza et al., 1996b; Smith et al., 2018). 

Models such as these have become prominent in the golf management industry, allowing 

superintendents to be more intentional with their product usage. The development of new 

prediction models for commonly used products for controlling turfgrass weeds, diseases, 

and pests will continue to provide data-informed timing decisions. With high soil wetting 

agent usage, it would be beneficial to have a reapplication model that predicts its loss in 

the rootzone. 

The fate of products in turfgrass systems have been solved using a variety of 

methods. Ways in which products have been quantified after being degraded via 

microorganisms, adsorbed-desorbed, collected from runoff or leachates have been 

through the use of stable isotopes, enzyme-linked immunosorbent assays, or elemental 
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analyses (Menasseri et al., 2003; Rice and Horgan 2013; Hassanpour et al., 2019).  

Quantifying a product’s function can also help distinguish whether it is present in the 

system. Plant growth regulator reapplication models were based on this approach. These 

products reduce vertical growth of turfgrasses, so researchers quantified their 

performance by collecting clippings and determining when the clipping volumes were 

similar to untreated areas (Kreuser and Soldat, 2011; Reasor et al., 2018). Since the 

composition of many commonly used soil wetting agent formulations are proprietary, the 

method of determining their rootzone presence may be best accomplished through 

observations of changes in function over time. 

A function commonly observed in wetting agent research is reductions in soil 

water repellency, which can be measured in a variety of ways. The most common method 

is the water droplet penetration time (WDPT) test. Water droplets of a set volume are 

placed onto soil and the time it takes the droplet to be fully absorbed by soil is recorded 

(Letey, 1969; Kostka, 2000). This method allows one to observe how water may behave 

in soil and provides a measure of the effectiveness (function) of the wetting agent. It 

quantifies the persistence of soil water repellency rather than the severity; however, these 

are usually related (King, 1981; Leelamanie et al., 2008). The WDPT test can be 

performed on field moist samples or air-dried samples, which are defined as actual 

WDPT and potential WDPT, respectively. Droplets are often placed at different depths of 

the soil profile for additional information of the rootzone. The ability of wetting agents to 

cause quicker WDPTs on treated soil than untreated soil is an accepted practice in the 

turfgrass science literature (Cisar, 1997; Kostka, 2000; Throssel, 2005; Bauer et al., 

2017).  
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A method of quantifying soil water repellency severity is the molarity of ethanol 

droplet (MED) test (King, 1981). The MED test is similar to the WDPT test. In summary, 

soil is placed in a container or dish at a uniform depth, and a droplet of water-ethanol 

solution is placed on the soil surface. Each time the droplet takes ten or more seconds to 

penetrate the soil, a droplet of increased ethanol molarity (in 0.4 M increments) is tried. 

Once a droplet of a specific molarity penetrates the soil under ten seconds, it is assigned a 

MED value. High MED values correspond to severe soil water repellency. This method 

was used to compare wetting agents and fungicide treatments to untreated controls in 

terms of hydrophobicity and changes overtime, and to assess a panel of granular wetting 

agents in different aged stands of kikuyugrass (Pennisetum clandestinum Holst. Ex 

Chiov) (Karnok and Tucker, 2001a; Karnok and Tucker, 2001b; Barton and Colmer, 

2011). 

  Another soil water repellency quantification method is the sessile drop method, 

which quantifies the contact angle of a water droplet at the soil surface (Bachmann et al., 

2000). The contact angle at the soil-water interface corresponds to the affinity the surface 

of the droplet has to the surface of the soil, or the hydrophobicity of the soil surface. 

Droplets are placed on a single layer of soil and the contact angles are measured by a 

tensiometer or image analysis software. This measurement is related to the severity 

(MED) and persistence (WDPT) of soil water repellency (Leelamanie et al., 2008). It has 

been used to observe contact angles of a surfactant solution at different concentrations on 

microscope slides (Karagunduz et al., 2001). This method has yet to be used to assess 

wetting agent functions on soil in peer reviewed literature; however, contact angles have 
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been calculated using an equation provided by Carrillo et al. (1999) to compare wetting 

agent characteristics at different concentrations (Song et al., 2014a).  

Alternative characteristics related to soil water repellency or wetting agent 

functions may have potential for use in model development. Critical soil moisture 

content, or the soil moisture level at which the soil becomes hydrophobic, has been 

shown to be reduced by wetting agent applications (Dekker et al., 2005). Changes in 

volumetric water content, turfgrass quality, infiltration rates, and other characteristics can 

also be explored to further characterize wetting agent function or influences in turfgrass 

systems over time. 

 There is limited information on wetting agent longevity in soils or turfgrass 

systems; however, some conclusions can be made regarding their functions over time. 

First, the concentration of wetting agent in solution or soil may impact a variety of related 

functions such as soil re-wettability, water retention, infiltration, and contact angle 

(Osborn et al., 1969; Mane et al., 1993; Song et al., 2014a). Concentrations of wetting 

agents in turfgrass systems are expected to decrease over time following application, 

which may impact multiple functions. Second, wetting agents can impact soil and 

turfgrass performance months or years after application (Osborn et al., 1969; Bauer et al., 

2017; DeBoer et al., 2019).  Third, surfactants, not necessarily those used in turfgrass 

systems, may be impacted by water flushes, wet-dry cycles, temperature, and microbial 

degradation (Osborn et al., 1969; Chen et al., 1998; Toerne et al., 2001; Song et al., 

2014b). By pinpointing these factors, such as soil temperature or amount of water 

applied, and their influence on wetting agent efficacy and longevity, efficient use of 

wetting agents in golf course systems can occur.  
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No-mow roughs 

 Another water conservation practice increasing in popularity is the installation of 

no-mow roughs on golf courses. About 46% of golf courses in the United States 

increased their no-mow areas in 2013 (Gelernter et al., 2015). These stands typically 

consist of grasses and/or forbs that do not need to be watered as often as in-play areas, if 

at all.  Roughs account for the largest irrigated area on courses in most regions in the 

United States, so conversions to drought tolerant species is desirable (Gelernter et al., 

2015). Despite the term “no-mow,” these may be mowed infrequently to maintain desired 

aesthetics. These stands, along with other naturalized areas, can enhance course 

aesthetics, promote biodiversity, and reduce input requirements (Gross and Eckenrode, 

2012).  

 Plant selection may vary from course to course or by region. In the North Central 

United States, fine fescues (Festuca spp.) are commonly used. The fine fescues are a 

group of turfgrasses that includes Chewings fescue (Festuca rubra spp. commutata 

Gaudin), hard fescue (Festuca brevipila Tracey), sheep fescue (Festuca ovina L.), strong 

creeping red fescue (Festuca rubra spp. rubra Gaudin), and slender creeping red fescue 

[Festuca rubra spp. litoralis (G.F.W. Meyer) Auquier.]. They produce acceptable no-

mow stand quality as either monostands or mixtures in Minnesota (Cavanaugh et al., 

2011; Miller et al., 2013). The fine fescues have low water and fertility requirements and 

it has been shown that herbicides are not needed to maintain quality stands (Aronson et 

al., 1987; Dernoeden et al., 1994; Cavanaugh et al., 2011; Miller et al., 2013; Watkins et 

al., 2014). Some have also been shown to express allelopathy through root exudation, 

which may be advantageous in keeping weed populations low in fine fescue-dominated 
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systems (Bertin et al., 2003; Bertin et al., 2007). Additionally, the dried seed culms 

provide a color contrast on courses, adding aesthetic value to the landscape.  

 Despite fine fescue desirable traits, installation and management of fine fescue 

no-mow stands may be difficult. Weed emergence and invasion is a common problem, 

leading superintendents to seek alternative weed control methods. Vegetation in these 

areas can become thick, especially when irrigated, in low-lying areas or in poorly drained 

soils, which may reduce the visibility and playability of golf balls, as well as contribute to 

large labor efforts toward biomass removal. Seed culm lodging may also be undesirable 

by reducing aesthetics and playability. 

 A variety of chemical weed control methods have been used in fine fescue no-

mow stands. Preemergence herbicides are commonly used to reduce competition with 

fine fescue seedlings during establishment or through maturity. Fumigation was the most 

successful method of converting Kentucky bluegrass (Poa pratensis L.) stands to a no-

mow roughs (Cavanaugh et al., 2011). Hathaway et al. (2016) found that the addition of 

isoxaben with pendimethalin as preemergence options for mature no-mow fine fescue 

stands did not result in smaller dandelion [Taraxacum officinale (L.) G.H. Weber ex F.H. 

Wigg.] populations compared to pendimethalin-only treatments. Mesotrione tolerance in 

fine fescue germplasm may improve its use as a preemergent or postemergent herbicide 

during fine fescue establishment and stand maintenance (Tate et al., 2019). Post 

emergence weed control is also performed a variety of ways. Hathaway et al. (2016) 

noted that post emergence herbicides are required for broadleaf control in no-mow 

stands. Their herbicide programs that included a mixture of triclopyr and clopyralid had 

the least dandelion counts (Hathaway et al., 2016). Grundman (2014) suggested hand 
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pulling, and the use of a handful of herbicides for broadleaf and grassy weed control. 

Varying tolerances of fine fescues to sethoxydim, glyphosate, and mesotrione may make 

them an advantageous species in no-mow areas with broadleaf or grassy weed issues 

(Butler and Appleby, 1986; Hart et al., 2005; Tate et al., 2019). In addition to chemical 

control, weeds may be managed with the use of cultural practices. 

 Potential cultural practices for weed suppression include initial seeding rate and 

biomass removal strategies. A range of seeding rates have been used in no-mow rough 

recommendations and research, but an ideal rate has yet to be determined. An ideal 

seeding rate would allow the least weed encroachment, be playable, and have desired 

aesthetics. Fine fescue rough seeding rate recommendations found in the United States 

Golf Association Green Section Record literature are 219.4 kg ha-1 or a range of 141.8-

283.5 kg ha-1 in out-of-play areas, and 34-102 kg ha-1 for playable areas (Harivandi and 

Morris, 2009; Grundman, 2014). Seeding rates used in no-mow fine fescue rough 

research include 142.5 kg ha-1, and 11.3-383.3 kg ha-1 (Cavanaugh et al., 2011; Hollman 

et al., 2018). Seeding rate influences on weed suppression was only investigated once in 

which an inverse relationship between seeding rate and visual estimates of percent weed 

cover across five fine fescue species was observed (Hollman et al., 2018). Although no-

mow stands are perennial and grass seed production systems reach 1-5 reproductive 

seasons, their unmown nature may provide overlapping management practices for 

success in both systems. Fine fescue seed production research tends to focus on seeding 

rates or row spacing for yield or yield components; however, perennial ryegrass (Lolium 

perenne L.) seed production research in Minnesota revealed an inverse relationship 

between seeding rate and weed cover, as well as a positive relationship between row 
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spacing and weed cover (Deleuran and Boelt, 1997; Deleuran et al., 2013; Koeritz et al., 

2015). High seed rates at establishment may provide more competition of the desirable 

species to surrounding or incoming weed seed. 

 Removing biomass from fine fescue no-mow roughs is usually laborious, 

however it may be used to alter the growing environment for weed management. In both 

turfgrasses and perennial grass pastures, mowing frequency, timing, and height all can 

impact weed presence, weed seed production, biomass, and morphology, but this has yet 

to be investigated in fine fescue no-mow roughs (Bogart and Beard, 1973; Benefield et 

al., 1999; Beck and Sebastian, 2000).  Pornaro et al. (2018) aimed to increase species 

richness or diversity in a golf course rough dominated by couch grass [Elytrigia repens 

(L.) Desv. Ex Nevski.], or red fescue via management techniques including mowing. 

Plant species diversity with mowing and verticutting increased compared to no-mow 

areas in couch grass-dominated roughs; however, red fescue-dominated roughs seemed to 

increase species diversity with the introduction of hay seed along with mowing and 

verticutting. Red fescue roughs increased its dominance throughout the study, which may 

make it an advantageous species in areas where management practices are limited and 

monostands are desired (Pornaro et al., 2018). The influence of mowing practices on 

weed encroachment in fine fescue roughs needs to be investigated further, and may 

depend on the weed species present, fine fescue species used, and growing environment.  

 The density of culms in fine fescue roughs seem to be an important feature on 

golf courses. In addition to aesthetics, density can play a role in the playability of a golf 

shot. This includes golf ball visibility, as well as a golfer’s ability to swing a club through 

the plant stand. Culm density is influenced by many factors in no-mow systems. 
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Cavanaugh et al. (2011) found differences and interactions of year, location, fine fescue 

species, and rough conversion type on culm density. In most cases, culm density 

decreased drastically from the first reproductive year to the next, and with ‘Celestial’ or 

‘Navigator II’ strong creeping red fescue having little to none the second reproductive 

year (Cavanaugh et al., 2011; Hathaway et al., 2016; Hollman et al., 2018). Similarly, 

year to year changes in yield or yield parameters, and differences between fine fescue 

species and cultivars have been recorded in fine fescue seed production literature (Young 

et al., 1998; Deleuran et al., 2013). 

 Culm density may also be influenced by seeding rate. Hollman et al. (2018) 

noticed an inverse relationship between seeding rate and culm density, which was most 

pronounced during the first reproductive year. In a red fescue seed production system, 

row spacing had a negative relationship with fertile tiller density at a seeding rate of 6 kg 

ha-1, which was valid for the first three of five reproductive years (Deleuran et al., 2013).  

Deleuran and Boelt (1997) observed a positive relationship between seeding rate and 

panicle density, which was significant mostly during the first reproductive year. 

Similarly, strong creeping red fescue seedhead density had a positive relationship with 

plant density; however, this trend was reversed by the third reproductive year (Fairey and 

Leftkovitch, 1995).  

Management practices to maintain desirable culm density in no-mow fine fescue 

systems would be beneficial for golf courses that desire a target aesthetic or function. 

Ways in which golf course superintendents strive to maintain culm density and biomass 

are mowing, flail mowing, controlled burning, increased nitrogen fertility, and thinning 

out with herbicides. Culm density maintenance has only been indirectly investigated in 
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fine fescue seed production research. Managing post-harvest residue has been shown to 

play a role in the following season’s yield or culm production. Two studies in Oregon 

investigated this in strong creeping red fescue seed production and found that although 

there weren’t any year-to-year comparisons presented, open burning treatments tended to 

have higher panicle densities and yield than other residue management treatments 

including trinexapac-ethyl applications (Zapiola et al., 2006; Zapiola et al., 2014). 

While no-mow or naturalized areas are increasing in popularity on golf courses in 

the United States, research is lacking in determining best management practices or 

templates for installation and management. These no-mow, low-input areas require some 

management for desired aesthetics and performance. Management practices currently 

utilized by golf courses as well as those in seed production systems may be a starting 

point for no-mow rough success.  

Conclusion 

  It is clear there is a push for reduced inputs such as water on golf courses. Water 

conservation measures like the use of wetting agents and installation of no-mow roughs 

show promise and will likely continue to be implemented. Wetting agents alter the soil-

water relationship for potentially reduced need for water to maintain turfgrass playing 

surfaces. No-mow roughs are alternative systems geared toward the use of plant species 

that exhibit low water requirements, such as the fine fescues. Research has and will 

continue to aid decision making for these water conservation practices to make them 

more efficient, and continue the push for low-input systems that promote ecological and 

economical sustainability. 
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CHAPTER 2: Seasonal longevity of wetting agent functions 

Introduction 

Maintaining playable surfaces on golf courses often require a variety of inputs 

such as water. Currently, golf courses strive to reduce water use motivated by 

environmental stewardship, social pressure, budget limitations, or government 

regulations. In the United States, the most common water conservation practice 

implemented by golf courses in 2013 was the use of soil wetting agents (Gelernter et al., 

2015). 

Golf courses use wetting agents to solve many soil moisture issues. Wetting 

agents can remedy or prevent the development of localized dry spots caused by soil water 

repellency in turfgrass rootzones. Soil water repellency limits plant available water 

through losses of uniform wetting of soil, increased preferential flow, and increased 

runoff potential (Tucker et al., 1990; Ritsema and Dekker, 1994; Miyata et al., 2007). The 

application of wetting agents may also improve soil moisture status, infiltration, and 

turfgrass quality depending on the hydrophobic status of the soil (Kostka, 2000; Karcher 

et al., 2006; Song et al., 2014b).  

To maintain these functions, wetting agents are reapplied. Application frequency 

as directed by labels is commonly determined by the chosen rate and applicator’s 

intended use. These are generally performed in fixed time intervals, regardless of 

management or environmental factors. Applications are made multiple times per year at 

given locations, usually to avoid soil moisture concerns during hot, dry periods. 

Additionally, a practice gaining popularity in northern and Transition Zone areas of the 

United States is a late fall wetting agent application for earlier spring green-up and 
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reduction in winter injury (Bauer et al., 2017; DeBoer et al., 2019). Knowledge of 

benefits from this practice is lacking, especially in northern climates. 

