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ABSTRACT

EFFECTS OF IRRIGATION AND TRAFFIC STRESSES ON PHYSIOLOGICAL
RESPONSES AND WATER USE CHARACTERISTICS OF CREEPING BENTGRASS AND
ANNUAL BLUEGRASS

By
Kevin Laskowski

Creeping bentgrass (CBG; Agrostis stolonifera) and annual bluegrass (ABG; Poa annua)
are two golf course putting green species that are sensitive to drought and traffic stress. A two-
year field study evaluated the effects of irrigation treatments [8, 12, and 16% volumetric water
content (VWC)] and traffic stress (none, low, and moderate) on CBG and ABG putting green
plots. Leaf relative water content (RWC), leaf electrolyte leakage (EL), canopy chlorophyll
content, normalized difference vegetative index (NDVI), root biomass, ethylene production,
ABG invasion into CBG, quantity of water leached and soil VWC from plots were measured. A
12% irrigation treatment was determined to be optimal when compared to 8% (deficit) and 16%
(excessive) when measuring leachate volumes and soil VWC. Moderate traffic treatments
decreased turfgrass quality and increased ABG invasion into CBG plots. However, CBG had
significantly higher turfgrass quality (through measuring RWC, EL, NDVI and chlorophyll
content) than ABG under irrigation and traffic treatments. Ethylene gas production increased at
the 8 and 16% irrigation treatment and increased in response to traffic treatments on ABG. The
method of quantifying ethylene gas production in this study may be a practical technique to
detect turfgrass stress incidence from putting green canopies. A more in depth analysis of
ethylene gas production under other abiotic stress conditions may be necessary to investigate the

role of ethylene gas within CBG and ABG.
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INTRODUCTION

Creeping bentgrass (CBG) and annual bluegrass (ABG) are two predominant turfgrass
species on golf course putting greens in northern climates. A significant amount of research has
been devoted to understanding the interaction of these two species. This research has been
largely based on the perspective that ABG is a weed, with aims to identify the faults and
physiological weaknesses of the species. A great deal of research has gone into the removal of
ABG from CBG putting greens (Isgrigg et al., 1999; Johnson and Murphy, 1995; McCullough et
al., 2005; Reicher et al 2015; Woosley et al., 2003). Significant breeding efforts have been
undertaken to improve greens type ABG (La Mantia and Huff, 2011). The aim of this breeding
has been to identify greens-type ABG with more desirable characteristics to prevent turf
managers from only viewing the species as an undesirable weed. This breeding has not resulted
in widespread availability of desirable ABG types. Another strategy to improve ABG
performance on putting greens is to improve the understanding of ABG responses to abiotic
stresses (drought) and management strategies (irrigation levels). With more informed
management of ABG it may be possible to reduce expenditures and pesticide usage by golf
courses (Bigelow and Tudor, 2012; Gaussoin and Branham, 1989; Kaminski and Hsiang 2007,

Vargas and Turgeon, 2003).

Comparing ABG to CBG is a useful strategy to better understand ABG responses since a
large amount of research has been conducted on the best management strategies for CBG. CBG
and ABG can have significantly different attributes related to irrigation requirements and drought
stress performance based on rooting habits, and other physiological characteristics (Bigelow and
Tudor, 2012). Best irrigation practices for ABG are not widely available for multiple regions of

the country, as ABG has significant ecotype variability (La Mantia and Huff, 2011). Water use

1



requirement recommendations and the effects of drought on CBG are more widely available
compared to ABG. For example, CBG exhibits a decrease in growth rate, cellular water content,
and chlorophyll content under drought stress (Dacosta and Huang, 2006c; McCann and Huang,
2007). During stresses, such as heat and drought stress, ABG viability is significantly reduced
(McCarty, 1999). CBG is also shown to have greater root biomass when compared with ABG
(Lyons et al., 2001). Under drought stress conditions, the lack of deep roots is often cited as a
primary cause of the susceptibility of ABG to drought stress symptoms (Murphy et al., 1994).
The cause of the lack of deep rooting and drought sensitivity of ABG is not well understood and
would be valuable information especially with more recent drastic changes in weather and

climate patterns.

Recent weather patterns in the United States and around the world are becoming
increasingly unpredictable causing severe flooding for extended periods of time as well as long
durations of drought. Recently, California has gone through extreme drought which has caused
for legislation to cut back water usage. In California, legislation required the population to
reduce water use by 25% (Stevens et al., 2015), the included golf course superintendents, but not
other forms of agriculture. The other extreme is the recent widespread flooding in Texas
(Zoroya, 2015). This type of extreme weather can cause a significant monetary loss for golf
courses. Golf courses often face the challenge of maintaining healthy, aesthetically appealing,
and playable turfgrasses under excessive and limited water conditions, not only in California but
across the United States. In Michigan, 3% of the total water consumption goes towards irrigation
of crops, parks, and golf courses (Morenz et. al. 2005). Golf course putting greens are
particularly susceptible to water stress due to intensive management. Preferences of drier

conditions for playability, and high expectations of turfgrass quality are experienced in these



areas. Most often during drought stress incidence, golf play is not able to be restricted, which
causes the turf to endure both drought and traffic stresses. The combined treatments of drought
and traffic more readily represent real golf course conditions that are typically not used together

as factors in controlled research studies.