With high wetting agent usage, it would be beneficial to have a reapplication 

model that predicts its loss in the rootzone; however, the longevity of these products in 

turfgrass systems is largely unknown. Product safety data sheets lack ecological 

information regarding fate, degradation, or mobility in soils. Most wetting agents used in 

the turfgrass industry are nonionic surfactants (Kostka and Fidanza, 2018). Nonionic 

surfactants may be susceptible to microbial degradation (Scott and Jones, 2000), and 

microbial degradation is often driven by soil temperature and moisture. An ideal 

reapplication interval of wetting agents would be based on its fate as influenced by 

environmental factors.  

Quantifying a wetting agents’ functions overtime, such as reductions in soil water 

repellency, or other influences on soil-water phenomenon such as moisture retention or 

infiltration rates can help distinguish whether it is present and active. Plant growth 

regulator reapplication models have been based on this product function-environment 

interaction approach (Kreuser and Soldat, 2011; Reasor et al., 2018). Soil water 

repellency persistence is commonly quantified by the water droplet penetration time 

(WDPT) test (Letey, 1969; Kostka, 2000). The ability of wetting agents to cause quicker 

WDPTs on treated soil than untreated soil has been accepted in the literature (Cisar, 

1997; Kostka, 2000; Throssel, 2005; Bauer et al., 2017). Bauer et al. (2017) recorded 

twelve of the thirteen wetting agent treatments had quicker WDPTs at a 1 cm depth than 

untreated soil approximately five months after a late fall application. Furthermore, 

WDPT over a soil moisture gradient can reveal additional soil water repellency 
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parameters such as critical soil moisture content, which is the soil moisture level at which 

the soil transforms from wettable to nonwettable (Dekker et al., 2005). Lastly, the area 

under WDPT-soil moisture curve (AUC) can also be used as a soil water repellency 

parameter, not yet explored with wetting agent-treated soil (Regalado and Ritter, 2008). 

It is hypothesized that wetting agent fate is influenced by environmental factors, 

such as soil temperature. Soil temperature may mitigate microbial degradation of wetting 

agents in a turfgrass rootzone. Research on factors influencing wetting agent longevity or 

the longevity of wetting agent functions would help define more efficient timing of 

product reapplication.  

The objective of this research is to (1) determine if soil temperature influences 

how long wetting agents can reduce soil water repellency and other functions, as well as 

(2) determine benefits of late fall-applied wetting agents on putting green turfgrass. 

Materials and Methods 

The project consists of three experiments, all of which took place on or used plant 

material taken directly from a creeping bentgrass (Agrostis stolonifera L.) research green 

at the Turfgrass Research, Outreach and Education Center at the University of Minnesota 

in St. Paul, MN. The rootzone was constructed in 2001 with 88% sand (Table 1) and 12% 

peat to meet United States Golf Association specifications (USGA, 1993). The green was 

maintained at 3.2 mm height of cut, supplied 102.2-126.9 kg N ha-1 yr-1, and topdressed 

7-8 times yr-1 during the 2017 and 2018 growing seasons.  
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Experiment 1: Seasonal WDPT and rootzone temperature 

 The experiment took place on a ‘Penn A-4’ creeping bentgrass stand that was 

seeded in September 2014. The area had a soil pH of 6.6 and was maintained as described 

above with the addition of a controlled irrigation regime. Prior to the experiment, the 

irrigation system was audited, the distribution uniformity was confirmed to be above 

70%, and precipitation rates were estimated (Baum et al., 2005). Irrigation was supplied 

at 80% evapotranspiration (ET) replacement up to twice weekly, only when cumulative 

ET was greater than total rainfall throughout the duration of the experiment as 

determined with an on-site weather station (Spectrum Technologies, Aurora, IL).  

 The experimental design was a 2 × 6 factorial randomized complete block design 

with four replications that was performed once during the 2017 growing season. The first 

factor was wetting agent application time. Wetting agents were sprayed only once in a 

single plot (1.5 m × 1.5 m) at label rates either on 24 May or 27 July, 2017 with a 3-

nozzle (XR8008VS; TeeJet, Springfield, IL) CO2 backpack sprayer delivered at 80 mL 

m-2. The second factor was wetting agent product, which included five different wetting 

agents and one water-sprayed untreated control (Table 2). The full experimental area was 

watered-in with 8.5 mm of irrigation immediately following all wetting agent 

applications. 

 A variety of data were collected throughout the growing season. Data was 

collected 24 May to 16 October for May-applied plots, and 27 July to 26 October for 

July-applied plots. Potential soil water repellency persistence was measured using the 

WDPT test (Letey, 1969; Kostka, 2000). Four soil cores of 19 mm diameter were 

harvested from each plot twice per week and air-dried indoors at room temperature for at 
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least two weeks prior to tests. During harvest, the soil sampler probe was rinsed in 

between plots to reduce the potential for contamination among harvested soil cores. 

Holes left from harvest were immediately refilled with topdressing sand. WDPT tests 

were performed on 1 and 2.5 cm depths of each core using a 35 μL droplet of deionized 

water, and the average WDPT of the four cores was used for analysis. Rootzone 

temperature throughout the growing season was logged every 10 minutes using a 

temperature logger (Labjack Corp., Lakewood, CO) placed 2.5 cm deep in the center of 

each plot. On each soil core harvest date, soil volumetric water content was collected 

using a POGO portable moisture sensor (Stevens Water Monitoring Systems Inc., 

Portland, OR) by taking the average of five readings per plot. Turfgrass quality (TQ) 

ratings (1-9 scale; 9 = best turfgrass quality) were performed weekly beginning on 31 

May 2017. Chlorophyll index, a measure of vegetation greenness was quantified weekly 

using the average of nine readings taken at 12:00pm ± 2 hours with the FieldScout CM 

1000 Chlorophyll Meter (Spectrum Technologies, Aurora, IL) beginning on 12 July 2017 

on May- and July-applied plots. Turfgrass quality ratings and chlorophyll index data were 

not always collected on soil core harvest dates. Lastly, percent wilt visual ratings were 

done when drought stress was visible. 

 Data were analyzed as a split-plot through time with wetting agent treatment at 

the whole plot level and days after treatment (DAT) at the split plot level. Application 

timing treatments (May or July) were analyzed separately. Additionally, simple linear 

regression was used to determine if rootzone temperature influences WDPT at 1 cm for 

each wetting agent treatment. Lastly, using the WDPT at 1 cm data collected from 28 

July to 16 October 2017, the trapezoidal integration between the May and July 
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application timing treatments were compared for each wetting agent treatment to 

determine if July applications resulted in similar WDPT to the May application 

treatments for the remainder of the growing season. The analysis was performed in R 

statistical software using the package ‘emmeans’ (R Core Team, 2018; Lenth et al., 

2019). Mean separation for any significant interactions was performed using Tukey’s 

method at α = 0.05. 

Experiment 2: Rootzone temperature dosage 

 In November 2018, sod of ‘L-93’ creeping bentgrass that was seeded in 2001, was 

harvested at a depth of 5 cm from the aforementioned research green. The sod was 

transplanted into pots and maintained in cooler set at 14 °C until the experiment was 

initiated. Pots were clipped at least twice weekly at 1.3 cm height of cut and fertilized 

with a full nutrient solution sprayed to supply 4.1 kg N ha-1 once per week. Watering was 

performed on all pots when drought stress symptoms appeared in at least one of the pots. 

 Once the experiment was to be initiated, cylindrical plugs with a diameter of 3.8 

cm and depth of 2.5 cm were harvested from the pots and placed in ConeTainers that 

were filled with 119 g of air-dried topdressing sand (plugs were placed on the surface of 

the sand). Each ConeTainer was water-saturated so that the surface of the plug settled 

down to 1.3 cm from the top. 

 ConeTainers were placed into one of three rootzone temperature treatments: (i) 

21.5 °C, (ii) 28.0 °C, and (iii) 34.5 °C. These treatments were achieved by creating target 

soil temperatures through the use of heat baths within a single controlled environment 

chamber (Figure 1). The chamber was set at an air temperature of 16 °C and supplied 315 
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µmol m-2 s-1 at the creeping bentgrass canopy for 14-h day lengths. Each heat bath 

consisted of a 64.77 x 36.83 x 30.80 cm styrofoam box fastened in a wood frame. The 

bottom of each box had drainage holes in a 3.8 cm spacing. The bottom was lined with a 

window screen mesh. Two of the three boxes (28.0 °C and 34.5 °C treatments) contained 

a heat source consisting of four heat mats, which were each taped to one of the inner 

faces of the box. After heat mats were installed, each box was filled with 0.05 m3 steel 

pellets (Pellets, LLC, North Tonawanda, New York). A ConeTainer tray was placed into 

the each box so that the top of the tray was 7 cm from the top of the box. ConeTainers 

were then placed into the trays. These were placed in a 6 x 6 square fashion in the front 

and back of each tray with a row of 6 ConeTainers in between each square for a total of 

78 ConeTainers per heat bath. The creeping bentgrass plugs within each square were 

experimental units, and the 6 plugs in between each were used to determine gravimetric 

water replacement values. Displaced pellets during installation were redistributed to 

maintain even coverage of pellets throughout the box. The heat mats heated the steel 

pellets, which distributed the heat uniformly in each heat bath to maintain rootzone 

temperature treatments (±2 °C) of the 2.5 cm creeping bentgrass plugs. Rootzone 

temperature was monitored during the acclimation period, before the project began by 

verifying the temperature at 1 and 2 cm depths of each plug were within each target 

rootzone temperature treatment. 

 Creeping bentgrass was acclimated for 2 weeks in the heat baths prior to 

experiment initiation. During the acclimation period, rootzone temperature for each heat 

bath was initiated at their corresponding rootzone temperature treatment (21.5, 28, and 

34.5 °C). Creeping bentgrass plugs were watered to saturation 4-7 times within the first 
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week. Thereafter, all plugs were maintained at 28% gravimetric water content by 

watering the amount lost using a syringe and determined by the average mass of the six 

plugs in the center of each heat bath ConeTainer tray. Watering was performed five days 

per week. Fertilization using a full nutrient solution was done weekly to supply 4.4 kg N 

ha-1 in 25 mL portions using a syringe. Creeping bentgrass was clipped three days per 

week at 1.3 cm height of cut with clippings collected using a vacuum hose. 

 Following acclimation, the wetting agent Cascade Plus (Precision Laboratories, 

LLC, Waukegan, IL) was applied to half of the plugs as a drench through a pitted 2.5 cm 

hose nozzle to ensure even coverage throughout each plug, equivalent to a rate of 2.55 

mL m-2 delivered with 10.2 mL water per plug. The other half of the plugs were treated 

with 10.2 mL water each. Prior to application, all plugs were gravimetrically watered so 

that they would have similar soil moisture. Plugs were harvested at 10, 20, and 30 days 

after the wetting agent treatment. The wetting agent and harvest date treatments (days 

after treatment) were arranged in two 6 × 6 Latin squares per heat bath so that each 

wetting agent-harvest date combination was present in each row and column of the 

ConeTainer tray. 

 On harvest dates, plugs were removed from ConeTainers which were then refilled 

with topdressing sand to reduce the potential of non-uniform heat distribution. Plugs were 

weighed immediately as an assessment of water retention. This data was collected 24 ±2 

hours after the last watering event. Roots that grew past the 2.5 cm depth of the plug were 

clipped and discarded prior to weighing. Plugs were then transported to a 24.5 ±5.8 C 

room to air dry for two weeks. After this period the rootzone of each plug was completely 

sieved through a 2 mm mesh screen to remove large organic material and very coarse 
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sand. Approximately 20 g of sand was transferred and leveled in petri plates. WDPT tests 

were conducted on the sand using 35 µL droplets of deionized water to determine the 

potential soil water repellency persistence (Letey, 1969). The average WDPT of three 

water droplets was used for analysis. 

 Following WDPT tests, each petri plate was water-saturated by adding 

approximately 20 mL of deionized water to the sand. Over a period of 33.2 - 35.6 hours 

of air-drying, 11 WDPT tests were performed (Table 3). Two additional WDPT tests 

were performed following 2 and 24 hour 64.3 ±0.3 C oven-drying periods to dry the sand 

further. During each test, the petri plates were weighed to determine the soil moisture. 

The average of three water droplets were used to determine the WDPT-soil moisture 

curves of each experimental unit. The trapezoidal area under the WDPT-soil moisture 

curves was used as a soil water repellency parameter (Regalado and Ritter, 2008). 

Critical soil moisture content was estimated using all droplets from WDPT tests 

throughout the soil moisture gradient of each wetting agent – harvest date treatment 

combination. Based on the classification of Bisdom et al. (1993), the WDPT threshold for 

critical soil moisture content was set at 5 seconds (Table 4).  

 The experiment was arranged in split plot design with four blocks. The whole plot 

treatment was rootzone temperature. The split plot was a 2 × 3 factorial with six 

replications per block. The first factor of the split plot treatment was wetting agent 

treatment (Cascade Plus or water-treated), and the second factor was harvest date (10, 20, 

and 30 days after wetting agent treatment). In addition to the whole plot and split plot 

treatments, soil heat units (SHU; SHU = rootzone temperature × day after treatment) was 

used as a predictor variable. Critical soil moisture content was estimated through 
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bootstrapping with n=2000 and 10000 iterations made up of WDPTs that correspond to 

moisture levels at which WDPTs were greater than zero (<0.263 kg kg-1). The analysis 

was performed in R statistical software using the packages ‘nlme’ and ‘emmeans’ (R 

Core Team, 2018; Lenth et al., 2019; Pinheiro et al., 2019). Mean separation for any 

significant interactions was performed using Tukey’s method at α = 0.05. 

Experiment 3: Impact of late fall applications on spring recovery 

This experiment was conducted twice (2017-18 and 2018-19); each year at 

different locations on ‘Penn A-4’ seed in September 2014 on the aforementioned 

creeping bentgrass research green. The areas had a soil pH of 6.6 in 2017 and 6.8 in 

2018. The green was maintained as described above. Prior to the experiment, the 

irrigation system was audited, the distribution uniformity was confirmed to be above 

70%, and precipitation rates were estimated (Baum et al., 2005). 

The experimental design was a randomized complete block design with four 

replications and six treatments. Treatments consisted of five different wetting agents and 

one water-sprayed untreated control (Table 2). Treatments were sprayed only once in a 

single plot (1.5 m × 1.5 m) at label rates on 11 November 2017 (2017-18 experiment) and 

21 October 2018 (2018-19 experiment) with a 3-nozzle (XR8008VS; TeeJet, Springfield, 

IL) CO2 backpack sprayer delivering at 80 mL m-2. The area was watered with 8.5 mm of 

irrigation immediately following all wetting agent applications.  

Spring recovery and soil hydrologic data were collected within the 1st  (week 1), 

3rd (week 3), and 5th week (week 5) of rootzone thaw. Rootzone thaw was determined by 

injecting a soil sampling probe 30.5 cm deep without frozen soil resistance into border 
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areas and plot edges throughout each location. Data was collected on 30 April, 13 May, 

and 24 May in 2018 and 27 March, 9 April, and 24 April in 2019. Spring recovery was 

assessed by taking turfgrass quality ratings (1-9 scale; 9 = best turfgrass quality) and 

quantifying vegetation greenness using the average of nine chlorophyll index readings 

taken at 12:00pm ± 2 hours with the FieldScout CM 1000 Chlorophyll Meter (Spectrum 

Technologies, Aurora, IL). Four soil cores of 19 mm diameter were harvested from each 

plot and air-dried indoors at room temperature for at least two weeks. Harvested soil 

cores were then subject to WDPT tests using a 35 µL droplet of deionized water at 1 and 

2.5 cm depths on each core (Letey, 1969; Kostka, 2000). The average WDPT at each 

depth among the four soil cores were used in analyses. The soil sampler probe was rinsed 

with water after harvest from each plot. Holes left from harvest were immediately refilled 

with topdressing sand. Soil volumetric water content was collected using a POGO 

portable moisture sensor (Stevens Water Monitoring Systems Inc., Portland, OR) by 

taking the average of five readings per plot. Lastly, infiltration rates were recorded in 

each plot by filling a double ring infiltrometer with inner ring diameter of 6.0 cm and 

outer ring diameter of 12.7 cm (Turf-Tec International, Tallahassee, FL) with water four 

times. The infiltration rate of the fourth flush of water was used for analysis. 

The data were analyzed as a multi-location split plot in time design with wetting 

agent treatment at the whole plot level, and week of thaw (1, 3, and 5) at the split plot 

level. The analysis was performed in R statistical software using the package ‘emmeans’ 

(R Core Team, 2018; Lenth et al., 2019). Mean separation for any significant interactions 

was performed using Tukey’s method at α = 0.05. 
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Results 

Experiment 1: Seasonal WDPT and rootzone temperature 

 Wetting agent applications occurred at 814 and 2170 growing degree days (GDD) 

for May and July application timings, respectively, calculated with a base temperature of 

0 °C. By 16 October, May-applied plots underwent 2791 GDD and July-applied plots 

underwent 1435 GDD. A combination of watering-in the wetting agents, irrigating at 

80% ET replacement, and rainfall supplied May-applied plots with 63.2 cm of water from 

24 May to 16 October and July-applied plots with 38.6 cm from 27 July to 16 October. 

Soil temperatures at a 2.5 cm depth in the green fluctuated with the highest average daily 

soil temperature across all plots of 26.06 °C on 6 July, and the lowest average daily soil 

temperature across all plots of 7.51 °C on 26 October (Figure 2).  