Serious injury to turfgrass is commonly caused by concentrated traffic to turf stands
(Beard, 1973). Traffic to turf stands typically includes both wear and soil compaction stress
(Carrow and Johnson., 1996). On sandy soils, wear stress is the primary form of traffic stress,
while soils with high silt and clay contents are subject to greater amounts of compaction stress
(Carrow and Wiecko, 1989). Excessive foot traffic can cause scuffing, tearing, or crushing of the
turfgrass plants (Beard, 1973). Gibeault et al. (1983) observed that the average golfer takes about
52 steps per putting green while Pelz and Mastroni (1989) observed a foursome leaving behind
more than 500 footsteps on a putting green as they entered, putted, and exited a putting green.
That is an average of 125 footsteps per golfer (Pelz and Mastroni, 1989). Observational research
conducted within a golf course observed that 70% of putting green foot traffic occurred around
the pin (Hathaway and Nikolai, 2005). This gives evidence that the amount of traffic can vary
between golfers, calling for a need of research involving different levels of traffic stress. An
understanding of stress related and hormonal responses of CBG and ABG to water and traffic
stress could help to elucidate stress susceptibility characteristics between the two species and

could help turfgrass managers efficiently manage these two grasses.

Plant stress is defined as a state in which regular physiological processes are interrupted,
leading to injury (Nilsen and Orcutt, 1996). Ethylene is an important gaseous hormone involved
in plant stress that can cause growth inhibition and leaf senescence (Abeles et al. 1992). Ethylene

has been associated with abscission of leaves, flowers, buds, gravitropic responses, fruit
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ripening, and senescence (Taiz and Zeiger, 2006). The gaseous nature of this hormone allows it
to effectively signal communities or multiple plant organs via rapid diffusion from plant tissues.
Apelbaum and Yang, (1981) found that wheat leaves undergoing water deficit conditions
increased in ethylene production. Beltrano, (1999) found similar results in which wheat leaves
under drought stress produced more ethylene when compared to well-watered wheat leaves.
Significant differences in hormonal responses and sensitivity of various species under non-stress
and stress conditions within the Poa genus exist. Fiorani et al. (2002) have shown that faster
growing ABG species are less sensitive to the accumulation of the growth inhibiting, senescence
stimulating hormone, ethylene. Simultaneously, it was found that the fast growing ABG species
produce greater levels of the hormone when compared to slower growing species. These
influences were evaluated only within the ABG genera and only on plant leaves. CBG has
greater sensitivity to this hormone, which has been demonstrated by the greater sensitivity of
CBG to Ethephon (Bayer Crop Science) treatment (i.e. effective ethylene) compared to ABG
(McCullough et al., 2006). Therefore, this hormone could be a major factor in CBG and ABG

whole canopy responses to irrigation and traffic stress.

In addition to physiological and ethylene responses of CBG and ABG, it is possible that
the competition between the two species could be affected by water and traffic treatments (Beard
et al., 1978; Hathaway, 2006; Mahdi and Stoutmeyer, 1953; Younger, 1959; Youngner et al.,
1981). It has been observed that an increase in golf foot traffic on a putting green has been
associated with an increase in the ABG population of a putting green (Beard, 1978; Hathaway,
2006). ABG depends on quick growth and seed production to spread and propagate, while CBG
relies on stoloniferous growth characteristics to spread. In a four-month period, it was estimated

that ABG could produce up to 360 seeds per plant (Renney, 1964). Law et al. (1977) determined



that each ABG plant could produce 80 viable seeds per year. These seeds can thus be spread
through foot traffic on putting greens (Hathaway, 2006). This can change management strategies
for a golf course putting green if removal of ABG is desired with the addition of other plant
growth regulators to control ABG (Reicher et al 2015; Woosley et al., 2003). Golf course
superintendents do not desire the characteristics inherent to ABG seed production such as
flowering which can disrupt surface uniformity and smoothness. Therefore, it is important to
evaluated ABG invasion in CBG plots, in order to have a better understanding of the dynamic of

the competition between ABG and CBG under differing levels of traffic and irrigation.

Thus, the research objectives were to investigate the effects of irrigation and traffic
treatments on leaching volumes, soil VWC, hormone response, and rooting characteristics of
ABG and CBG on a sand based putting green. Previous studies have shown that these two
species differ under irrigation or traffic stress but do not combine the effects of both stresses on

ABG and CBG.



MATERIALS AND METHODS
Construction

A two-year experiment was conducted in 2013 and 2014 on a turfgrass field (2229.7m?)
consisting of plots of CBG and ABG maintained as a putting green at the Hancock Turfgrass
Research Center in East Lansing, MI. The putting green was established in 2008 according to the
United States Golf Association recommendations for putting green construction. Within the
field there were 18 main plots (120.4 m?) with independent irrigation control, of which nine were
ABG and nine were CBG ‘Penn-A4’. Irrigation was delivered by four irrigation heads per main

plot (Model Eagle 751, Rainbird Bird Corp., Azusa/Glendora, CA).

Lysimeters were installed in Aug 2008 into the 54 subplots within this putting green.
Lysimeters were constructed out of a 265 L stock water tank (1.02 x 0.81 x 0.61 m) (Rubbermaid
Commercial Products LLC, Winchester, VA). Two 22.7 kg bags of concrete (Quikrete, Atlanta,
GA\) were distributed into the bottom of these tanks at an angle which allowed water flow
towards a drain. Schedule 40 PVC couplings (3.8 cm) (Spears Manufacturing, Bolingbrook, IL)
were connected to 3.8 cm schedule 40 PVC pipe (Harvel, Easton, PA) and sloped 2% towards
the north side of the research green into catch basins where water from each lysimeter could be

collected into 19 L collection buckets.

Soil sensors were installed to record and schedule irrigation events (TSM-1, Rain Bird
Corp., Azusa/Glendora, CA). The soil sensors were installed at a 7.62 cm depth within the center
of each irrigation block in the summer of 2012 and would measure soil VWC, temperature, and

salinity. The irrigation system automatically scheduled irrigation to maintain soil VWC to a



specified irrigation treatment by recording soil VWC every 20 minutes and adjusting irrigation

rates for nightly irrigation cycles.