Wetting agent treatments influenced WDPT at each depth and application timing 

(Table 5). Across DAT, wetting agents effected WDPT at 1 cm (Figure 3) and 2.5 cm 

(Figure 4) depths of the May application, and 2.5 cm (Figure 5) depth of the July 

application. There was a significant wetting agent × DAT interaction for the July 

application timing of WDPT at 1 cm depth (Figure 6). There were wetting agent 

treatment differences up to 85 DAT for the July application. Revolution and Cascade Plus 

treated plots had quicker WDPTs at 1 cm depth than the untreated on more dates than the 

other wetting agent treatments. The highest estimated mean WDPT at 1 cm recorded was 

1035.8 seconds 28 DAT of the PBS150 July application treatment. In general, WDPTs 

decreased as fall approached for each application timing treatment. Estimated across time 

points, Revolution treated plots had the lowest WDPTs at 2.5 cm depth of 41.7 and 70.5 s 
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for May and July treatments, respectively. In contrast, the untreated plots had the highest 

WDPTs at 2.5 cm depth of 91.2 and 344.7 s for May and July treatments, respectively. 

 Volumetric water content and chlorophyll index differed by DAT for each 

application timing. Turfgrass quality and estimated visual wilt differed by date within the 

May-applied treatments, and had a significant wetting agent × DAT interaction within the 

July-applied treatments. From the end of September until the end of October, Cascade 

Plus plots applied in July had better turfgrass quality than some of the other treatments 

(Figure 7). This was likely due to the lack of estimated visual wilt on Cascade Plus plots 

around the same time frame (Figure 8). 

 The date curves for area under WDPT at 1 cm were similar between application 

timing treatments, but there were wetting agent treatment differences (Table 6). All 

wetting agent treatments except Duplex resulted in smaller areas, or consistently lower 

WDPTs at 1 cm depth across application timing treatments than the untreated control 

plots (Table 7).  

 Soil temperature was a significant predictor of logarithm of WDPT at 1 cm for all 

wetting agent treatments (Table 8). The relationships, however, were not strong. The 

strongest coefficients of determination were 0.30 and 0.27 of the untreated and Duplex 

treatments, respectively. Variability in WDPT at 1 cm depth was highest in the untreated 

plots (Figure 9). 
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Experiment 2: Rootzone temperature dosage 

The plugs in each run received four liquid fertilizer applications. The amount of 

water supplied differed by temperature treatment, with water volume increasing as 

temperature treatment increased (Table 9).  

Soil heat units influenced WDPT, area under WDPT - soil moisture curves, and 

plug mass (Table 10). Wetting agent treatment did not influence plug mass. There was a 

significant soil heat unit × wetting agent interaction for WDPT and area under WDPT - 

soil moisture curves. Cascade Plus treatments had quicker WDPTs than the untreated at 

all soil heat unit levels (Figure 10). The 5 second WDPT threshold was surpassed by 

untreated plugs at all soil heat levels and was reached at soil heat unit levels ≥ 690 by 

Cascade Plus treated plugs. Within Cascade Plus plugs, higher soil heat unit treatments 

had longer WDPTs than lower soil heat unit treatments. The area under the WDPT – soil 

moisture curves was much smaller in Cascade Plus plugs than untreated plugs (Figure 

11). Within Cascade Plus treatments, the 215 and 280 soil heat unit treatments have 

smaller areas than the 840 and 1035 soil heat unit treatments of Cascade Plus plugs. 

Although there are differences among soil heat unit treatments of the untreated plugs, 

there seems to be no trend.  

 Critical soil moisture content was estimated for all of the untreated plug treatment 

combinations (Figure 12). Cascade Plus plugs maintained at 21.5 °C for all three harvest 

dates, and those maintained at 28 °C for 10 days did not reach an estimated WDPT of 5 

seconds. Those maintained at 34.5 °C for 10 days had an agronomically irrelevant critical 

soil moisture content of 0.0009 kg kg-1, which would be equivalent to a volumetric water 

content of about 0.03 percent. With the exception of Cascade Plus treated plugs 
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maintained at 21.5 °C, estimated critical soil moisture content was highest by day 30 for 

each rootzone temperature treatment × wetting agent treatment combination. 

Experiment 3: Impact of late fall applications on spring recovery 

 Environmental conditions of data collection periods  differed by week and year 

(Table 11). Average daily air temperature never reached the freezing point in spring 2018 

data collection period, but was reached several times during the spring 2019 data 

collection period. During the spring of 2018, plots received 3.15 cm of irrigation and 4.70 

cm of rainfall. The spring of 2019 data collection period consisted of no supplemental 

irrigation, but had a total of 6.81 cm of rainfall and 20.88 cm of snowfall. There was no 

snow during any data collection dates on the plots.  

 Wetting agents influenced WDPT at 1 and 2.5 cm depths, and this differed by 

year (Table 12). Across weeks, Duplex treated and the untreated plots had the highest 

WDPTs at 1 cm each year, whereas Cascade Plus treated plots consistently had the 

lowest (Figure 13). Additionally, WDPT at 1 cm increased week to week in 2018, but 

decreased week to week in 2019 (Figure 14). Across weeks, all wetting agents had 

similar WDPTs at 2.5 cm in 2018. In 2019, plots treated with Aquicare, Cascade Plus, 

and Revolution had the lowest WDPTs at 2.5 cm across weeks (Figure 15). Similar to the 

WDPTs at 1 cm, those at 2.5 cm depth increased from week to week in 2018, and 

decreased from week 1 to 3 in 2019 (Figure 16).  

 Volumetric water content was the only response variable that had a wetting agent 

× year × week interaction (Table 12). In 2018, wetting agent treatments had similar soil 

moisture during weeks 1 and 3. During week 5 of 2018, the plots began to experience 
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localized dry spots, and Aquicare and Cascade Plus treatments had the lowest volumetric 

water content of 9.58% and 11.48%, respectively (Figure 17). During each week in 2019, 

all wetting agent treatments had similar volumetric water content, and there was no soil 

moisture stress.  

 Wetting agent treatments did not affect infiltration rates, turfgrass quality, or 

chlorophyll index (Table 12). Infiltration rates were well above the USGA’s 

recommended threshold of 150 mm hr-1, each week of each year. In both years, 

infiltration rates decreased from week to week (Figure 18). The highest infiltration rates 

were during week 1 in 2019 with 815.3 mm hr-1, and the lowest were 538.5 mm hr-1 

during week 5 in 2019. Turfgrass quality increased from week to week in 2018, and 

increased from week 1 to 3 in 2019 (Figure 19). Acceptable quality (quality rating ≥ 5) 

was only reached in the 5th week of 2018. Due to slow recovery from the previous year’s 

dollar spot damage, none of the plots were of acceptable greens quality in 2019 each 

week. Chlorophyll index was different each week within each year (Figure 20). Plots 

were the least green during week 1 each year. In 2018, plots had the highest average 

greenness during week 2, which differed from 2019, during which chlorophyll index 

increased from week to week.  

Discussion 

These projects concur with previous literature that wetting agent treatments can 

create soil with lower soil water repellency persistence than untreated soil. Most of the 

products tested have shown this characteristic in previous work. Bauer et al. (2017) 

reported Revolution, Cascade Plus, and Aquicare treated plots had quicker WDPTs than 
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untreated plots in the spring, following late fall applications. They also observed similar 

WDPTs between Duplex and untreated plots. The soil from plots of Experiment 1 and 

Experiment 2 shared similar results. It is unclear why Duplex plots were wilt-prone and 

lacked the ability to reduce potential soil water repellency persistence as the other tested 

products. Cascade Plus is known to perform well in wetting agent studies. It had quicker 

WDPTs than untreated plots in most years and locations across the United States 

(Throssell, 2005). It had among the highest turfgrass quality ratings and lowest percent 

dry spot in previous work (Cisar et al., 2000; Bauer et al., 2017) which agrees with 

observations made from the July application treatments in Experiment 1.  

 Volumetric water content was only influenced by wetting agents during one 

observation period of all three experiments. Wetting agents are often marketed for 

improved water retention or ability to infiltrate excessive moisture, so the lack of wetting 

agent treatment differences in soil moisture was not expected. Soil moisture influences of 

wetting agents is inconsistent in the literature. Bauer et al. (2017) had no soil moisture 

differences among wetting agent treatments on any date. Under a reduced irrigation 

regime, Soldat et al. (2010) reported wetting agents held more moisture than the 

untreated plots on many dates. Observations of wetting agent effects on soil moisture are 

likely to occur during excessively dry or wet periods. 

 The use of infiltration rates via small double ring infiltrometers and chlorophyll 

index as a way to quantify wetting agent performance did not yield wetting agent 

treatment separation. In some cases, infiltration rates did not become steady following the 

series of water flushes, meaning that the sandy rootzone was not fully saturated. A much 

larger double ring infiltrometer or a tension infiltrometer likely would have generated 
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more accurate infiltration rates, but would have taken too much time to collect given the 

size of this study. Using a tension infilrometer, Larsbo et al. (2008) recorded an 

infiltration rate almost three times quicker than untreated soil when applied by a wetting 

agent. Chlorophyll index collected in Experiments 1 and 3 was meant to be an objective 

component to turfgrass quality ratings, which are subjective. Bauer et al. (2017) only had 

wetting agent effects on chlorophyll index on one rating date, at which 11 of the 12 

wetting agent treated plots were similar to the untreated control plots. Chlorophyll index 

may be more suitable for studies involving an expected change in turfgrass canopy tissue 

color, such as fertility or plant growth regulator studies.  

 Although soil water repellency parameters such as the area under soil water 

repellency – soil moisture curves and critical soil moisture content are used in soil 

hydrology and physics literature, Experiment 2 was the first to use the area under soil 

water repellency – soil moisture curves to assess wetting agent performance, and the 

second study to estimate critical soil moisture content of wetting agent treated soil 

(Dekker et al., 2005). Cascade Plus had lower estimated critical soil moisture content 

than untreated soil, which agrees with Dekker et al. (2005), who found that Primer 604, a 

different wetting agent, acted similarly. Using the 5 second WDPT threshold may be a 

way to determine when reapplication is needed, but this could be more applicable when 

using actual WDPTs instead of the potential WDPTs used in these experiments. Potential 

WDPTs under 5 seconds were rare in the field experiments (Experiment 1 and 

Experiment 2). Potential WDPTs are usually dried passed the critical soil moisture 

content, classifying them as water repellent.  
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 Late fall wetting agent applications in Experiment 3 only influenced spring 

WDPTs and volumetric water content. These results along with those of Bauer et al. 

(2017) conclude that late fall wetting agent applications may benefit the turfgrass by 

reducing the potential for localized dry spots in the spring. A wetting agent × week × year 

interaction was almost significant (P value = 0.07) for spring turfgrass quality. This 

would have agreed with the results of DeBoer et al. (2019), who noticed more green 

cover on spring recovering ultradwarf bermudagrass treated with a late fall wetting agent 

application than untreated plots during one of the two years. Benefits from this practice 

likely differ each year due to variability in fall, winter, and spring weather. 

 It is unclear if application timing influences wetting agent performance. In 

Experiment 1, the use of wetting agent WDPTs relative to an untreated control WDPTs to 

evaluate product performance or loss in the system was unreliable. This may have been 

due to the large fluctuations of untreated WDPTs throughout the growing season, and the 

influence of environmental factors on WDPTs as all treatments had low WDPTs at the 

end of the growing season. Variability of soil water repellency in the field is also a 

limitation. Using a growth chamber and heat baths in Experiment 2 was an attempt to 

control environmental factors; however, the experiment needed to be longer than 30 days 

to observe the time point at which Cascade Plus soil water repellency parameters became 

similar to those of the untreated plugs. Regardless of WDPT fluctuations, the July 

application treatment had a wetting agent treatment difference in 1 cm WDPTs during 

fall. The Revolution treated plots had quicker 1 cm WDPTs than the untreated plots 85 

DAT, which is 55 days after the recommended reapplication interval, according to the 

label. This wasn’t the only occurrence of products influencing soil characteristics passed 
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recommended reapplication intervals as given by product labels. During week 5 of thaw 

of Experiment 3 Aquicare and Cascade Plus treated plots had lower volumetric water 

content than the untreated plots 195 DAT, which is 105 and 135 days after their 

recommended reapplication interval, respectively. Long residual from late fall 

applications may be due to low soil temperature and the lack of microbial breakdown. 

The area under WDPT – date curves in Experiment 1 revealed the May application 

performed similarly to the July application within wetting agent treatments. Products 

used in Experiment 1 may have long residual and have threshold values of WDPTs which 

respond to the environment. Work by Song et al. (2014b) may support this hypothesis, as 

they observed that steady infiltration rates in hydrophobic sand treated by wetting agents 

differed by product and were influenced by wet-dry cycles. A different hypothesis may 

be that the products were degraded or leached quicker from the July application 

treatments and had similar concentrations in the rootzone as the May application 

treatments due to higher soil temperature exposure.  

 The experiments did not prove that soil temperature influences wetting agent 

longevity. Average daily soil temperature was a significant predictor of 1 cm WDPTs of 

all wetting agent treatments in Experiment 1, but only a small portion of the variance was 

explained, especially in Revolution, PBS150, and Cascade Plus treated plots. Although 

there were soil temperature exposure treatments (soil heat units) in Experiment 2, it 

remains unclear if the slow increase in soil water repellency parameters were due to 

increased soil temperature exposure, amount of water volume used to maintain the plugs, 

or both. Water influences on wetting agent functions have been observed in previous 

literature. Steady flow infiltration rates decreased in wetting agent treated hydrophobic 
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sand columns following a series of wet-dry cycles (Song et al., 2014b). Water retention in 

soil-filled pots treated with wetting agents decrease following water flushes (Osborn et 

al., 1969). The influence of water or soil temperature alone on wetting agent longevity 

may be important to tease apart in future experiments.  

Conclusions 

 Wetting agents generated lower soil water repellency parameters, including 

WDPT, than untreated soil, and the magnitude was product dependent. This seems to be a 

common spring benefit of late fall wetting agent applications; however, this affect may 

fluctuate throughout the growing season as a response to the environment. Using 

WDPTs, wetting agent efficacy overtime may be assessed best in controlled environment 

studies. It is unclear which environmental factors influence wetting agent loss in turfgrass 

systems, but soil temperature and water volume are probable candidates. Results suggest 

that soil temperature influences WDPTs, but it is unclear if it is influencing wetting agent 

longevity. According to the wetting agent functions collected in these experiments, 

reapplication intervals as directed by labels are likely shorter than needed, unless function 

thresholds such as 5 second potential WDPT are implemented in future reapplication 

models. 
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Table 1. Sand size distribution by class or research green rootzone. 

Sand size class   
 % mass 
very coarse sand 3 
coarse sand 25 
medium sand 54 
fine sand 17 
very fine sand 1 
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Table 2. Wetting agent treatments and corresponding application rates and manufacturers. 

Wetting    
agent treatment Rate a Manufacturer 

 mL m-2  
untreated b - - 
Aquicare 3.82 Winfield United 
Revolution 1.91 Aquatrols 
PBS150 1.59 Aqua-Aid Solutions 
Cascade Plus 2.55 Precision Laboratories, LLC 
Duplex 0.15 Precision Laboratories, LLC 

a All treatments were delivered at 80 mL m-2 

b Water-sprayed untreated control 
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Table 3. Hours after water saturation of sand in petri plates at which each round of 
WDPT tests began. Hours after water saturation was recorded for each runs’ harvest dates 
(DAT). 

 Run 1 
Time point 10 DAT a 20 DAT 30 DAT 

 ————————— hrs. after saturation ————————— 
1 1.5 4.1 5.3 
2 3.0 5.5 6.8 
3 4.2 7.0 8.8 
4 5.5 8.7 10.5 
5 9.3 10.3 12.5 
6 11.6 12.0 15.3 
7 14.1 15.0 18.3 
8 18.3 18.1 21.4 
9 22.0 21.6 23.4 
10 25.9 25.6 26.3 
11 33.8 34.1 33.2 

 Run 2 
1 5.3 4.9 5.0 
2 6.8 6.3 6.0 
3 9.0 8.5 7.5 
4 10.5 10.0 9.5 
5 12.1 11.5 11.0 
6 14.0 13.5 13.3 
7 17.0 16.6 16.4 
8 21.0 20.5 19.0 
9 24.0 23.5 23.1 
10 26.8 26.3 27.8 
11 35.5 35.6 35.5 

a DAT, days after treatment 
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Table 4. Water droplet penetration time classifications as defined by Bisdom et al. (1993) 

Classification WDPT a 

 s 
wettable < 5 
slightly water repellent 5 - 60 
strongly water repellent 60 - 600 
severely water repellent 600 - 3600 
extremely water repellent > 3600 

a WDPT, water droplet penetration time 
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Table 5. Analysis of variance results of treatment effects and their interaction on water 
droplet penetration time at 1 and 2.5 cm depths, volumetric water content, chlorophyll 
index, turfgrass quality ratings, and estimated visual wilt of Experiment 1. 

a WDPT, water droplet penetration time; results based on log transformation 
b VWC, volumetric water content 

* Significant at the 0.05 probability level 

** Significant at the 0.01 probability level 

*** Significant at the 0.001 probability level 

† NS, nonsignificant at the 0.05 probability level 

  

  May application 

Source of variation df 
WDPT a 
at 1 cm 

WDPT at 
2.5 cm VWC b 

Chlorophyll 
index 

Turfgrass 
quality 

Visual 
wilt 

Wetting agent (WA) 5 *** * NS † NS NS NS 

Days after treatment (DAT) 38 *** *** *** *** *** *** 

WA × DAT 190 NS NS NS NS NS NS 

  July application 

Wetting agent (WA) 5 *** * NS NS NS NS 

Days after treatment (DAT) 25 *** *** *** *** *** *** 

WA × DAT 125 * NS NS NS *** *** 
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Table 6. Analysis of variance results of treatment effects and their interaction on the 
trapezoidal area under the water droplet penetration time at 1 cm depth – date curves 
from 28 July to 16 October 2017 of Experiment 1. 