Climate conditions

Similar climatic conditions between each year during the two-year study provided an

opportunity to examine CBG and ABG responses to similar weather patterns (Figure 1).
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Figure. 1. Daily maximum and minimum temperatures (°C) and precipitation amounts (mm) in
East Lansing, MI. throughout the study period in A) 2013 B) 2014.



Turfgrass plot maintenance

Plots were mowed three times weekly during 2013 and 2014 at a height of 3.4 mm using
a triplex greens mower (Greensmaster 3150-Q, The Toro Company, Bloomington, MN), with
clippings removed from all plots. Sand topdressing was applied at a rate of 0.02 cm every week
throughout the experimental period. Sand was vibratory rolled into the green to move sand into
the thatch layer. The putting green was aerified on 25 Sept. in 2013 and on 19 Sept. in 2014 with
a (ProCore 648, The Toro Company, Bloomington, MN) with 0.95 cm diameter hollow tines at

5 cm spacing. Sand topdressing was applied to fill aerification holes within the research green.

In 2013, plots were fertilized with 24.4 kg N ha® on 5 May, 2 Aug., and 1 Oct., using a
18-9-18 (N-P-K) granular fertilizer, (Andersons Golf Products, Maumee, OH). Nitrogen was
applied as a foliar spray weekly between 14 June to 26 Sept. using a 28-0-0 (N-P-K) liquid
fertilizer at a rate of 4.9 kg N ha™. In 2014, plots were fertilized with 24.4 kg N ha-1 on 5 May,
10 June and, 26 Sept. using a 19-0-15 (N-P-K) granular fertilizer (Andersons Golf Products,
Maumee, OH). Nitrogen was applied as a foliar spray weekly between 9 June and 29 Aug. using
a 28-0-0 (N-P-K) liquid fertilizer at a rate of 4.9 kg N ha'. Granular treatments were applied and

irrigated with 3.8 mm water to avoid fertilizer burn.

Fungicides were applied preventively and curatively to avoid turf loss. Thiophanate-
Methyl and Iprodione (Fluid Fungicide, Andersons Golf Products, Maumee, OH) 0.49 kg ha
was applied 12 Sept 2013 and 0.37 kg ha'* on 10 Aug. 2013 to control dollar spot (Sclerotinia
homeocarpa F.T Bennet). Thiophanate-Methyl and Iprodione, (Fluid Fungicide, Andersons Golf
Products) 0.49 kg ha'* was applied on 5 June, 26 June, 19 July, and 6 Aug., 2014 to control

dollar spot (Sclerotinia homeocarpa F.T Bennet). Boscalid (Emerald; BASF, Research Triangle



Park, NC) 0.56 kg ha was applied on 27 June and 24 July 2013, to control dollar spot
(Sclerotinia homeocarpa F.T Bennet). Propiconizole (Banner Maxx, Syngenta, Greenboro, NC)
0.99 kg ha* was applied on 26 July 2013, to control crown rot anthracnose (Colletotrichum
cereale). Clothianidin (30.5 kg ha) was applied on 9 July 2013 and Carbaryl (9.0 kg ha) was

applied on 16 July 2014 to control black cut worm (Agrotis ipsilon).
Experimental treatments

Strip plots (2.23 x 7.92 m) of moderate, low, and control (no traffic) traffic stress were
applied to the plots above the buried lysimeters to create three subplots per irrigation block
resulting in 54 total research plots. Traffic treatments were applied by using a golf traffic
simulator (49.9 kg) modified with extra weight (68 kg). It consisted of a roller (0.53 x 0.5 m);
covering 0.266 m? with each revolution with black widow golf spikes and was manually pushed
across plots to simulate traffic. Traffic treatments were imposed on each plot 3 times weekly
simulating 237 rounds of golf at the low traffic rate and 474 rounds of golf for the moderate rate
of traffic each week. The rounds of golf were based on a golf shoe containing an average of 12
spikes per shoe with the average golfer taking about 26 full steps (52 paces) per putting green

(Hathaway and Nikolai, 2005).

Three whole plot irrigation treatments were tested in this field experiment. Irrigation
treatments were applied using the Rain Bird TSM-1 soil sensor and the central computer. VWC
was measured by the soil sensor and updated to the central computer every 20 minutes. Utilizing
the Rain Bird Integrated Sensor System (ISS), three VWC irrigation treatments were set at 8, 12,
and 16%, which were based from previous observations from the Hancock turfgrass research

center (Frank et al., 2012) Irrigation volumes used during 2013 and 2014 are listed (Table 1).
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Table 1. Irrigation amounts applied from June 2013 to Sept. 2013 and June 2014 to Sept. 2014 in
ABG and CBG at the 8, 12, and 16% irrigation treatments.

ABG CBG
Water amount Water amount Water amount Water amount
(cm) (m°) (cm) (m°)

Irrigation
treatment

(%) 2013 2014 2013 2014 2013 2014 2013 2014

8 12.0 3.4 14.4 4.1 13.3 6.3 16.0 7.6

12 27.4 16.1 33.0 19.3 24.4 14.2 17.1 17.1

16 97.3 76.2 116.9 91.5 96.3 69.5 115.7 83.5
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Measurements

Leachate was collected from the lysimeters on a weekly basis and measured for quantity.
Time domain reflectometry (TDR) was utilized to measure VWC at two depths, 3.8 cm, and 12.2

cm (Field Scout TDR-300; Spectrum technologies Inc. Aurora, IL.) measured on a weekly basis.

Visual turf quality (TQ) ratings were taken on a scale from 1- 9 based on a 1 (dead or
poor) to 9 (best) rating scale, with 6 being acceptable. (NTEP, 2015). Canopy shoot density was
determined by measuring normalized difference vegetation index (NDVI) with the use of a turf
color meter (Field Scout TCM-500; Spectrum technologies Inc. Aurora, IL.). These

measurements were performed weekly.