  

 

 
a WDPT, water droplet penetration time at 1 cm depth 

 *** Significant at the 0.001 probability level 

 † NS, nonsignificant at the 0.05 probability level 

   

    Area under 
Source of variation df WDPT a-date curve 
Application month (AM) 1 NS † 

Wetting agent (WA) 5 *** 
AM × WA 5 NS 



42 
 

Table 7. Effect of wetting agent treatment on the trapezoidal area under the water droplet 
penetration time at 1 cm depth – date curve, averaged across application timing 
treatments of Experiment 1. 

  Area under 
Wetting agent WDPT a-date curve 

Untreated 10573d 
Aquicare 5225bc 

Revolution 2445a 
PBS150 5923c 

Cascade Plus 3040ab 
Duplex 7737cd 

a WDPT, water droplet penetration time at 1 cm depth 
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Table 8. Linear regression parameters, coefficient of determination (adjusted R2) and 
slope (β) of the effect of average daily soil temperature at 2.5 cm depth on logarithm of 
water droplet penetration times at 1 cm depth of Experiment 1. 

Wetting agent Adjusted R2 β a 

Untreated 0.30*** 0.05 
Aquicare 0.19*** 0.04 

Revolution 0.04** 0.02 
PBS150 0.09*** 0.03 

Cascade Plus 0.08*** 0.03 
Duplex 0.27*** 0.04 

a β, predicted line slope of the logarithm of water droplet penetration time at 1 cm depth 
and average daily soil temperature 

** Significant at the 0.01 probability level 

*** Significant at the 0.001 probability level 
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Table 9. Total water volume supplied at the end of each run of Experiment 2 by rootzone 
temperature treatment. 

  Rootzone Water 
Run temperature volume 

 °C mL 
1 21.5 160.5 
1 28 210.5 
1 34.5 262.0 
2 21.5 157.0 
2 28 208.5 
2 34.5 317.0 
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Table 10. Analysis of variance results of treatment effects and their interaction on water 
droplet penetration time, trapezoidal area under water droplet penetration time – soil 
moisture curve, and mass of creeping bentgrass plugs of Experiment 2. 

 

 

 
a WDPT, water droplet penetration time; results based on log(x + 1) transformation 
b AUC, trapezoidal area under WDPT-soil moisture curve; results based on square root 
transformation 

* Significant at the 0.05 probability level 

** Significant at the 0.01 probability level 

*** Significant at the 0.001 probability level 

† NS, nonsignificant at the 0.05 probability level 

  

Source of variation df WDPT a AUC b Mass 
Soil heat unit (SHU) 8 *** * ** 
Wetting agent (WA) 1 *** *** NS† 
SHU × WA 8 *** *** NS 
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Table 11. Winter recovery conditions of Experiment 3 after thaw of research green each 
year. 

    2018     

Week Date 
Average air 
temperature 

total 
rainfall 

total 
snowfall 

  °C ——— cm ——— 
1 25 April a 8.59 0 0 

 26 April 11.37 0 0 

 27 April 9.69 0 0 

 28 April 8.06 0 0 

 29 April 12.76 0 0 

 30 April b   18.94 0.05 0 

 1 May 18.48 0.18 0 
2 2 May 14.02 0.38 0 

 3 May 17.75 0 0 

 4 May 18.92 0 0 

 5 May 19.17 0.1 0 

 6 May 17.53 0 0 

 7 May 22.06 0 0 

 8 May 18.79 0.33 0 
3 9 May 14.10 0.76 0 

 10 May 11.21 0 0 

 11 May 9.55 0 0 

 12 May 11.31 0.03 0 

 13 May b 14.58 0 0 

 14 May 17.27 0.86 0 

 15 May 17.68 0 0 
4 16 May 21.81 0 0 

 17 May 22.47 0 0 

 18 May 21.23 0 0 

 19 May 14.91 0 0 

 20 May 14.23 0 0 

 21 May 16.78 0 0 

 22 May 18.37 0 0 
5 23 May 22.01 0 0 

 24 May b 25.50 2.01 0 
2019 

1 26 March a 4.26 0 0 

 27 March b 9.55 0 0 

 28 March 4.68 0 0 

 29 March 1.23 0 0 

 30 March -0.85 0 0 

 31 March -2.05 0 0 

 1 April 1.57 0 0.05 
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2 2 April 2.63 0.03 0 

 3 April 3.48 0 0 

 4 April 2.02 0 0 

 5 April 4.46 0.03 0 

 6 April 8.24 2.13 0 

 7 April 11.54 0.53 0 

 8 April 11.60 0 0 
3 9 April b 6.09 0 0 

 10 April -1.44 0 0 

 11 April -1.51 0 19.05 

 12 April -0.18 0.89 1.78 

 13 April 0.07 0 0 

 14 April 1.25 0 0 

 15 April 4.73 0 0 
4 16 April 10.76 0 0 

 17 April 7.33 2.29 0 

 18 April 6.32 0.03 0 

 19 April 9.33 0 0 

 20 April 15.25 0 0 

 21 April 14.87 0 0 

 22 April 6.16 0.89 0 
5 23 April 9.46 0 0 
  24 April b 15.10 0 0 

a Dates the research green thawed out 
b Data collection dates 
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Table 12. Analysis of variance results of treatment effects and their interactions on water 
droplet penetration time at 1 and 2.5 cm depths, volumetric water content, infiltration 
rate, turfgrass quality ratings, and chlorophyll index of Experiment 3. 

Source of 
variation df 

WDPT a 
at 1 cm 

WDPT 
at 2.5 cm VWC b 

Infiltration 
rate 

Turfgrass 
quality 

Chlorophyll 
index 

Wetting agent 
(WA) 5 *** *** NS NS NS NS 

Year 1 NS *** ** NS *** ** 

Week 2 *** *** *** *** *** *** 

WA × year 5 *** ** * NS NS NS 

Year × week 2 *** *** *** ** *** *** 

Week × WA 10 NS NS NS NS NS NS 

Year × week × WA 10 NS NS * NS NS NS 
a WDPT, water droplet penetration time; results based on log transformation 
b VWC, volumetric water content 

* Significant at the 0.05 probability level 

** Significant at the 0.01 probability level 

*** Significant at the 0.001 probability level 

† NS, nonsignificant at the 0.05 probability level 
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Figure 1. Heat baths filled with steel pellets were placed in a growth chamber to create 
three rootzone temperature treatments in a single environment for Experiment 2. 
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Figure 2. Average daily soil temperature, averaged across wetting agent treatments for 
each soil core harvesting time point of Experiment 1. 
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Figure 3. Water droplet penetration time (WDPT) at 1 cm depth, averaged across date, of 
each wetting agent treatment applied in May of Experiment 1. Bars that do not share the 
same letter are significantly different.  
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Figure 4. Water droplet penetration time (WDPT) at 2.5 cm depth, averaged across date, 
of each wetting agent treatment applied in May of Experiment 1. Bars that do not share 
the same letter are significantly different. 
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Figure 5. Water droplet penetration time (WDPT) at 2.5 cm depth, averaged across date, 
of each wetting agent treatment applied in July of Experiment 1. Bars that do not share 
the same letter are significantly different. 
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Figure 6. Water droplet penetration time (WDPT) at 1 cm depth, of each wetting agent 
treatment applied in July for the remainder of the growing season of Experiment 1. Points 
that do not share the same letter within the same day are significantly different. 
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Figure 7. Turfgrass quality rating of each wetting agent treatment applied in July for the 
remainder of the growing season of Experiment 1. Points that do not share the same letter 
within the same day are significantly different. 
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Figure 8. Estimated visual wilt of each wetting agent treatment applied in July for the 
remainder of the growing season of Experiment 1. Points that do not share the same letter 
within the same day are significantly different. 
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Figure 9. Exponential fitted curves of water droplet penetration times at 1 cm of pooled 
May and July application treatments as influence by average daily soil temperature at 2.5 
cm of Experiment 1. 
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Figure 10. Water droplet penetration time (WDPT) of wetting agent treatments for each 
soil heat unit treatment (soil heat unit = rootzone temperature × days after treatment) of 
Experiment 2. The dashed line represents WDPT of 5 seconds at which the rootzone is 
classified nonwettable. Letters represent estimated mean groupings across wetting agent 
treatment. Bars that do not share the same letter are significantly different. 
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Figure 11. Trapezoidal area under the water droplet penetration time (WDPT) – soil 
moisture curve of wetting agent treatments for each soil heat unit treatment of 
Experiment 2. Letters represent estimated mean groupings within wetting agent 
treatment. Bars that do not share the same letter are significantly different. 
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Figure 12. Estimated critical soil moisture content (colored bars) and water droplet 
penetration times (WDPT; colored points) across a soil moisture gradient of each wetting 
agent and soil heat unit treatment combinations of Experiment 2. The figure is zoomed in 
at each axis, which excludes 9564 WDPT data points total. 

 

  



61 
 

Figure 13. Water droplet penetration times (WDPT) at 1 cm depth of each late fall 
wetting agent treatment and year, averaged across weeks of Experiment 3. Letters 
represent estimated mean groupings within year. Bars that do not share the same letter are 
significantly different. 
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Figure 14. Water droplet penetration times (WDPT) at 1 cm depth of each year and week, 
averaged across wetting agent treatment of Experiment 3. Letters represent estimated 
mean groupings within year. Bars that do not share the same letter are significantly 
different. 
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Figure 15. Water droplet penetration times (WDPT) at 2.5 cm depth of each late fall 
wetting agent treatment and year, averaged across weeks of Experiment 3. Letters 
represent estimated mean groupings within year. Bars that do not share the same letter are 
significantly different. 
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Figure 16. Water droplet penetration times (WDPT) at 2.5 cm depth of each year and 
week, averaged across wetting agent treatment of Experiment 3. Letters represent 
estimated mean groupings within year. Bars that do not share the same letter are 
significantly different. 
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Figure 17. Volumetric water content of each late fall wetting agent treatment during week 
5 of thaw, 2018 of Experiment 3. Bars that do not share the same letter are significantly 
different. 
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Figure 18. Infiltration rates of each year and week, averaged across wetting agent 
treatment of Experiment 3. Letters represent estimated mean groupings within year. Bars 
that do not share the same letter are significantly different. 
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Figure 19. Turfgrass quality ratings of each year and week, averaged across wetting agent 
treatment of Experiment 3. Letters represent estimated mean groupings within year. Bars 
that do not share the same letter are significantly different. 

 

  



68 
 

Figure 20. Chlorophyll index of each year and week, averaged across wetting agent 
treatment of Experiment 3. Letters represent estimated mean groupings within year. Bars 
that do not share the same letter are significantly different. 
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CHAPTER 3: Optimum seeding rate and biomass removal timing for no-mow 

fine fescue golf course roughs 

Introduction 

 A water conservation practice increasing in popularity is the installation of no-

mow roughs on golf courses. About 46% of golf courses in the United States increased 

their no-mow areas in 2013 (Gelernter et al., 2015). These stands typically consist of 

grasses and/or forbs that do not need to be watered as often as in-play areas, if at all.  

Roughs account for the largest irrigated area on courses in most regions in the United 

States, so conversions to drought tolerant species is desirable (Gelernter et al., 2015). 

Despite the term “no-mow,” these may be mowed infrequently to maintain desired 

aesthetics. These stands, along with other naturalized areas, can enhance course 

aesthetics, promote biodiversity, and reduce input requirements (Gross and Eckenrode, 

2012).  

 Plant selection may vary from course to course or by region. In the north central 

United States, fine fescues (Festuca spp.) are commonly used. The fine fescues typically 

used are Chewings fescue (Festuca rubra spp. commutata Gaudin), hard fescue (Festuca 

brevipila Tracey), sheep fescue (Festuca ovina L.), strong creeping red fescue (Festuca 

rubra spp. rubra Gaudin), and slender creeping red fescue [Festuca rubra spp. litoralis 

(G.F.W. Meyer) Auquier.]. They produce acceptable no-mow stand quality as either 

monostands or mixtures in Minnesota (Cavanaugh et al., 2011; Miller et al., 2013). The 

fine fescues have low water and fertility requirements (Aronson et al., 1987; Watkins et 

al., 2014). It has been shown that herbicides are not needed to maintain quality stands 
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(Dernoeden et al., 1994; Cavanaugh et al., 2011; Miller et al., 2013; Watkins et al., 2014). 

Some hard and Chewings fescues have also been shown to express allelopathy through 

root exudation, which may be advantageous in keeping weed populations low in fine 

fescue-dominated systems (Bertin et al., 2003; Bertin et al., 2007). Additionally, the dried 

seed culms provide a color contrast on courses, adding aesthetic value to the landscape. 

Despite their desirable traits, installation and management of fine fescue no-mow 

stands may be difficult. Weed emergence and invasion is a common problem, leading 

superintendents to seek alternative weed control methods. Vegetation in these areas can 

become thick, especially when irrigated, in low-lying areas or in poorly drained soils, 

which may reduce the visibility and playability of golf balls, as well as contribute to large 

labor efforts toward biomass removal. Seed culm lodging may also be undesirable by 

reducing aesthetics and playability. 

A variety of pre- and post-emergence chemical weed control options have been 

used in fine fescue no-mow stands; however, cultural practices such as initial seeding rate 

and biomass removal strategies may reduce the need for these inputs (Cavanaugh et al., 

2011; Grundman, 2014; Hathaway et al., 2016). Seeding rate recommendations vary by 

source. The United States Golf Association (USGA) Green Section Record recommends 

either 219.4 kg ha-1 or a range of 141.8-283.5 kg ha-1 in out-of-play areas, and 34-102 kg 

ha-1 for playable areas (Harivandi and Morris, 2009; Grundman, 2014). Seeding rates 

used in no-mow fine fescue research include 142.5 kg ha-1, and 11.3-383.3 kg ha-1 

(Cavanaugh et al., 2011; Hollman et al., 2018). To maintain equal seeding rates across 

fine fescue species and cultivars, seeding rates should be more accurately defined by the 

number of pure live seed (PLS) rather than weight of PLS for a given area (Hollman et 
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al., 2018). An ideal seeding rate has yet to be determined for weed suppression. Hollman 

et al. (2018) observed an inverse relationship between seeding rate and visual estimates 

of weed cover across five fine fescue species as no-mow stands. Similarly, an inverse 

relationship was found between seeding rate and weed cover in a perennial ryegrass 

(Lolium perenne L.) seed production field (Koeritz et al., 2015).  

Biomass removal from mowing may be used to alter the growing environment for 

weed management. The timing of mowing has been shown to reduce target weed 

populations and competition on roadsides, based on their biology (Benefield et al., 1999; 

Milakovic et al., 2014). A similar approach of one or two mowing events each year is 

proposed for no-mow fine fescue roughs.  

An important component of aesthetics and playability is the density of fine fescue 

culms (Hathaway et al., 2016). Culm density is influenced by many factors such as 

seeding rate, species, and age. Hollman et al. (2018) observed an inverse relationship 

between seeding rate and culm density. Fine fescue species differences in culm density 

depended on seeding rate and reproductive year. Age appears to be the strong factor in 

culm density, as the second reproductive year tends to result in significantly less culms 

than the first (Cavanaugh et al., 2011; Hollman et al., 2018).  

While no-mow or naturalized areas are increasing in popularity on golf courses in 

the United States, research falls behind in determining best management practices or 

templates for installation and management. These no-mow or low input areas require 

some management for desired aesthetics and performance. The objective of this research 

is to determine the optimum seeding rate and biomass removal timing for maximum 

weed suppression, golf ball visibility, and aesthetics.  
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Materials and Methods 

 The experiment was conducted at the Turfgrass Research, Outreach and 

Education Center in St. Paul, MN seeded on 5 July, 2017 and at Rush Creek Golf Club in 

Maple Grove, MN on 20 July, 2017. Soil texture was a silty clay loam at St. Paul and a 

clay loam at Maple Grove (Table 1). Prior vegetation was perennial ryegrass in St. Paul, 

and a no-mow fine fescue golf course rough in Maple Grove. 