Leaf EL measurements were from samples of approximately 0.5 g of leaf tissue taken
from each plot and washed in deionized water four times before further analysis. Leaves were
then immersed in 7 ml of deionized water and placed on the shaker for 24 h. The conductivity of
the immersion water with fresh tissues was measured as initial conductivity (Ci). The samples
were then boiled and placed on the shaker for 24 h. The conductivity of the resulting water of
dead tissues was measured as maximum conductivity (Cmax). Percentage EL is calculated as
Ci/Cmax x 100 (Blum and Ebercon, 1981). Chlorophyll content was determined through the use
of hand-held chlorophyll meter (CM-1000; Spectrum technologies, Inc. Aurora, IL.). These

evaluations were measured on a weekly basis.

Leaf (RWC) was performed on a weekly basis. Leaf RWC was calculated based on fresh
(FW), turgid (TW), and dry weight (DW) of approximately 0.1 g of leaf samples using the
formula (FW — DW)/(TW — DW) x 100. Leaf FW was determined on a mass balance

immediately after being excised from the plots. Turgid weights were determined after soaking
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the leaves in deionized water for 12 h in a closed petri dish and weighed immediately after they
were blotted dry. Leaves were then dried in an 80°C oven for at least 72 h before being weighed

for DW (Barrs and Weatherley, 1962).

Ethylene evolution was measured directly in the field using an ethylene gas analyzer
equipped with a modified field kit (CID-900; CID Bio-sciences, Camas, Wa). The modified field
kit was a 2.0 L, clear plexiglass chamber, which was placed firmly on the surface of the turf
stand and measured ethylene gas which evolved from each plot. A wind and sun block box
constructed of cardboard (26.7 x 20.3 x 26.7 cm) was developed for this chamber so that
conditions within the chamber would remain stable. Once the chamber was placed on a plot, the
CID-900 equilibrated for one minute then an initial reading was recorded (E;). After one minute,
a final measurement was recorded (Es). Ethylene rate of production was determined by the
formula (Es — Ei). Measurement rates were recorded in parts per billion per minute. This
equipment was tested for effectiveness of determining ethylene production from the turf canopy

within field plots.

A rhizotron system was used to measure root length, in situ under all watering and traffic
stress treatments. In each subplot, a clear plexiglass tube 0.35 m in length was installed at a 45-
degree angle the root imager (CI-600; CID Bio-sciences, Camas, Wa). Images were collected on
a weekly basis. Images were then analyzed at a later date (RootSnap, CID Bio-Sciences, Camas,
Wa). Three, 2.5 cm diameter, soil core samples were obtained randomly from each plot at a
depth of 20.3 cm to evaluate total root biomass. Separation of roots was performed by removing
sod and thatch at the thatch/soil interface, the remaining soil core sample was thoroughly washed

with water to remove sand and fine mineral particles on a 500-pum sieve. After this, a second
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washing occurred to remove remaining sand particles and organic debris from the roots by

flotation. Roots samples were then dried at 50°C for 72 hours before recording a root dry mass.

ABG invasion in CBG plot was measured three times in both 2013 and 2014. These
ratings were determined using a line-intersecting grid count method. A grid of 1.6 X 1.6 m
consisted of 441 intersections, each measuring 76 x 76 mm. ABG invasion was measured by
counting the number of grid intersections which touched any part of an ABG plant and then

divided by the total number of sections to get a percent ABG per plot area (Hathaway, 2006).

Experimental design and statistical analysis

The experiment was a completely randomized design with two whole plot factors, which
included species consisting of two levels, irrigation consisting of three levels, and a split plot
treatment design consisting of three levels of traffic. All data were subjected to analysis of
variance (ANOVA) using SAS 9.4 (SAS institute Inc., Cary, NC) with a GLIMMIX model
procedure. When appropriate, mean differences were separated using Fischer’s least significant

difference (LSD) at the 0.05 P level.
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RESULTS AND DISCUSSION

Leachate volume

In 2013 and 2014, species and traffic treatments did not have a significant effect on the
amount of water leached through the rootzone (see appendix Table 16 and 17). Fry and Butler
(1989) found that ABG required less water 5 out of 7 weeks in their study when compared with
CBG. However, climatic, soil, and maintenance differences to the research area could explain
why results may differ from those of other experiments. Large spikes in water leachate data are
visible due to large rain events such as on 4 Aug 2014. Irrigation treatment had a significant
effect on the amount of water leached. On all dates, the 16% irrigation treatment plots leached
more water than the 8 and 12% irrigation treatments. The 12% irrigation treatment leached
significantly more than 8%, except for three dates in 2013 and one date in 2014 (Figure 2A and
B). Ideally, to reduce water consumption and loss of nutrients or pesticides, the amount of water
input would be closer to or equal to evapotranspiration (ET) from the turfgrass system.
Replacement of 100% ET was excessive and unnecessary for adequate quality of creeping
bentgrass (DaCosta and Huang, 2006a; DaCosta and Huang, 2006b). When leaching does occur,
the flow through the soil profile can lead to nutrient leaching and possible ground water
contamination (Hudak, 2000; Erickson et al., 2005; Shaddox et al., 2016; Guertal, 2007). Future
research could include measuring actual ET and correlating it to soil leachate volumes along with

soil VWC to determine an accurate method of irrigation to reduce soil water leachate.
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Figure 2. Water leachate volume of 8, 12 and 16% irrigation treatment treatments in (A) 2013
and (B) 2014. East Lansing, MI. Vertical least significant difference (LSD) bars represent
Fisher’s least significant difference values (P < 0.05) for irrigation comparison on a given day.
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Soil moisture content