 Prior to seed establishment, multiple glyphosate applications were made to kill 

existing vegetation, and then the areas were later tilled and raked. St. Paul was 

maintained as a bare soil area for at least 4 months prior to establishment using 

glyphosate applications for weed control. Maple Grove was tilled and raked the day of 

seeding. At seeding, starter fertilizer (21-22-4) impregnated with mesotrione was applied 

at 1.7×10-2 g mesotrione m-2 for preemergent weed control (The Scotts Company LLC, 

Marysville, OH). Each location was supplied a total of 9.5 g N m-2 and 9.8 g K2O m-2 

during the first two weeks of establishment with split applications. An additional 3.5 g N 

m-2 was applied at Maple Grove in September, 2017. Annual fertility included 4.9 g N m-

2 in the fall at both locations. 

 ‘Beacon’ hard fescue was seeded in a 3 × 4 factorial design with four replications 

at each location. The two factors were seeding rate, based on pure live seed (PLS; 3 

levels: 1, 2, and 3 PLS cm-2), and mowing regime (4 levels: spring, fall, spring and fall, 

and no mowing). Seeding rates per 2.2 × 2.2 m plot were determined by germination tests 

following AOSCA rules and 1,000 seed weights (AOSCA, 2016). The mowing regime 

included mowing once during the corresponding treatment season at a 10.2 cm height of 
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cut using a push rotary mower with clippings collected. All plots were mown the fall 

before the first spring of data collection.  

 Data were collected in the spring, summer, and fall at St. Paul (2018 and 2019) 

and Maple Grove (only 2019 due to a management incident in 2018). They were 

collected before spring and fall mowing events. Estimated stand coverage was 

determined using a 60 intersect grid placed twice per plot. Coverage was categorized as 

living fine fescue, broadleaf weed, grassy weed, or bare soil/dead vegetation. In addition 

to spring, summer and fall estimations, coverage was also collected after the fall mowing 

event. Culm density was estimated by recording the number of culms in three 0.09 m2 

samples per plot following full seed head emergence each spring. Dry biomass was 

estimated by collecting clippings from a 10.2 cm height of cut in three 0.09 m2 samples 

per plot immediately before mowing treatments in the spring and/or fall. Collected 

samples were oven dried at 60 °C for at least 72 h and weighed. Fine fescue and weed 

biomass were not separated for biomass estimations. Stand quality was subjectively rated 

using a 1-9 scale, where a rating of 9 was the highest quality and a rating of 5 was the 

minimal acceptable level of quality for a golf course no-mow rough. 

Golf ball visibility was assessed in each plot during spring, summer, and fall. A 

red golf balls was tossed lightly from an approximate height of 1.2 m three times per plot, 

and then images were taken directly over each ball at 0.9 m from the ground. The digital 

camera (Nikon D200, Nikon Inc., Melville, NY) was fixed on a tripod, equipped with a 

35 mm lens, and the settings included 1/400 s shutter speed, 200 ISO, and 4.0 focal 

length ratio. Images were cropped to 1937 × 1815 pixel size and underwent an R-based 
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image analysis pipeline to determine the proportion of red pixels of the golf ball within 

each image (Heineck et al., 2019). 

Data were analyzed separately by location, year and season as an analysis at 

individual time points, described by Little et al. (1998), because the effect of all mowing 

timing treatments was not observed at each time point (Table 2).  Linear models were 

created for each individual time point. Assumptions of normality and equal variance were 

checked, and square root and log transformations were used as needed. In some cases, a 

Poisson model was used with overdispersion corrected using a quasi-generalized linear 

model as described by Zurr et al. (2009). The analysis was performed in R statistical 

software using the package ‘emmeans’ (R Core Team, 2018; Lenth et al., 2019). Mean 

separation for any significant interactions was performed using Tukey’s method at α = 

0.05. 

Results  

Fine fescue cover 

 Fine fescue cover was influenced by both seeding rate and mowing treatment at St 

Paul (Table 3). In fall 2018 at St Paul, fine fescue cover decreased as seeding rate 

increase, with a seeding rate of 1 and 3 PLS cm-2 estimated at 94.0% and 87.7% cover, 

respectively (Figure 1). After the fall mowing treatments in 2018 at St Paul, fall mowing 

treatments (fall and spring & fall) had slightly greater fine fescue cover than unmown 

plots (Figure 2). Unlike the first reproductive year at St Paul, mowing treatments effected 

fine fescue cover the second year during the summer and fall (Table 4). Mowing 

treatments involving fall mowing (fall and spring & fall) had the least fine fescue cover 
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during 2019 at St Paul, but they were still above 75 percent (Figure 3 and Figure 4). At 

Maple Grove, seeding rate influenced fine fescue cover in the fall before and after the fall 

mowing treatments (Table 5). In contrast to St Paul, the 1 PLS cm-2 treatment had 

significantly less fine fescue cover than the 2 and 3 PLS cm-2 treatments before mowing 

and less than the 3 PLS cm-2 treatment after fall mowing treatments at Maple Grove 

(Figure 5). Establishment and weed invasion were problematic in most plots at Maple 

Grove with fine fescue cover ranging 7.5-82.5% in the fall. This may be due to the wet 

conditions of the Maple Grove site, which was lightly shaded and had higher clay and 

organic matter content than the full sun plots in St Paul. Soil moisture measurements on 6 

October 2019, a day after a rain event, were taken at both locations. The average 

volumetric water content was 53% at Maple Grove, whereas an average of 40% was 

recorded at St Paul. 

Broadleaf weed cover 

 In 2018 at St Paul, seeding rate and mowing treatment influenced broadleaf weed 

cover (Table 6). Plots seeded at 1 PLS cm-2 had a smaller proportion of broadleaf weed 

cover (5.9%) than those seeded at 3 PLS cm-2 (12.0%) in the fall (Figure 6). After fall 

mowing treatments, the fall and spring & fall mowing treatments had much lower 

broadleaf weed cover than spring mown and unmown treatments in 2018 at St. Paul 

(Figure 7). This was likely due to broadleaf weed canopy removal from mowing. During 

2019 at St. Paul, mowing treatment effected broadleaf weed cover (Table 7). The fall and 

spring & fall mowing treatments had higher percent cover of broadleaves than spring 

mown and unmown throughout the year (Figures 8-10). After the fall mowing treatments 

in 2019 at St Paul, mowing treatments were not a significant factor in broadleaf weed 
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cover as much of the broadleaf weed canopy was removed. The fall and spring & fall 

mowing treatments had an estimated 15.7% and 15.8% broadleaf weed cover, 

respectively, which dropped to 4.5% and 4.9% after the fall mowing treatments. Common 

broadleaves in St Paul included Dutch white clover (Trifolium repens L.) and black 

medic (Medicago lupulina L.) In Maple Grove, seeding rate and mowing treatment 

influenced broadleaf weed cover (Table 8). Seeding rate only affected broadleaf weed 

cover during the spring. The 1 PLS cm-2 treatment had significantly less broadleaf weed 

cover than the 3 PLS cm-2 treatment (Figure 11), which was the opposite trend observed 

in 2018 at St Paul. After fall mowing treatments, fall and spring & fall plots had less 

broadleaf weed cover than the spring mown and unmown plots (Figure 12). The spring 

mown treatment reached 22.8% broadleaf weed cover at the end of the growing season. 

Common broadleaves at Maple Grove were Canada thistle [Cirsium arvense (L.) Scop.] 

and common milkweed (Asclepias syriaca L.). 

Grassy weed cover 

In St. Paul, seeding rate influenced grassy weed cover only in each spring (Table 

9 and Table 10). The 1 PLS cm-2 treatment had the highest grassy weed cover; however, 

the grassy weed cover was agronomically irrelevant with 0.5% in 2019 (Figure 13 and 

Figure 14). Many more grassy weeds were present at Maple Grove, and their levels were 

influenced by seeding rate (Table 11). In spring, summer, and fall, the 1 PLS cm-2 

treatment had the highest grassy weed cover (Figures 15-17). Grassy weed cover 

increased from an estimated 11.9% in the spring to 54.7% in the fall at the 1 PLS cm-2 

treatment level at Maple Grove.  Common grassy weeds at Maple Grove included reed 

canarygrass (Phalaris arundinacea L.) and creeping bentgrass (Agrostis stolonifera L.). 
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Bare soil/dead vegetation cover 

There was a lack of bare soil and dead vegetation during 2018 at St Paul (Table 

12) and 2019 at Maple Grove. Although seeding rate appeared to be a significant factor in 

bare soil or dead vegetation in the fall at Maple Grove (Table 13), this was likely due to 

plot arrangement table. The three plots with recorded bare soil in the fall, each 1.67% 

cover or less, happened to be 2 PLS cm-2 treatments. Mowing treatment did influence 

dead vegetation during 2019 at St Paul (Table 14). Most plots exhibited some winterkill 

during spring 2019 at St Paul, but the unmown treatment did not recover as well as all the 

mown treatments (Figures 18-20). 

Culm density 

 Full seed head emergence occurred by 1366 growing degree days in 2018 and 

1094 growing degree days in 2019 at St Paul. Culm density was influenced by seeding 

rate (Table 15). As seeding rate increased, culm density decreased during the first 

reproductive year (2018) at St Paul, and second reproductive year (2019) at Maple Grove 

(Figure 21 and Figure 22). Additionally, plot culm density decreased as much as 8-11% 

in 2019 compared to 2018 at St Paul. 

Biomass 

 Biomass was influenced by both seeding rate and mowing treatment (Table 16). 

Seeding rate effect on biomass was temporary and was only observed in 2018 at St Paul 

where the 1 PLS cm-2 treatment had significantly more biomass than the 3 PLS cm-2 

treatment at that time (Figure 23). Low spring biomass collection in 2018 at St Paul 

(Figure 24) and 2019 at Maple Grove (Figure 25) was due to mowing all the plots the 
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previous fall, and thus minimal growth occurred before spring mowing treatments. 

Similarly, the spring & fall mowing treatment during spring biomass collection was low 

in 2019 at St Paul due to the previous fall mowing treatment (Figure 26). The fall 

biomass collection of the spring & fall mowing treatment was more than the same 

treatment collected in the spring because the hard fescue had more growth potential 

throughout the summer. Biomass was highest with the spring mowing treatment in the 1 

and 2 PLS cm-2 seeding rates. 

Stand quality 

Stand quality was mostly reflected by weed presence. In fall 2018 at St Paul, 

seeding rate influenced stand quality (Table 17). The 1 PLS cm-2 treatment had better 

quality than the 3 PLS cm-2 treatment; however, all seeding rate treatments had 

acceptable stand quality with an estimated rating of 5 or above (Figure 27). The 

following year, mowing treatment affected stand quality (Table 18). In fall 2019 at St 

Paul, the spring mowing treatment had higher quality than the fall mowing treatment 

(Figure 28). This was likely due to high amounts of broadleaf weeds in the fall mowing 

treatment plots. Stand quality at Maple Grove by fall 2019 was poor, and averaged a 

rating of 1.9 across all plots, with the highest recorded rating of 4.5 at that time. Seeding 

rate nor mowing treatment effected stand quality at Maple Grove (Table 19). 

Golf ball visibility 

 Golf ball visibility was influenced by seeding rate in 2018 at St Paul throughout 

the year (Table 20). Golf balls were most visible in the 2 and 3 PLS cm-2 treatments 

(Figures 29-31). Seeding rate influences did not carry over into 2019 at St Paul (Table 
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21). Instead, mowing treatment was slightly significant in spring (P value = 0.08) and fall 

(P value = 0.07) with unmown treatments having the lowest estimated golf ball visibility 

(Figure 32 and Figure 33). In Maple Grove, seeding rate influenced visibility only in the 

spring (Table 22). Similar to results at St Paul in 2018, the 3 PLS cm-2 treatment resulted 

in more golf ball visibility than the 1 PLS cm-2 treatment. In general, golf balls became 

less visible as the growing season progressed.  

Discussion 

 It was clear that the hard fescue was better adapted to conditions at the St Paul 

location than at Maple Grove. Plots at Maple Grove were often water-saturated and 

sometimes even had puddles of water. Fine fescues perform well in well-drained soils 

(Haravandi et al., 2009). A different fine fescue species may have been more tolerant of 

the conditions. The ‘Radar’ Chewings fescue seeded in the border and aisle of the 

experimental area appeared to perform better than the ‘Beacon’ hard fescue plots at 

Maple Grove. Another reason that the Maple Grove site performed poorly was that it was 

tilled on the same day as seeding, which likely contributed to heavy weed pressure from 

the seed bank, whereas St Paul was fallow and volunteer weeds were regularly 

eliminated. The preemergent application of mesotrione was not effective enough for 

acceptable stand quality at Maple Grove, and regular mowing the year prior to data 

collection likely caused increased grassy weed populations. 

The seeding rates chosen in this project influenced many aspects of the no-mow 

rough system. The effect of seeding rate on culm density, biomass, fine fescue cover, 

broadleaf cover, and golf ball visibility were all temporary at St Paul. Seeding rates or 

planting densities having a temporary influence on reproductive growth has been 
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observed in no-mow fine fescue rough systems and fescue seed production systems 

(Deleuran and Boelt, 1997; Deleuran et al., 2013; Hollman et al., 2018). The nature of 

brief seeding rate effects may be due to major reductions of seed head development after 

the first reproductive season. It is speculated that increasing competition through higher 

seeding rates and high plant densities may reduce energy toward reproductive growth on 

a per plant basis: an inverse relationship between seeding rate and culm density was 

reported by Hollman et al. (2018) in a fine fescue rough system in St Paul. Fine fescue 

seed production systems observed the opposite: a positive trend between plant density 

and seed head density, however the seeding rates used were much lower than what was 

used in the current project (Fairey and Leftkovitch, 1996; Deleuran and Boelt, 1997; 

Deleuran et al., 2013). 

 The 1 PLS cm-2 treatment may be a temporary double-edged sword. In St Paul 

and Maple Grove, it had significantly fewer broadleaf weeds, and higher culm densities. 

In St Paul this treatment had the highest stand quality and fine fescue cover in 2018. 

Temporary higher biomass during the 2018 at St Paul may have been a factor in shading 

out weed seeds or preventing new seed from reaching the soil. Seeding this treatment 

may come at the expense of increased grassy weed competition, which was observed at 

least once at both locations, low fine fescue cover, which may be location dependent, and 

lower golf ball visibility.  It is encouraging that grassy weeds in St Paul became irrelevant 

over time. In St Paul, the use of 1 PLS cm-2 seeding rate may reduce the need for 

chemical or mechanical weed control during the first two years, but cause more difficulty 

finding golf balls than a 3 PLS cm-2 stand. 
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 Mowing timing treatments played the largest role in 2019 at St Paul. Unlike 2018, 

the second year of this location allowed the influence of all mowing treatments to be 

observed. To observe the long-term effect of annual mowing timing regimes, an extended 

duration of data collection would be desired. It was discovered that mowing either in the 

spring or previous fall (or both) would help the fine fescue roughs recover from winter 

injury. Mowing may induce tillering or an increased number of leaves per tiller (McKee 

et al., 1967; Sheffer et al., 1977). Pasture management research in New Zealand detected 

quicker pasture growth in early spring when frequently mowed during winter (Hume and 

Lucas, 2012). The mowed plots in the current experiment may be inducing an increase in 

plant density and growth, leading to quicker recovery than unmown plots.  

 Another notable mowing effect at St Paul in 2019 was the fall and spring & fall 

mowing treatments having the most broadleaf weed cover. This location’s broadleaf 

weed population consisted of mostly Dutch white clover. The slow growth of the hard 

fescue did not seem to compete with the Dutch white clover. It is unknown why mowing 

in the fall induced an uptick of Dutch white clover cover, and if this mowing treatment is 

favorable for white clover spread or unfavorable for fine fescue competition, or both. In a 

white clover/perennial ryegrass pasture, mowing frequently in the fall and winter 

increased spring white clover yield (Fulkerson and Michell, 1987). Scalping was found to 

improve white clover establishment into hybrid bermudagrass [Cynodon dactylon (L.) 

Pers. x C. transvaalensis Burtt-Davy] by seed (McCurdy et al., 2013). The mowing 

treatments often scalped some of the hard fescue in the current experiment, which may 

have generally reduced its fitness, and making it more vulnerable to winter damage or 

enabling growth space for the Dutch white clover. This is not to suggest the Dutch white 
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clover was spreading by seed in the St Paul plots, as it survives mostly through vegetative 

growth (Brock and Hay, 1996). Mowing regimes with the goal of maintaining the plant 

populations may differ by location, use, and its history (Socher et al., 2013). 

Conclusions 

 Installation of no-mow fine fescue roughs in out-of-play areas are anticipated to 

reduce water and other input requirements on golf courses, especially if done 

successfully. The current project investigated the influence of three hard fescue seeding 

rates and four mowing timing treatments on stand populations, aesthetics, and golf ball 

visibility. Hard fescue performance was likely dependent on the location and growing 

environment. No plots were rated as having acceptable stand quality at Maple Grove. At 

St Paul, the 1 PLS cm-2 treatment had the greatest fine fescue cover, least broadleaf weed 

cover, highest culm density, greatest biomass, greatest grassy weed cover, and least golf 

ball visibility, but each of these were temporary. At St Paul, mowing served as an 

important practice for winter recovery in 2019. During the same period, fall mowing 

treatments had more broadleaf weed cover. Mowing timing should be tailored to the 

desired rough species and surrounding weed species so that the fitness of the desired 

species is greater than the weed species. Additional years of data collection of this project 

will help determine long term effect of seeding rate and mowing timing for further 

clarification. 
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Table 1. Soil chemical and physical properties of each location at seeding. 

    NH4OAc Organic           
Location Bray P extractable K matter pH Sand Silt  Clay 

 ———mg kg-1 soil——— %  ————%———— 
St. Paul 54 175 3.9 5.5 10.1 56.2  33.7 
Maple Grove 34 138 5.7 6.1 32.6 28.7   38.7 
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Table 2. The time points at which mowing treatment effects were observed for each 
location and year. 

 Mowing St Paul 2018 
 treatment Spring Summer Fall 1 Fall 2 a 

Unmown × × × × 
Spring  × × × 
Fall    × 
Spring & fall    × 
  St Paul 2019 
Unmown × × × × 
Spring × × × × 
Fall × × × × 
Spring & fall × × × × 
  Maple Grove 2019 
Unmown × × × × 
Spring  × × × 
Fall    × 
Spring & fall       × 

a Fall 2, data collected immediately after fall mowing treatments 
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Table 3. Analysis of variance results of seeding rate and mowing timing treatment effects each season on fine fescue cover at St Paul 
in 2018. 

  Spring Summer Fall 1 Fall 2 a 

Source of variation df F-value P > F df F-value P > F df F-value P > F df F-value P > F 
Seeding rate (SR) 2 3.015 0.059 2 0.563 0.574 2 4.503 0.017 2 1.436 0.251 
Mowing timing (MT) - - - 1 0.232 0.633 1 0.135 0.715 3 4.728 0.007 
SR × MT - - - 2 0.565 0.573 2 1.53 0.228 6 0.567 0.754 
error 45   42   42   36   

a Fall 2, data collected immediately after fall mowing treatments 
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Table 4. Analysis of variance results of seeding rate and mowing timing treatment effects each season on fine fescue cover at St Paul 
in 2019. 

  Spring Summer Fall 1 Fall 2 a 
Source of variation df F-value P > F df F-value P > F df F-value P > F df F-value P > F 
Seeding rate (SR) 2 1.04 0.364 2 0.454 0.638 2 0.1565 0.856 2 0.099 0.906 
Mowing timing (MT) 3 0.202 0.894 3 3.971 0.015 3 6.797 9.52E-04 3 1.932 0.142 
SR × MT 6 0.351 0.905 6 0.882 0.518 6 0.363 0.898 6 0.48 0.819 
error 36   36   36   36   

a Fall 2, data collected immediately after fall mowing treatments 
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Table 5. Analysis of variance results of seeding rate and mowing timing treatment effects each season on fine fescue cover at Maple 
Grove in 2019. 

  Spring Summer Fall 1 Fall 2 a 

Source of variation df F-value P > F df F-value P > F df b F-value P > F df F-value P > F 
Seeding rate (SR) 2 0.029 0.971 2 1.788 0.18 2 9.212 4.82E-04 2 4.239 0.022 
Mowing timing (MT) - - - 1 0.022 0.883 1 0.198 0.659 3 6.687 0.001 
SR × MT - - - 2 2.404 0.103 2 1.426 0.252 6 0.848 0.542 
error 45   42   42   36   

a Fall 2, data collected immediately after fall mowing treatments 
b Response variable underwent a square root transformation 
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Table 6. Analysis of variance results of seeding rate and mowing timing treatment effects each season on broadleaf weed cover at St 
Paul in 2018. 

  Spring Summer Fall 1 Fall 2 a 

Source of variation df F-value P > F df F-value P > F df F-value P > F df b Deviance P > Chi 
Seeding rate (SR) 2 1.069 0.352 2 0.734 0.486 2 4.377 0.019 2 14.576 0.128 
Mowing timing (MT) - - - 1 0.077 0.783 1 0.169 0.683 3 79.573 5.18E-05 
SR × MT - - - 2 0.945 0.397 2 1.663 0.202 6 18.711 0.508 
error 45   42   42   36   

a Fall 2, data collected immediately after fall mowing treatments 
b Analysis ran with a Poisson generalized linear model 
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Table 7. Analysis of variance results of seeding rate and mowing timing treatment effects each season on broadleaf weed cover at St 
Paul in 2019. 

  Spring Summer Fall 1 Fall 2 a 

Source of variation df F-value P > F df b F-value P > F df b F-value P > F df c Deviance P > Chi 
Seeding rate (SR) 2 0.851 0.436 2 1.419 0.255 2 0.545 0.584 2 4.895 0.332 
Mowing timing (MT) 3 4 0.015 3 11.974 1.38E-05 3 17.163 4.36E-07 3 14.536 0.088 
SR × MT 6 0.193 0.977 6 0.888 0.514 6 0.208 0.972 6 8.715 0.687 
error 36   36   36   36   

a Fall 2, data collected immediately after fall mowing treatments 
b Response variable underwent a square root transformation 
c Analysis ran with a Poisson generalized linear model 
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Table 8. Analysis of variance results of seeding rate and mowing timing treatment effects each season on broadleaf weed cover at 
Maple Grove in 2019. 

  Spring Summer Fall 1 Fall 2 b 

Source of variation df b F-value P > F df F-value P > F df F-value P > F df c Deviance P > Chi 
Seeding rate (SR) 2 3.956 0.026 2 1.188 0.315 2 2.249 0.118 2 2.92 0.538 
Mowing timing (MT) - - - 1 0.466 0.499 1 2.642 0.112 3 373.89 <2E-16 
SR × MT - - - 2 0.48 0.622 2 0.567 0.571 6 12.53 0.502 
error 45   42   42   36   

a Fall 2, data collected immediately after fall mowing treatments 
b Response variable underwent a logarithm transformation 
c Analysis ran with a Poisson generalized linear model 
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Table 9. Analysis of variance results of seeding rate and mowing timing treatment effects each season on grassy weed cover at St Paul 
in 2018. 

  Spring Summer Fall 1 Fall 2 a 

Source of variation df F-value P > F df F-value P > F df F-value P > F df F-value P > F 
Seeding rate (SR) 2 4.726 0.014 2 0.973 0.386 2 1.797 0.178 2 0.5 0.611 
Mowing timing (MT) - - - 1 0.507 0.481 1 0.378 0.542 3 0.222 0.88 
SR × MT - - - 2 0.416 0.662 2 1.23 0.303 6 0.722 0.634 
error 45   42   42   36   

a Fall 2, data collected immediately after fall mowing treatments 
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Table 10. Analysis of variance results of seeding rate and mowing timing treatment effects each season on grassy weed cover at St 
Paul in 2019. 

  Spring Summer Fall 1 Fall 2 a 

Source of variation df F-value P > F df F-value P > F df F-value P > F df b F-value P > F 
Seeding rate (SR) 2 3.519 0.04 2 0.2 0.82 2 1 0.378 - - - 
Mowing timing (MT) 3 0.308 0.82 3 0.733 0.539 3 1 0.404 - - - 
SR × MT 6 1.289 0.287 6 0.733 0.626 6 1 0.44 - - - 
error 36   36   36   -   

a Fall 2, data collected immediately after fall mowing treatments 
b No grassy weeds recorded 
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Table 11. Analysis of variance results of seeding rate and mowing timing treatment effects each season on grassy weed cover at Maple 
Grove in 2019. 

  Spring Summer Fall 1 Fall 2 a 

Source of variation df F-value P > F df b F-value P > F df F-value P > F df F-value P > F 
Seeding rate (SR) 2 4.801 0.013 2 7.302 1.90E-03 2 10.536 1.96E-04 2 3.861 0.03 
Mowing timing (MT) - - - 1 0.282 0.598 1 0.794 0.378 3 0.457 0.714 
SR × MT - - - 2 0.857 0.432 2 0.739 0.484 6 0.689 0.66 
error 45   42   42   36   

a Fall 2, data collected immediately after fall mowing treatments 
b Response variable underwent a square root transformation 
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Table 12. Analysis of variance results of seeding rate and mowing timing treatment effects each season on bare soil or dead vegetation 
cover at St Paul in 2018. 

  Spring Summer Fall 1 Fall 2 a 

Source of variation df F-value P > F df b F-value P > F df b F-value P > F df F-value P > F 
Seeding rate (SR) 2 0.5 0.61 - - - - - - 2 0.5 0.611 
Mowing timing (MT) - - - - - - - - - 3 0.667 0.578 
SR × MT - - - - - - - - - 6 1.167 0.346 
error 45   -   -   36   

a Fall 2, data collected immediately after fall mowing treatments 
b No bare soil or dead vegetation recorded 
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Table 13. Analysis of variance results of seeding rate and mowing timing treatment effects each season on bare soil or dead vegetation 
cover at Maple Grove in 2019. 

  Spring Summer Fall 1 Fall 2 a 

Source of variation df F-value P > F df b F-value P > F df F-value P > F df F-value P > F 
Seeding rate (SR) 2 0.245 0.784 2 1.88 0.165 2 3.316 0.046 2 3.353 0.046 
Mowing timing (MT) - - - 1 0.027 0.872 1 0.368 0.547 3 2.569 0.069 
SR × MT - - - 2 0.087 0.917 2 0.368 0.694 6 2.098 0.078 
error 45   42   42   36   

a Fall 2, data collected immediately after fall mowing treatments 
b Response variable underwent a square root transformation 
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Table 14. Analysis of variance results of seeding rate and mowing timing treatment effects each season on bare soil or dead vegetation 
cover at St Paul in 2019. 

  Spring Summer Fall 1 Fall 2 a 

Source of variation df b F-value P > F df c Deviance P > Chi df c Deviance P > Chi df c Deviance P > Chi 
Seeding rate (SR) 2 1.355 0.271 2 16.824 0.277 2 7.049 0.366 2 7.138 0.337 
Mowing timing (MT) 3 1.074 0.372 3 62.419 0.023 3 89.245 1.24E-05 3 74.885 4.38E-05 
SR × MT 6 0.215 0.97 6 6.462 0.986 6 14.748 0.649 6 11.092 0.7597 
error 36   36   36   36   

a Fall 2, data collected immediately after fall mowing treatments 
b Response variable underwent a square root transformation 
c Analysis ran with a Poisson generalized linear model 

  



97 
 

Table 15. Analysis of variance results of seeding rate and mowing timing treatment effects on culm density at each location and year. 

  St Paul 2018 St Paul 2019 Maple Grove 2019 
Source of variation df F - value P > F df F - value P > F df F - value P > F 
Seeding rate (SR) 2 22.279 2.54E-07 2 1.691 0.199 2 9.094 5.23E-04 
Mowing timing (MT) 1 0.012 0.912 3 0.53 0.664 1 1.006 0.322 
SR × MT 2 0.27 0.765 6 1.026 0.425 2 1.295 0.285 
error 42     36     42     
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Table 16. Analysis of variance results of seeding rate and mowing timing treatment effects on biomass estimations at time of mowing 
for each location and year. 

  St Paul 2018 St Paul 2019 Maple Grove 2019 
Source of variation df F - value P > F df a F - value P > F df F - value P > F 
Seeding rate (SR) 2 3.818 0.031 2 0.258 0.774 2 0.609 0.549 
Mowing timing (MT) 2 223.122 <2E-16 2 86.07 <2E-16 2 15.081 1.41E-05 
SR × MT 4 2.586 0.052 4 2.27 0.058 4 0.648 0.632 
error 39     39     39     

a Response variable underwent a square root transformation
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Table 17. Analysis of variance results of seeding rate and mowing timing treatment effects each season on stand quality rating at St 
Paul in 2018. 

  Spring Summer Fall 
Source of variation df F-value P > F df F-value P > F df F-value P > F 
Seeding rate (SR) 2 0.729 0.488 2 2.333 0.109 2 4.53 0.017 
Mowing timing (MT) - - - 1 0.341 0.562 1 0.076 0.785 
SR × MT - - - 2 0.341 0.713 2 0.546 0.583 
error 45   42   42   
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Table 18. Analysis of variance results of seeding rate and mowing timing treatment effects each season on stand quality rating at St 
Paul in 2019. 

  Spring Summer Fall 
Source of variation df F-value P > F df F-value P > F df F-value P > F 

Seeding rate (SR) 2 0.787 0.463 2 0.482 0.621 2 0.229 0.796 
Mowing timing (MT) 3 0.254 0.858 3 0.921 0.44 3 3.59 0.023 

SR × MT 6 0.542 0.773 6 0.767 0.601 6 0.543 0.772 
error 36   36   36   
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Table 19. Analysis of variance results of seeding rate and mowing timing treatment effects each season on stand quality rating at 
Maple Grove in 2019. 

  Spring Summer Fall 
Source of variation df F-value P > F df F-value P > F df F-value P > F 
Seeding rate (SR) 2 1.773 0.182 2 0.106 0.9 2 1.327 0.276 
Mowing timing (MT) - - - 1 0.161 0.69 1 0.157 0.694 
SR × MT - - - 2 0.085 0.919 2 0 1 
error 45   42   42   
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Table 20. Analysis of variance results of seeding rate and mowing timing treatment effects each season on golf ball visibility at St 
Paul in 2018. 

  Spring Summer Fall 
Source of variation df F-value P > F df F-value P > F df F-value P > F 
Seeding rate (SR) 2 3.291 0.046 2 12.124 6.98E-05 2 6.7 2.99E-03 
Mowing timing (MT) - - - 1 0.368 0.547 1 1.037 0.314 
SR × MT - - - 2 0.681 0.512 2 1.005 0.375 
error 45   42   42   
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Table 21. Analysis of variance results of seeding rate and mowing timing treatment effects each season on golf ball visibility at St 
Paul in 2019. 

  Spring Summer Fall 
Source of variation df F-value P > F df F-value P > F df F-value P > F 
Seeding rate (SR) 2 0.958 0.393 2 1.062 0.356 2 0.59 0.559 
Mowing timing (MT) 3 2.437 0.08 3 0.865 0.468 3 2.53 0.073 
SR × MT 6 1.753 0.137 6 0.555 0.763 6 0.484 0.816 
error 36   36   36   

 

  



104 
 

Table 22. Analysis of variance results of seeding rate and mowing timing treatment effects each season on golf ball visibility at Maple 
Grove in 2019. 

  Spring Summer Fall 
Source of variation df F-value P > F df F-value P > F df F-value P > F 
Seeding rate (SR) 2 4.455 0.017 2 0.729 0.489 2 2.563 0.089 
Mowing timing (MT) - - - 1 0.361 0.552 1 2.628 0.112 
SR × MT - - - 2 0.096 0.909 2 0.167 0.847 
error 45   42   42   
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Figure 1. Estimated fine fescue cover of each seeding rate treatment, averaged across 
mowing timing treatment during fall 2018 at St Paul. Bars that do not share the same 
letter are significantly different. 
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Figure 2. Estimated fine fescue cover of each mowing timing treatment, averaged across 
seeding rate treatment during fall 2018 immediately after fall mowing treatments at St 
Paul. Bars that do not share the same letter are significantly different. 
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Figure 3. Estimated fine fescue cover of each mowing timing treatment, averaged across 
seeding rate treatment during summer 2019 at St Paul. Bars that do not share the same 
letter are significantly different. 
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Figure 4. Estimated fine fescue cover of each mowing timing treatment, averaged across 
seeding rate treatment during fall 2019 at St Paul. Bars that do not share the same letter 
are significantly different. 
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Figure 5. Estimated fine fescue cover of each seeding rate treatment, averaged across 
mowing timing treatment during fall 2019 at Maple Grove. Bars that do not share the 
same letter are significantly different. 
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Figure 6. Estimated broadleaf weed cover of each seeding rate treatment, averaged across 
mowing timing treatment during fall 2018 at St Paul. Bars that do not share the same 
letter are significantly different. 
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Figure 7. Estimated broadleaf weed cover of each mowing timing treatment, averaged 
across seeding rate treatment during fall 2018 immediately after fall mowing treatments 
at St Paul. Bars that do not share the same letter are significantly different. 
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Figure 8. Estimated broadleaf weed cover of each mowing timing treatment, averaged 
across seeding rate treatment during spring 2019 at St Paul. Bars that do not share the 
same letter are significantly different. 
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Figure 9. Estimated broadleaf weed cover of each mowing timing treatment, averaged 
across seeding rate treatment during summer 2019 at St Paul. Bars that do not share the 
same letter are significantly different. 
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Figure 10. Estimated broadleaf weed cover of each mowing timing treatment, averaged 
across seeding rate treatment during fall 2019 at St Paul. Bars that do not share the same 
letter are significantly different. 
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Figure 11. Estimated broadleaf weed cover of each seeding rate treatment, averaged 
across mowing timing treatment during spring 2019 at Maple Grove. Bars that do not 
share the same letter are significantly different. 
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Figure 12. Estimated broadleaf weed cover of each mowing timing treatment, averaged 
across seeding rate treatment during fall 2019 immediately after fall mowing treatments 
at Maple Grove. Bars that do not share the same letter are significantly different. 
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Figure 13. Estimated grassy weed cover of each seeding rate treatment, averaged across 
mowing timing treatment during spring 2018 at St Paul. Bars that do not share the same 
letter are significantly different. 