On two dates in 2013, there was a species X irrigation interaction, the same interaction
occurred on one date in 2014. In 2013, CBG had higher VWC at 12 and 16% irrigation
treatments when compared with ABG at the 12 and 16% irrigation targets. (Figure 3A). In 2014,
ABG irrigated to the 16% irrigation treatment had higher VWC than CBG at all irrigation
treatments (Figure 3B). In 2013, CBG had higher VWC to a 3.8 cm depth when compared with
ABG. Soil VWC can be differential under a given irrigation treatment due to turfgrass species or
cultivar. For instance, DaCosta and Huang (2006a) found differences in ET between creeping,
colonial, and velvet bentgrasses. ET has been correlated with soil VWC (Lu et al., 2011). CBG
and ABG can have similar rates of ET (Aronson et al. 1987; Biran et al. 1981; Fry and Butler,
1989; Shearman and Beard 1973). Other research has shown that root content within a soil can
affect soil VWC measured by TDR technology (Mojid and Cho, 2004), which is discussed

further in the root mass section.

The 16% irrigation treatment had significantly higher VWC when compared to the 8%
and 12 % irrigation treatment in 2013 and 2014 (Table 2 and 3). Traffic treatments were
significant on two dates, 8 July and 19 Aug 2013. The moderate traffic treatment had higher
VWC when compared with the low and control treatments. Traffic treatments were significant on
nine dates in 2014, in which the moderate traffic treatment had higher VWC when compared
with the low and control traffic treatment. This could be related to mild compaction that may
occur in sand based greens due to traffic. CBG and ABG can have similar ET rates (Aronson et
al. 1987; Biran et al. 1981; Shearman and Beard 1973). Despite this, ABG has significantly
different rooting attributes and stress tolerance mechanisms than CBG (Lyons et al., 2011) and

ABG is more sensitive to reduced irrigation conditions compared to CBG (Beard, 1973). Results
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indicate that irrigating to a 16% irrigation treatment increases soil VWC to a 3.8 cm depth when
compared to an 8% irrigation treatment. Results also show that moderate traffic treatments

increase VWC to a 3.8 cm depth in a USGA sand based putting green.

VWC from surface to a 12.2 cm depth had a significant interaction within species x
irrigation treatments on one date (Table 4). CBG had higher VWC at 12 and 16% irrigation
treatments when compared with ABG at 12 and 16% irrigation treatments, respectively (Figure
4). In both 2013 and 2014, CBG had higher VWC at a 12.2 cm depth when compared to ABG
(Table 4 and 5) The 16% irrigation treatment had greater VWC at a 12.2 cm depth when
compared to the 8% irrigation treatment in 2013 and 2014. Under well-watered conditions CBG
can have higher requirements for water than ABG (Fry and Butler, 1989). ABG in a fairway
height of cut turf (1.6 cm) required less water than CBG (Blankenship, 2011). Differences in
VWC at a 3.8 and 12.2 cm depth could be associated with rooting habits differences between
species. Traffic treatments were also shown to increase soil VWC, possibly through compaction
on a USGA sand based putting green; however, this was not measured in this study. Future
studies may include quantifying soil compaction and porosity on a USGA sand based putting

green to make correlations to VWC under various irrigation and traffic treatments.
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Table 2. Effects of species (S), irrigation (I), and traffic (T) treatments on volumetric water content (VWC) at a 3.8 cm depth. East
Lansing, M1 2013.

Volumetric Water Content (0-100%)
2013 Treatment
11-lun 17-Jun 24-Jun  1-Jul  8-Jul 15-Tul 22-Tul 29-Jul 5-Aug  13-Aug  19-Aug  26-Aug  3-Sep 10-Sep

Species ABG 167b" 154b 19.7b 17.2 21b 18.7 193 b 185b 18 b 188 b 19.5 202 18.9 20.6
() CBG 178a 175a 211la 18.4 225a 20.3 222a 20.6 a 195a 204 a 20.8 20.7 19.2 20.8
LSD
(P=0.05)* 0.9 1.1 1.3 NS 1 NS 13 1.4 1.4 1.5 NS NS NS NS
Frrigation 8 17 158b 182b 157b 202D 1730 188D 175b 149 ¢ 173 ¢ 169 ¢ 169 ¢ 148 ¢ 169 ¢
M 12 16.8 155b 207b 17.7ab 215ab 194 ab 20.1b 19b 19.1b 194b 201b 202 b 186D 204 b
16 18 18a 223a 20.Ja  237a 218 a 233 a 22a 223 a 22.1a 234 a 243 a 237a 25a
LSD
(P=0.05) NS 1.9 2.9 2.6 22 2.1 1.8 2 22 1.7 1.9 23 23 22
Sx1 NS NS * NS NS NS NS NS * NS NS NS NS NS
Low 171 16.5 20.2 177 218ab 19.5 20.9 19.4 18.6 19.5 20 ab 20.6 18.9 21.1
Traffic ~ Moderate 176 16.8 212 18.5 227 a 204 218 204 19.9 20.8 213 a 21.7 20.1 21.6
M Control 17.1 16.1 19.8 17.2 20.7b 18.6 19.5 18.8 17.8 18.6 19.1b 19.1 18.1 19.5
LSD
(P=0.05) NS NS NS NS 1.3 NS NS NS NS NS 1.5 NS NS NS
SxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS
SxIxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P <0.05.
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Table 3. Effects of species (S), irrigation (), and traffic (T) treatments on volumetric water content (VWC) at a 3.8 cm depth. East
Lansing, M1 2014,

2014 Treatment

Volumetric Water Content (0-100%)

5-Jun 9-Jun 16-Jun 23-Jun  30-lun  7-Jul  14-Jul  21-Jul 28-Jul 4-Aug 11-Aug  18-Aug  25-Aug 2-Sep 11-Sep 15-Sep
Species ABG 174 171 142 15.9 19.1 203 18 18.1 17.6 175 19 18.1 17.7 17.8 185 17.2
(8 CBG 165 163 137 16.3 195 21 17.8 18.2 18.6 183 193 172 18.6 18.8 18.7 183
LSD
(P=0.05) NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
Trrigation 8 165b* 159b 112b 126c¢ 162¢ 183¢ 145c¢ 133c¢ 131¢ 115¢ 119¢ 115¢ 116¢c 135¢ 141c 126 ¢
0 12 165b 163b 135b 168b 191b 204b 174b 185D 191b 185b 204 b 183 b 19b 189b 188 b 181b
16 179a 181a 173a 191a 227a 233a 219a 227a 221a 23.6a 252a 232a 238 a 227 a 23.1a 226a
LSD
(P=0.05) 13 16 2.6 19 18 14 14 1.6 28 38 36 3.1 2.7 26 2.7 23
SxI NS * NS NS NS NS NS NS NS NS NS NS NS NS NS NS
Low  172b 165ab 14 16 195b 206b 181a 182ab 17.8 172b 19.1 17.6 179b 18 ab 18.9 175
Traffic  Moderate 178a 176a 149 176 205a 218a 189a 196a 19.8 206 a 216 19.8 201a 20a 20.1 194
(1) Control  159¢ 161b_ 131 15 181¢c_196b 168b  168b 16.7 159b 16.8 15.7 164 b 17b 16.9 16.4
LSD
(P=0.05) 0.5 0.8 NS NS 0.6 1 0.9 1.5 NS 3 NS NS 1.9 2.2 NS NS
SxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
SxIXT NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively

" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P < 0.05.
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Figure 3. (A) Volumetric water content of the species x irrigation interaction in annual bluegrass
(ABG) and creeping bentgrass (CBG) under 8, 12 and 16% irrigation treatment treatments from
the surface to a 3.8 cm depth in 2013 on 24 June and 5 August and (B) 2014 on 9 June in East
Lansing, MI. Different letters indicate significant differences among irrigation treatments within
a given day; Fisher’s least significant difference at P < 0.05.
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Table 4. Effects of species (S), irrigation (1), and traffic (T) treatments on volumetric water content (VWC) at a 12.2 cm depth. East
Lansing, M1 2013.

Volumetric Water Content (0-100%)
2013 Treatment
11-Jun  17-Jun  24-Jun  1-Jul 8-Tul 22-Jul  29-Jul 5-Aug 13-Aug 19-Aug 26-Aug 3-Sep 10-Sep 16-Sep

Species ABG 242t 233b 238b 235b 273b  288b 263b  29.1b 248b 26 262b 243 25.7 25.7b
(S CBG 27a  256a 269a 257a 291a 31.7a 282a  312a 278 a 27.4 27.8a 25.7 26.9 28 a
LSD
(P=0.05) 0.6 1.5 1.9 1.4 1.5 1.6 1.7 1.7 1 NS 1.6 NS NS 1.4
Iirigation 8 251 241 228b 217c¢ 255b 272c¢c  245b  262¢ 24.1c¢ 233 ¢ 238¢ 207 ¢ 22¢ 233¢
0 12 254 236  26a 245b  289a 305b  27b 29.7b 26D 2650b 266 b 246b 263 b 264 b
16 265 256 272a 276a 302a 33la 302a  345a 28.7a 303 a 30.5a 29.8 a 303 a 309a
LSD
(P=0.05) NS NS 2.7 2.3 2 2.2 2.6 2.8 1.6 2.1 2.3 2 2 1.8
SxI NS NS NS NS NS NS NS NS NS NS * NS NS NS
Low 255 246 255 24.5 286 305ab 275 30.1 26.3 26.9 272 a 24.8 25.7 26.6
Traffic ~ Moderate 258 245 259 25.2 28 3l.6a 274 314 26.9 27.6 278 a 26.3 27.6 27.6
€)) Control 256 243 246 24.1 28 288b 268 28.8 25.6 25.7 259b 24 25.6 26.4
LSD
(P=0.03) NS NS NS NS NS 1.8 NS NS NS NS 1.2 NS NS NS
SxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS
SxIxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P <0.05.

22



Table 5. Effects of species (S), irrigation (1), and traffic (T) treatments on volumetric water content (VWC) at a 12.2 cm depth. East
Lansing, M1 2014,

Volumetric Water Content (0-100%)
2014 Treatment
28-May 5-Jun  9-Jun 16-Jun 23-Jun 30-Jun  7-Jul 14-Jul 21-Jul 28-Jul 4-Aug 11-Aug  18-Aug  25-Aug 2-Sep

Species ABG 25b® 256b 255b 235 285b 262 265b 2450 24.1 23201 239 251b 245 24b 25b
S CBG  264a 274a 273a 248 315a 281 29a 264 a 263 269 a 26.1 27.7a 25.8 267 a 28.1a
LSD
(P=0.05)* 1 1 1.2 NS L6 NS 1.3 1.8 NS 2 NS 2.4 NS 2.2 1.9
Iitigation 8 253 258 26 211c 286b 236¢ 253b  215¢ 192¢ 194 ¢ 18 ¢ 197 ¢ 184 ¢ 187 ¢ 217 ¢
0 12 254 266 263 233b 293b 265b 269b 249b 255b 2570 258 b 271b 264 b 265b 274 b
16 264 211 27 282a 321a 3l4a 3lla 30a 309 a 30a 3l.1a 324 a 307 a 309 a 306 a
LSD
(P=0.05) NS NS NS 1.7 24 2.1 1.9 2.1 2.5 3 35 3 26 3 32
SxI NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
Low  255b 263ab 26 243 30.1 27.1 275  256ab 25.1 24.9 25 ab 263 253 252 26.5
Traffic  Moderate 266a 272a 272 249 309 28 285 26.1a 26.2 26.4 269 a 279 26.7 26.6 275
(M Control  251b  26b  26.1 233 29.1 26.5 273 24.7b 243 238 23b 25 235 243 25.7
LSD
(P=0.05) 0.6 0.9 NS NS NS NS NS 0.7 NS NS 28 NS NS NS NS
SxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
SxIXT NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P < 0.05.
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Figure 4. Volumetric water content (VWC) of annual bluegrass (ABG) and creeping bentgrass
(CBG) under 8, 12 and 16% irrigation treatments from the surface to a 12.2 cm depth in 2013,
results obtained 26 August in East Lansing, MI. Different letters indicate significant differences
among irrigation treatments within the given day; Fisher’s least significant difference at P < 0.05.
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Relative water content