 

  



118 
 

Figure 14. Estimated grassy weed cover of each seeding rate treatment, averaged across 
mowing timing treatment during spring 2019 at St Paul. Bars that do not share the same 
letter are significantly different. 
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Figure 15. Estimated grassy weed cover of each seeding rate treatment, averaged across 
mowing timing treatment during spring 2019 at Maple Grove. Bars that do not share the 
same letter are significantly different. 
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Figure 16. Estimated grassy weed cover of each seeding rate treatment, averaged across 
mowing timing treatment during summer 2019 at Maple Grove. Bars that do not share the 
same letter are significantly different. 
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Figure 17. Estimated grassy weed cover of each seeding rate treatment, averaged across 
mowing timing treatment during fall 2019 at Maple Grove. Bars that do not share the 
same letter are significantly different. 
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Figure 18. Estimated bare soil or dead vegetation cover of each mowing timing treatment, 
averaged across seeding rate treatment during summer 2019 at St Paul. Bars that do not 
share the same letter are significantly different. 
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Figure 19. Estimated bare soil or dead vegetation cover of each mowing timing treatment, 
averaged across seeding rate treatment during fall 2019 at St Paul. Bars that do not share 
the same letter are significantly different. 
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Figure 20. Estimated bare soil or dead vegetation cover of each mowing timing treatment, 
averaged across seeding rate treatment during fall 2019 immediately after fall mowing 
treatments at St Paul. Bars that do not share the same letter are significantly different. 
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Figure 21. Estimated culm density of each seeding rate treatment, averaged across 
mowing timing treatment during 2018 at St Paul. Bars that do not share the same letter 
are significantly different. 
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Figure 22. Estimated culm density of each seeding rate treatment, averaged across 
mowing timing treatment during 2019 at Maple Grove. Bars that do not share the same 
letter are significantly different. 
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Figure 23. Estimated biomass of each seeding rate treatment, averaged across mowing 
timing treatment during 2018 at St Paul. Bars that do not share the same letter are 
significantly different. 
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Figure 24. Estimated biomass of each mowing timing treatment, averaged across seeding 
rate treatment during 2018 at St Paul. Bars that do not share the same letter are 
significantly different. 
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Figure 25. Estimated biomass of each mowing timing treatment, averaged across seeding 
rate treatment during 2019 at Maple Grove. Bars that do not share the same letter are 
significantly different. 

 

  



130 
 

Figure 26. Estimated biomass of each mowing timing treatment separated by seeding rate 
treatment during 2019 at St Paul. Bars that do not share the same letter within seeding 
rate treatment are significantly different. 
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Figure 27. Estimated stand quality rating (1-9 scale) of each seeding rate treatment, 
averaged across mowing timing treatment during fall 2018 at St Paul. Bars that do not 
share the same letter are significantly different. 
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Figure 28. Estimated stand quality rating (1-9 scale) of each mowing timing treatment, 
averaged across seeding rate treatment during fall 2019 at St Paul. Bars that do not share 
the same letter are significantly different. 
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Figure 29. Estimated proportion of golf ball in top down digital image after tossing golf 
ball into plots of each seeding rate treatment, averaged across mowing timing treatment 
during spring 2018 at St Paul. Bars that do not share the same letter are significantly 
different. 
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Figure 30. Estimated proportion of golf ball in top down digital image after tossing golf 
ball into plots of each seeding rate treatment, averaged across mowing timing treatment 
during summer 2018 at St Paul. Bars that do not share the same letter are significantly 
different. 
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Figure 31. Estimated proportion of golf ball in top down digital image after tossing golf 
ball into plots of each seeding rate treatment, averaged across mowing timing treatment 
during fall 2018 at St Paul. Bars that do not share the same letter are significantly 
different. 
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Figure 32. Estimated proportion of golf ball in top down digital image after tossing golf 
ball into plots of each mowing timing treatment, averaged across seeding rate treatment 
during spring 2019 at St Paul. 
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Figure 33. Estimated proportion of golf ball in top down digital image after tossing golf 
ball into plots of each mowing timing treatment, averaged across seeding rate treatment 
during fall 2019 at St Paul. 
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Appendix 1: Seasonal wetting agent influence on water droplet penetration 
times of USGA and push-up greens 

Objective 

The objective of this research was to compare water droplet penetration times of 

11 different wetting agents and an untreated control overtime in different putting green 

rootzone types. 

Materials and Methods 

 The experiment took place on two different creeping bentgrass research greens in 

St. Paul, Minnesota from July 2016 to July 2017. One green had a USGA-specified, sand-

based rootzone, and the other had a native soil type with about a 2.5 cm sand cap. There 

were a total of 12 wetting agent treatments (Table 1) with four replications, all applied 

once per plot (1.5 m × 1.5 m) at a rate of 1.91 mL m-2 using a CO2 backpack sprayer. 

Applications were made either on 27 July or 17 October, 2016 on separate plots. 

Table 1. Wetting agent treatments and corresponding manufacturers. 

Wetting   
agent treatment Manufacturer 
untreated - 
Revolution Aquatrols 
Cascade Plus Precision Laboratories, LLC 
Dispatch Sprayable Aquatrols 
PBS150 Aqua-Aid Solutions 
Sixteen90 Aquatrols 
Aquicare Winfield United 
Vivax Precision Laboratories, LLC 
OARS Aqua-Aid Solutions 
Duplex Precision Laboratories, LLC 
Tricure AD Mitchell Products, LLC 
Primer Select Aquatrols 
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 A growth chamber experiment was used to supplement the July application field 

experiment. Cylindrical plugs with a diameter of 3.8 were harvest 

ed from each research green and treated with the same wetting agents. They were placed 

into ConeTainers that were partially filled with topdressing sand (plugs were place on the 

surface of the sand). The growth chamber was set at an air temperature similar to the 

historical average of summer in St. Paul, Minnesota. Plugs were watered by saturating 

five days per week.  

 Data was collected until 5 September, 2016 of the July application plots and until 

13 July, 2017 of the October application plots. No data was collected during periods of 

snow cover or frozen rootzones (16 November, 2016 – 4 April, 2017). Every ten days of 

the field experiment, volumetric water content (VWC) was collected, and three 19 mm 

diameter soil cores were harvested from each plot. Volumetric water content was 

collected using a POGO portable moisture sensor (Stevens Water Monitoring Systems 

Inc., Portland, OR) by taking the average of five readings per plot. During core harvest, 

the soil sampler probe was rinsed in between plots to reduce the potential for 

contamination among harvested soil cores. They were air-dried indoors at room 

temperature for at least two weeks. Air-dried soil cores were subject to water droplet 

penetration time (WDPT) tests to quantify potential soil water repellency persistence at 1, 

2.5, and 4 cm depths using a 35 μL droplet of deionized water (Letey, 1969; Kostka, 

2000).  

 Plugs in the growth chamber were removed from their ConeTainers and air-dried 

indoors at room temperature every ten days up to 40 days after treatment (DAT). Once 
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dried, two WDPT tests following the above procedure were performed at each depth (1, 

2.5, and 4 cm). 

 Data were analyzed by performing a means comparison of WDPTs and VWC of 

each harvest date using Agricultural Research Manager (Gylling Data Management, Inc., 

Brookings, SD) on some dates and JMP® (SAS Institute Inc., Cary, NC) on others. 

Rootzone type, application timing, and field/growth chamber experiments were all 

analyzed separately (Tables 2 – 11).  

Results 

 Wetting agent treatment did not influence VWC at any date. There tended to be 

more treatment separation and longer WDPTs at the 1 cm depth than the 2.5 or 4 cm 

depths. The push-up green WDPTs were slightly inconsistent at 2.5 cm, with droplets 

either penetrating the sand from the sand cap or native soil. Most wetting agent 

treatments had quicker 1 cm WDPTs than the untreated control plots up to 249 days after 

the 17 October 2016 application. Late fall applications may influence soil water 

repellency into July. Overall, WDPTs fluctuated for each treatment, and so reductions 

compared to an untreated control were inconsistent over time.  
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Table 2. Water droplet penetration times in seconds of dried soil cores harvested from 12 different wetting agent-treated plots on a 
USGA-specified research green following a one-time application on 27 July, 2016. 

  1 cm a 2.5 cm 4 cm 
Treatment 10 DAT b 20 DAT 30 DAT 40 DAT 10 DAT 20 DAT 30 DAT 10 DAT 20 DAT 
Untreated 32.92a 47.12ab 40.96a 58.39ab 9.16 45.18 25.17 7.52 28.60 
Revolution 6.32d 16.64c 15.79bc 14.96d 8.38 17.23 17.51 3.88 19.55 
Cascade Plus 5.37d 22.79abc 15.70bc 24.83bcd 9.45 17.87 14.13 7.25 14.51 
Dispatch 13.44abc 50.92a 29.77ab 30.78abcd 7.76 33.35 18.35 4.32 33.79 
PBS150 16.29ab 34.70abc 26.63abc 45.03abc 7.24 27.24 14.28 7.04 21.77 
Sixteen90 7.53cd 24.43abc 15.40bc 38.34abcd 6.66 18.02 16.26 7.16 23.46 
Aquicare 7.09bcd 23.49abc 23.84abc 18.46d 8.50 27.48 20.38 8.39 13.79 
Vivax 9.40bcd 20.2abc 17.14bc 25.43abcd 9.37 31.79 14.82 8.88 24.58 
OARS 13.80abc 18.89bc 23.66abc 29.66abcd 6.55 18.38 15.36 8.10 21.38 
Duplex 20a 41.26ab 29.30ab 63.04a 8.43 25.14 17.64 8.62 36.13 
Tricure 9.97bcd 23.00abc 14.70c 16.08d 9.45 29.22 16.78 7.24 16.12 
Primer Select 5.93d 23.68abc 16.01abc 20.47cd 7.35 23.23 10.79 8.83 27.43 

a Depth of soil core 
b DAT, days after treatment 
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Table 3. Water droplet penetration times in seconds of dried soil cores harvested from 12 different wetting agent-treated plots on a 
push-up research green following a one-time application on 27 July, 2016. 

  1 cm a 2.5 cm 4 cm 
Treatment 10 DAT b 20 DAT 30 DAT 10 DAT 20 DAT 30 DAT 10 DAT 20 DAT 
Untreated 25.25ab 53.93a 182.84ab 19.41ab 108.61ab 240.82a 1.68 1.31 
Revolution 5.13c 18.75c 44.38c 18.98ab 23.68ab 76.83ab 1.09 1.87 
Cascade Plus 4.37c 22.92a 52.61c 8.94ab 21.39ab 50.37b 1.66 1.97 
Dispatch 23.18ab 31.46abc 113.30abc 19.90ab 41.97ab 120.07ab 1.11 1.31 
PBS150 9.57bc 34.57abc 88.81abc 9.39ab 33.14ab 170.71ab 1.25 1.79 
Sixteen90 4.87c 24.37bc 76.96bc 8.40b 28.65ab 109.81ab 1.35 1.48 
Aquicare 5.63c 26.13bc 46.19c 8.54b 40.94ab 116.08ab 1.20 1.45 
Vivax 4.65c 27.43bc 108.91abc 15.30ab 22.95ab 130.88ab 1.41 1.54 
OARS 14.56bc 32.19abc 49.03c 15.52ab 30.66ab 152.35ab 1.49 0.95 
Duplex 37.61a 48.13ab 181.16a 26.47a 87.38a 263.72ab 2.02 2.37 
Tricure 11.57bc 20.76c 41.09c 11.95ab 31.28b 66.91ab 1.39 1.26 
Primer Select 4.81c 28.45bc 43.60c 11.13ab 37.09ab 125.67ab 1.51 1.68 

a Depth of soil core 
b DAT, days after treatment 
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Table 4. Water droplet penetration times in seconds of 12 different wetting agent-treated plugs of USGA-specified rootzone, removed 
from ConeTainers within a growth chamber. 

  1 cm a 2.5 cm 4 cm 
Treatment 10 DAT b 20 DAT 30 DAT 10 DAT 20 DAT 30 DAT 10 DAT 
Untreated 5.70abcd 53.01a 148.57a 2.16ab 20.64 19.60 1.28ab 
Revolution 4.01bcd 9.39d 37.08abc 3.40ab 8.58 26.37 1.30ab 
Cascade Plus 2.96d 10.20cd 13.11c 0.80b 10.83 11.43 1.15b 
Dispatch 13.00ab 38.86ab 25.88bc 5.96a 17.36 18.10 2.15ab 
PBS150 17.16a 42.74a 53.67abc 5.5a 28.75 22.19 2.28ab 
Sixteen90 8.49abc 28.00abc 29.63bc 2.54ab 15.08 21.52 1.50ab 
Aquicare 8.81abcd 23.63abc 28.86bc 3.30ab 18.69 15.01 1.74ab 
Vivax 3.61cd 8.60cd 28.86bc 0.99ab 9.86 12.34 0.91ab 
OARS 6.46abcd 16.14bcd 25.03abc 4.39ab 7.79 43.22 1.43ab 
Duplex 8.98abcd 41.34a 73.93ab 3.56ab 29.80 24.39 3.51a 
Tricure 6.54abcd 28.09ab 48.09abc 3.35ab 28.44 52.27 3.25ab 
Primer Select 11.39ab 19.98abcd 55.26abc 2.76ab 19.55 27.43 1.89ab 

a Depth of soil core 
b DAT, days after treatment 
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Table 5. Water droplet penetration times in seconds of 12 different wetting agent-treated plugs of push-up green rootzone, removed 
from ConeTainers within a growth chamber. 

  1 cm a 2.5 cm 4 cm 
Treatment 10 DAT b 20 DAT 30 DAT 10 DAT 20 DAT 30 DAT 10 DAT 
Untreated 38.78a 67.60ab 98.12a 24.64 81.55ab 162.85 4.75ab 
Revolution 1.70d 24.06bc 30.73ab 10.94 44.35ab 71.89 2.16ab 
Cascade Plus 1.20d 19.81bc 23.69b 7.95 38.68ab 39.74 1.66b 
Dispatch 24.44ab 34.94abc 54.50ab 20.53 53.16ab 115.79 7.64a 
PBS150 5.51abcd 22.10abc 24.12ab 8.93 63.74ab 93.67 3.54ab 
Sixteen90 6.66cd 19.07bc 19.57b 10.04 36.16ab 64.00 3.20ab 
Aquicare 5.34bcd 13.14c 15.37b 13.76 18.61b 70.45 3.47ab 
Vivax 5.53bcd 26.94abc 23.13b 5.44 37.03ab 39.88 2.26ab 
OARS 8.71bcd 30.26abc 61.21ab 27.73 70.40ab 77.23 4.16ab 
Duplex 21.83abc 117.81a 109.32a 12.51 146.85a 106.96 3.78ab 
Tricure 4.95cd 17.29bc 30.45ab 11.60 61.03ab 47.71 3.29ab 
Primer Select 1.41d 18.28bc 23.94b 13.23 21.79ab 70.09 4.87ab 

a Depth of soil core 
b DAT, days after treatment 
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Table 6. Water droplet penetration times in seconds at 1 cm depth of dried soil cores harvested from 12 different wetting agent-treated 
plots on a USGA-specified research green following a one-time application on 17 October, 2016. 

Treatment 
10 

DAT a 
20  

DAT 
30 

DAT 
179 

DAT 
189 

DAT 
199 

DAT 
209 

DAT 
219 

DAT 
229 

DAT 
239 

DAT 
249 

DAT 
259  

DAT 
269 

DAT 
Untreated 24.93a 22.40ab 8.37 20.76a 31.95a 33.85a 54.18ab 39.08a 62.52a 113.5 53.96ab 105.13abc 136.76 
Revolution 4.25cde 4.66de 6.56 3.68cd 10.05b 10.7bc 15.53cd 11.91bc 31.05ab 70.47 19.86d 38.46c 98.51 
Cascade Plus 2.57de 4.29de 8.59 3.14d 11.1b 12.59bc 12.37d 12.04bc 28.78ab 88.52 30.54cd 80.37abc 116.06 
Dispatch 8.93b 15.53abc 8.41 9.22bc 17.97ab 21.81ab 29.61cd 20.88abc 57.42a 118.74 37.32bcd 84.92abc 159.79 
PBS150 8.53bc 10.63bc 11.18 11.28ab 18.6ab 24.99ab 39.5bc 28.55ab 47.29ab 145.35 51.16abc 118.65ab 141.48 
Sixteen90 3.03de 3.17e 12.73 3.82cd 11.41b 11.74bc 16.15cd 12.14bc 18.87b 84.15 25.37d 81.87abc 86.99 
Aquicare 3.71de 7.40cd 13.88 4.86bcd 12.65b 13.52bc 18.78cd 14.35bc 31.97ab 114.17 24.84d 60.62abc 92.68 
Vivax 2.64de 2.84e 10.18 4.66bcd 7.94b 8.14c 19.32cd 12.13bc 32.56ab 80.33 29.55cd 48.51abc 70.43 
OARS 5.60bcd 8.11cd 9.85 5.89bcd 15.43ab 12.23bc 28.51cd 18.38bc 35.96ab 106.69 25.67d 44.53bc 127.15 
Duplex 19.79a 26.40a 13.07 22.18a 33.56a 32.25a 63.5a 26.59ab 65.55a 125.13 70.87a 109.32ab 161.86 
Tricure 4.27cde 5.32de 5.47 5.69bcd 7.53b 11.55bc 16.4cd 13.2bc 30.58ab 81.19 25.49d 70.81abc 125.52 
Primer Select 2.36e 2.93e 5.51 3.4cd 9.48b 11.34bc 18cd 9.3c 27.69ab 57.59 22.98d 131.95a 108.75 

a DAT, days after treatment 
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Table 7. Water droplet penetration times in seconds at 2.5 cm depth of dried soil cores harvested from 12 different wetting agent-
treated plots on a USGA-specified research green following a one-time application on 17 October, 2016. 

Treatment 
10 

DAT a 
20  

DAT 
30 

DAT 
179 

DAT 
189 

DAT 
199 

DAT 
209 

DAT 
219 

DAT 
229 

DAT 
239 

DAT 
249 

DAT 
259 

DAT 
269 

DAT 
Untreated 21.00a 20.45ab 11.31 13.82 24.11a 13.27 35.9 25.49 37.67 75.53 27.98 50.68 89.21 
Revolution 5.25bcd 6.13bcde 8.68 9.37 12.06abc 12.5 31.01 11.1 41.21 48.95 13.05 21.81 57.11 
Cascade Plus 1.85d 3.15e 6.77 4.70 12.03abc 11.1 26.93 15.61 56.51 80.14 23.94 54.15 59.08 
Dispatch 21.31a 15.30abc 4.88 16.07 20.57ab 14.42 30.96 14.52 40.26 82.06 22.04 35.84 91.55 
PBS150 10.04ab 14.07abcd 11.99 14.68 17.69abc 21.94 39.3 13.83 52.53 82.99 29.57 79.27 88.43 
Sixteen90 2.83cd 4.33cde 11.84 5.56 14.91abc 9.56 37.95 11.23 33.93 50.4 14.29 48.03 66.58 
Aquicare 6.04abcd 11.16bcde 9.98 9.08 13.05abc 16.6 29.92 11.54 37.36 68.15 15.25 47.23 63.02 
Vivax 4.82bcd 4.97de 8.48 7.06 11.16abc 11.58 22.83 8.53 33.32 78.49 14.53 38.19 66.11 
OARS 11.83abc 10.02abcde 6.43 6.45 14.91abc 14.88 21.11 16.16 44.7 73.22 21.3 35.06 62.13 
Duplex 11.01ab 29.61a 5.00 16.95 22.95a 14.61 38.94 17.76 46.71 77.42 36.63 62.95 87.33 
Tricure 5.24abc 7.80bcde 5.28 14.04 9.28bc 12.88 29.44 12.68 31.32 82.31 21.12 40.75 73.26 
Primer Select 2.43cd 10.27cde 5.51 8.24 8.02c 9.53 19.63 7.33 21.64 56.59 21.91 37.29 54.16 

a DAT, days after treatment 
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Table 8. Water droplet penetration times in seconds at 4 cm depth of dried soil cores harvested from 12 different wetting agent-treated 
plots on a USGA-specified research green following a one-time application on 17 October, 2016. 

Treatment 
10 

DAT a 
20 

DAT 
30 

DAT 
179 

DAT 
189 

DAT 
199 

DAT 
209 

DAT 
219 

DAT 
229 

DAT 
239 

DAT 
249 

DAT 
259 

DAT 
Untreated 8.53a 6.74 2.96b 3.98 7.01 3.41 9.1 4.65 11.68 25.29 7.45 11.41 
Revolution 6.77ab 3.91 2.85ab 4.65 5.12 4.17 5.76 3.17 14.57 21.27 3.79 9 
Cascade Plus 3.57ab 4.11 4.01ab 2.25 4.1 5.2 7.23 3.63 20.67 30.02 8.43 14.05 
Dispatch 4.09ab 5.38 4.08ab 3.70 6.21 3.11 6.48 3.16 12.15 16.99 6.87 9.8 
PBS150 2.75ab 10.95 8.46a 4.07 4.75 5.69 7.98 2.63 13.79 25.14 7.14 18.21 
Sixteen90 3.36ab 3.25 3.41ab 3.36 3.36 3.91 7.15 2.66 8.2 18.14 5.93 14.34 
Aquicare 5.09ab 3.55 3.92ab 3.4 4.75 5.01 6.7 3.62 21.64 15.39 4.85 11.26 
Vivax 4.10ab 5.62 2.07b 3.49 4 4.1 6.22 3.2 16.34 27.23 5.16 10.44 
OARS 7.09a 10.05 2.42b 4.73 5.91 5.72 6.91 3.65 13.06 26.32 5.72 8.95 
Duplex 4.08ab 9.13 2.82ab 3.57 5.13 3.97 7.99 4.76 13.99 14.74 9.62 13.63 
Tricure 5.25ab 6.52 3.75ab 3.84 3.63 6.38 5.95 3.28 15.23 34.16 6.1 12.43 
Primer Select 2.11b 6.77 2.36b 3.49 4.02 4.55 4.85 3.08 9.94 34.04 9.87 15.85 

a DAT, days after treatment 
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Table 9. Water droplet penetration times in seconds at 1 cm depth of dried soil cores harvested from 12 different wetting agent-treated 
plots on a push-up research green following a one-time application on 17 October, 2016. 

Treatment 
10 

DAT a 
20 

DAT 
30 

DAT 
179 

DAT 
189 

DAT 
199 

DAT 
209 

DAT 
219 

DAT 
229 

DAT 
239 

DAT 
249 

DAT 
259 

DAT 
269 

DAT 
Untreated 42.03a 45.48a 17.47ab 54.33a 72.49a 64.13a 91.17ab 65.77 94.42a 276.56a 245.78a 72.00 466.24a 
Revolution 4.46cd 6.33cd 10.32ab 7.01b 11.09b 13.87cd 16.37c 20.28 23.08b 45.31b 22.90b 40.98 74.52c 
Cascade Plus 3.79d 6.92cd 28.10a 5.50b 12.12b 15.26cd 27.51c 21.91 35.77b 68.69b 43.88b 41.23 71.66c 
Dispatch 10.92b 16.60b 4.79b 14.49b 24.20b 41.14ab 52.00abc 35.78 43.40b 143.44ab 73.12b 55.79 103.90bc 
PBS150 7.83bc 8.68bcd 19.74ab 13.94b 18.72b 25.49bcd 39.61bc 23.60 39.48b 65.24b 59.04b 80.30 133.70bc 
Sixteen90 4.42cd 10.67bcd 25.71a 11.95b 10.96b 12.79d 25.81c 22.49 30.66b 62.17b 39.25b 51.34 121.79bc 
Aquicare 4.66cd 7.48bcd 22.29ab 8.47b 17.32b 15.76cd 19.00c 21.63 25.90b 65.62b 28.67b 34.90 55.89c 
Vivax 4.02cd 6.78cd 20.72a 10.73b 10.31b 17.58cd 22.19c 26.32 29.80b 71.11b 44.13b 29.44 108.62bc 
OARS 6.97bcd 12.79bc 14.36ab 7.91b 18.26b 14.54cd 22.63c 33.92 39.03b 58.87b 64.74b 27.90 127.42bc 
Duplex 42.17a 36.46a 36.56a 47.05a 38.64ab 35.60abc 120.87a 68.59 159.03a 366.84a 152.33a 87.65 290.74ab 
Tricure 3.62d 5.62d 14.07ab 6.56b 9.25b 15.78cd 18.22c 24.90 22.97b 88.07b 25.55b 63.11 92.15bc 
Primer Select 4.54cd 6.16d 14.21ab 4.33b 11.94b 15.79cd 16.43c 23.07 24.57b 63.99b 25.88b 66.74 63.12c 

a DAT, days after treatment 
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Table 10. Water droplet penetration times in seconds at 2.5 cm depth of dried soil cores harvested from 12 different wetting agent-
treated plots on a push-up research green following a one-time application on 17 October, 2016. 

Treatment 
10  

DAT a 
20 

DAT 
30 

DAT 
179  

DAT 
189 

DAT 
199 

DAT 
209 

DAT 
219 

DAT 
229 

DAT 
239 

DAT 
249 

DAT 
259 

DAT 
269 

DAT 
Untreated 28.71ab 28.77a 23.03ab 45.69ab 39.29a 4.92 15.40 45.19 76.47ab 98.84 212.91 21.58 81.89 
Revolution 3.82bc 5.73ab 19.68ab 7.55bcd 8.11ab 6.34 8.57 15.48 10.33ab 54.54 33.21 27.01 24.10 
Cascade Plus 23.89abc 15.74ab 13.53ab 6.29cd 14.65ab 17.11 28.02 10.79 23.41ab 195.39 167.31 48.34 38.97 
Dispatch 38.23a 22.95ab 13.11ab 25.21abcd 21.55ab 10.68 16.62 23.96 13.58ab 42.66 189.60 33.74 16.28 
PBS150 18.42abc 10.18ab 13.69ab 35.01abc 20.80ab 27.73 23.48 11.49 26.26ab 24.05 352.64 37.01 38.08 
Sixteen90 2.84c 11.93ab 11.99b 4.62d 7.76ab 4.04 7.92 10.71 5.74b 33.35 97.41 27.16 18.06 
Aquicare 14.64abc 9.96ab 37.03ab 5.60cd 11.01ab 5.90 10.47 12.39 11.07ab 38.33 77.78 19.82 30.35 
Vivax 13.82abc 16.22ab 37.04ab 9.71bcd 8.30ab 8.13 19.54 20.39 23.14ab 65.44 147.88 15.03 45.49 
OARS 16.14abc 12.60ab 5.87b 20.29bcd 42.17ab 8.31 10.25 8.68 12.80ab 153.07 78.33 6.36 99.21 
Duplex 41.81ab 34.94ab 73.34a 99.59a 29.01ab 8.20 36.65 51.40 84.48a 119.61 126.76 34.24 176.23 
Tricure 5.00bc 8.10ab 40.35ab 8.62bcd 4.56b 7.20 10.65 4.44 15.35ab 50.50 120.71 28.55 63.46 
Primer Select 14.09abc 10.83b 6.93ab 9.67bcd 10.11ab 9.79 4.72 9.92 14.90ab 59.86 90.70 30.40 19.58 

a DAT, days after treatment 
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Table 11. Water droplet penetration times in seconds at 4 cm depth of dried soil cores harvested from 12 different wetting agent-
treated plots on a push-up research green following a one-time application on 17 October, 2016. 

Treatment 
10 
DAT a 

20 
DAT 

30 
DAT 

179 
DAT 

189 
DAT 

199 
DAT 

209 
DAT 

219 
DAT 

229 
DAT 

239 
DAT 

249 
DAT 

259 
DAT 

Untreated 1.12 1.02 0.85 1.42 2.31 0.68 0.37 1.07 1.58 0.58 1.35 0.74 
Revolution 0.77 0.86 2.23 1.09 1.14 1.01 0.89 1.43 0.60 0.96 0.93 1.54 
Cascade Plus 1.12 1.12 2.38 1.71 1.93 0.95 0.50 1.27 2.27 1.65 1.59 1.28 
Dispatch 3.11 1.33 0.62 1.92 1.13 0.72 2.72 1.15 0.55 0.71 1.75 1.50 
PBS150 2.36 1.00 4.84 1.11 1.48 0.7 0.5 0.88 0.75 0.63 0.84 1.25 
Sixteen90 1.33 1.13 1.38 1.31 1.18 0.57 1.13 0.71 0.60 1.41 1.35 1.55 
Aquicare 1.21 2.43 1.82 1.29 1.44 0.64 0.57 1.23 0.69 1.29 0.79 1.22 
Vivax 1.11 1.33 2.50 1.47 1.68 0.67 0.86 0.61 0.76 1.19 1.76 1.54 
OARS 0.96 1.05 1.07 1.54 1.78 0.65 1.35 1.03 0.69 1.90 1.40 0.94 
Duplex 1.27 0.92 1.51 1.09 1.75 0.78 0.62 1.22 0.80 0.99 0.82 1.30 
Tricure 1.06 0.94 3.34 1.52 1.63 1.05 0.53 0.77 0.67 1.35 1.32 1.46 
Primer Select 1.61 1.19 2.27 1.27 2.06 0.86 0.63 1.05 0.79 2.05 0.88 1.08 

a DAT, days after treatment 
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Appendix 2: Comparison of methods for quantifying soil water repellency 
in surfactant-applied soil 

Objective 

 The objectives of this research was to (1) determine if contact angles obtained by 
a modified sessile drop method (SDM) correlates with water droplet penetration times 
(WDPT), and (2) determine which method is most time-efficient. 

Materials and Methods 

Wetting agents were applied to ‘L-93’ creeping bentgrass (Agrostis stolonifera L.) 
research green in St. Paul, MN constructed to United States Golf Association 
specifications in 2002 with 88% sand and 12% peat (Table 1). The experiment was a 
completely randomized design with two wetting agent treatments applied at label rates 
delivered at 80 mL m-2 and an untreated control treatment with three replications. Plots 
were irrigated immediately following wetting agent application with 0.85 cm of water 
with an 82% coefficient uniformity. 

Table 1. Wetting agent treatments and applied rates. 

Wetting      
agent treatment Rate Manufacturer 

 mL m-2  
Revolution 1.91 Aquatrols 
Aquicare 3.82 Winfield United 
untreated - - 

 

Three flat profiles were collected from each plot 11 days after application using 
an 8.9 cm wide soil profiler. Profiles were immediately transported to a laboratory to air-
dry for 23 days exposed to 23.25 ͦ C (±1.69) and low light intensity. Profiles were then 
separated carefully into four subsamples. Each subsample underwent the WDPT test and 
a modified SDM. The methods were synchronized so that data from each were collected 
from the same 35 μL droplet of deionized water on a subsample of the profile at a soil 
depth of 1 cm. The WDPT test was performed using a stopwatch to record the time it 
took each droplet of water to fully penetrate into each profile subsample (Letey, 1969; 
Kostka, 2000). Droplets were released using a pipette fastened to a claw and rod to 
maintain similar drop heights. 

The SDM was modified from the methods described by Bachmann et al. (2000). 
A stereomicroscope was laid horizontally and connected to a digital camera for clear 10x 
magnification images (Figure 1). Subsamples of profiles were laid horizontally onto a 
raised lab jack directly in front of the stereomicroscope objective lens. Desk lamps were 
used to enhance light for imaging. Image focusing was aided with the location of two 3 
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mm beads placed at soil depths of 0.4 cm and 1.6 cm. Magnified images were taken 
within one second of water droplet placement onto the flat subsample. 

 

Figure 1. Modified sessile drop method setup 

Digital images of water droplets on the profiles were analyzed in ImageJ with the 
DropSnake plugin to measure contact angles (Stalder et al., 2006). Interfacial lines were 
drawn based on the elevations of both silica beads. Droplets were traced using 12-30 

knots and the right and left contact angles were averaged (Figure 2). The analysis of each 
image was timed using a stopwatch. 

Figure 2. Magnified image of water droplet on soil profile subsample and its analyzed 
image 

Results 

The contact angles generated from the modified SDM shared a significant (P-
value = 0.012), but weak binomial correlation (R2 = 0.184) with water droplet penetration 
times. The prediction curve loses strength as WDPTs increase, which suggests the 
modified SDM may be a poor method for hydrophobic soils (Figure 3). 
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Figure 3. Relationship between observed WDPTs and contact angles, and prediction 
curve 

Comparisons of wetting agent treatments by means of least significant difference 
differed by methodology (Table 2). This suggests that the WDPT test may be more 
sensitive than the modified SDM. Contact angles at the right and left interfacial edges 
often differed due to heterogeneity of the soil surface which include plant roots, organic 
matter and an uneven plane. This may have influenced the method’s lack of sensitivity to 
treatment differences. 

Table 2. LSD means comparison of treatments for each method. α = 0.05. 

Wetting WDPT Modified 
agent treatment test SDM 

 s contact angle 
Revolution 128.1b 104.3a 
Aquicare 178.8b 102.3a 
untreated 246.4a 108.4a 
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The amount of time spent for each method differed as well (Figure 4). In general, 
the WDPT test consumed more time than image analysis of the modified SDM. In this 
experiment, 71% of the penetration times recorded were over 2 minutes, and about 54% 
of the image analyses took 1 to 1.5 minutes. Chosen methodology should be based on the 
soil hydrophobic status. If most WDPTs are under 1 minute, the WDPT test would be the 
most time-efficient method for soil water repellency quantification 

 

Figure 4. Relative frequency (%) of time spent (s) for each observation of both methods 
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