On one date in 2014, a species X irrigation interaction was significant with CBG having
higher RWC at the 8% irrigation treatment when compared with ABG at the 8% irrigation
treatment in 2014 (Figure 5A). In 2013, species had a significant effect on three dates in which
CBG had higher RWC’s when compared with ABG (Table 6). Research conducted on annual
grasses (annual ryegrass and ABG) and perennial grasses (perennial ryegrass and rough
bluegrass) showed that annual grasses had more of a pronounced decrease in RWC when
compared to perennial grasses in response to drought stress (Yang et al., 2014) There were three
dates which a significant traffic x irrigation interaction occurred (Figure 5B) concluding that the
moderate traffic at the 8% irrigation treatment had higher RWC when compared with the control
at the 8% irrigation treatment on all three dates. This could be due to an increase soil water
content due to compaction from traffic treatments. Agnew and Carrow (1985) explain that an
increase in soil compaction on Kentucky bluegrass plots can increase soil moisture content in a
sandy loam soil. The results from the current experiment demonstrate that traffic treatments
increasing soil VWC under a deficit (8%) irrigation treatment. This can then be correlated to an
increase in leaf internal water status (RWC). Future experiments could quantify compaction in a

USGA sand based root putting green from traffic treatments and make correlations to leaf RWC.
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Table 6. Effects of species (S), irrigation (1), and traffic (T) treatments on leaf relative water
content in East Lansing, MI. 2013.

2013 Treatment

Relative water content (0-100%)

7-Jun  18-Jun 2-Jul 9-Jul 16-Jul 23-Jul 30-Jul 6-Aug 20-Aug 3-Sep
Speci
pg)‘es ABG 844 745 84 755b 648b 701D 69.8 76.9 79.1 725
CBG 82.7 76.9 84.1 90.5 a 70.7 a 75.7 a 73.8 80.3 80.1 74.6
LSD
(P=0.05) NS NS NS 11.8 5.7 4.8 NS NS NS NS
. 8 83 79.1 82.9 86 70.7 70.3 71.7 77.8 755 b 725
Irrigation
o 12 85 75.2 85.8 74.9 63.6 70.7 70.7 783 80.6 a 73.9
16 82.6 72.9 83.4 88.1 68.9 77.7 72.9 79.7 82.7a 743
LSD
(P=0.05) NS NS NS NS NS NS NS NS 1.1 NS
SxI NS NS NS NS NS NS NS NS NS NS
Low 83.6 77.3 84.2 78.7 68.6 72.5 73.4 78.4 812 a 74.6 a
Traffic ~ Moderate 833 75.9 81.8 87.1 65 75.2 69.6 76.3 759 b 712 b
)] Control 83.7 73.7 86.1 83.2 69.6 70.9 723 81.1 818 a 749 a
LSD
(P=0.05) NS NS NS NS NS NS NS NS 23 1.8
SxT NS NS NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS NS NS
SxIxT NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P <0.05.
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Figure 5. Leaf relative water content (RWC) of (A) species X irrigation interaction in 2014,
results obtained 7 August. East Lansing, MI and (B) irrigation x traffic interaction in 2014,
results obtained 7 August, 15 August, and 25 August. East Lansing, MI. Different letters indicate
significant differences among irrigation treatments within a given day; Fisher’s least significant
difference at P <0.05.
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NDVI

A species X irrigation interaction occurred on three dates in 2013 and on three dates in
2014 (Figure 6A and B). CBG at the 8, 12 and 16% irrigation treatments had higher NDVI than
ABG at 8, 12 and 16% irrigation treatments in 2013 and 2014. On one date (30 June, 2014),
there was a species x traffic interaction. CBG and ABG had higher NDVI values under the non-
trafficked control treatment when compared to the moderate traffic treatment (Figure 7). In 2013
and 2014, CBG had higher NDV1 values when compared with ABG on all dates data were
significant (Table 7 and 8). Irrigation treatments were significant on six dates in 2013 and one
date in 2014. The 16% irrigation treatment had higher NDV1 when compared with the 8%
irrigation treatment in 2013 and 2014 (Table 7 and 8). Traffic treatments had a significant effect
on six dates in 2013 with the moderate traffic treatment having lower NDVI values when
compared to the non-trafficked. NDVI measurements are highly correlated to visual shoot
density, quality, and color of seashore paspalum (Paspalum vaginatum Swartz) and hybrid
bermudagrass (Cynodon dactylon) (Trenholm et al., 1999). However, there is limited research on
comparing NDVI values of ABG to CBG under irrigation and traffic treatments. The results
from the current research show that traffic treatments and irrigating to an 8% irrigation treatment
on a USGA sand based putting green decrease NDVI1 values, which could be a result from

decreased shoot density.
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Table 7. Effects of species (S), irrigation (I), and traffic (T) treatments on normalized difference vegetation index (NDVI) East

Lansing, M1 2013.

NDVI (0.000-1.000)
2013 Treatment

24-Jun  1-Jul 8-Jul  22-Jul  29-Jul 5-Aug 13-Aug 19-Aug 26-Aug  3-Sep 10-Sep 16-Sep
Species ABG  0677b" 0663b 0677b 059b 0660b 0665b 0674b 0.68l1b 0679b 0.743b 0754 b 0.754 b
(S) CBG 0706 a 0.683a 0.701a 0636a 0708a 0720a 0.710a 0706a 0.703a 0.755a 076l a 0.771 a
LSD
(P=0.05)* 0.009 0.010 0012 0.029 0008 0011  0.009 0.008 0.010 0.007 0.007 0.007
Jnrigation 8 0.686  0.669 0.688 0614 0680 068  0.692 0.686 0.688 0.746 0.752 b 0.761
0 12 0691 0675 068 0615 068 0695  0.691 0.699 0.696 0.752  0.759 ab 0.760
16 0.698  0.675  0.693  0.617  0.686  0.697  0.694 0.695 0.689 0.749 0.761 a 0.767
LSD
(P=0.05) NS NS NS NS NS NS NS NS NS NS 0.007 NS
SxI NS NS NS NS NS NS * NS NS * NS *
Low 0691 0671ab 068 0622 0687a 0697a 0694b 0693 0694a 0.756a 0.760 0.763 ab
Traffic (T) Moderate 0683 0669b 0685 0612 0665b 0675b 0677c¢ 0685 0673b 0733 D 0.744 0.750 b
Control  0.700  0.679a 0.696  0.613 0.700a 0.705a 0.706a  0.703 _ 0.706 a _ 0.758 a 0.769 0.774 a
LSD
(P=0.05) NS 0.003 NS NS 0.015  0.008  0.007 NS 0.019 0.016 NS 0.013
SxT NS NS NS NS NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS NS NS NS NS
SxIxT NS NS NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P <0.05.
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Table 8. Effects of species (S) irrigation (1), and traffic (T) treatments on normalized difference vegetation index (NDVI) East Lansing,
MI 2014.

NDVI (0.000-1.000)

2014 Treatment
5-Jun  16-Jun  25-Jun  30-Jun 7-Jul  21-Jul  28-Jul  11-Aug 18-Aug  25-Aug 4-Sep
ABG 0.699 0.741 0.760 b* 0.769 0.751 b 0.727 0.726b  0.715b 0.723 0.731 0.724

Species (S)
CBG 0.703 0.740 0.772 a 0.772  0.768 a 0.708 0.739a 0.733 a 0.739 0.747 0.725

LSD
(P=0.05)* NS NS  0.007 NS  0.013 NS  0.009 0.016 NS NS NS
Irrication 8 0699 0739 0763 0.763b 0753 0680 0.711b 0.692b 0698b 0.723b 0.721 ab
0 12 0.703 0739 0768 0.773a 0758  0.740 0.738ab 0.740a 0.746a 0.748a 0.705b
16 0.701 0742 0768 0.776a 0767 0733 0.747a 0740a 0.750a 0.747a 0.748 a
LSD
(P=0.05) NS NS NS  0.007 NS NS  0.028 0.034 0.037 0.017 0.026
SxI NS * NS NS * NS * NS NS NS NS
Low 0.704 0742 0769 0.766b 0762  0.734  0.733 0.732 0.727 0.738 0.724
Traffic (T) Moderate 0.704 0738 0766 0.768b  0.757  0.692  0.737 0.722 0.731 0.739 0.730
Control 0.695 0740  0.764 0.778a  0.761  0.727  0.728 0.718 0.736 0.741 0.720
LSD
(P=0.05) NS NS NS 0.005 NS NS NS NS NS NS NS
SxT NS NS NS NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS NS NS NS
SxIxT NS NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P <0.05.
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Figure 6. Normalized difference vegetation index (NDV1) of species x irrigation interaction in
(A) 2013, results obtained 13 August, 3 September, and 16 September. East Lansing, MI. and
(B) 2014, results obtained 16 June, 7 July, and 28 July. East Lansing, MI. Different letters
indicate significant differences among irrigation treatments within a given day; Fisher’s least
significant difference at P <0.05.
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Figure 7. Normalized difference vegetation index (NDVI) of species x traffic interaction in 2014,
results obtained 30 June. East Lansing, MI. Different letters indicate significant differences
among irrigation treatments within a given day; Fisher’s least significant difference at P < 0.05.
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Chlorophyll content

In 2013 and 2014, canopy chlorophyll content was significantly different between
species. CBG had higher chlorophyll content than ABG on all dates when significant differences
were detected (Figure 8A and B). Significant differences were not detected among irrigation and
traffic treatments. No interactions existed among treatments. These results are supported by
previous research showing that CBG has naturally higher chlorophyll content when compared to
ABG grown in 5:3:1, v/v/v (sandy loam:sand:peat moss) soil under greenhouse conditions
(Gaussoin et al., 1997). The results from the current research show that CBG has greater
chlorophyll content when compared to ABG under traffic and irrigation treatments on a USGA

sand based putting green.
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Figure 8. Relative chlorophyll content of annual bluegrass (ABG) and creeping bentgrass (CBG)
in (A) 2013 and (B) 2014. East Lansing, MI. Vertical least significant difference (LSD) bars
represent Fisher’s least significant difference values (P < 0.05) for irrigation treatment
comparison at a given day.
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Electrolyte leakage

No significant differences were found between species, irrigation, or traffic treatments in
2013. Four dates in 2014 had a significant species x irrigation interaction. ABG had higher EL at
the 8% irrigation treatment when compared with CBG at the 8% irrigation treatment (Figure 9).
Yang et al. (2014) shows that annual grass species (annual ryegrass and ABG) are more
susceptible to abiotic stresses, such as heat stress, and have increased EL when compared with
perennial grass species (perennial ryegrass and rough bluegrass). The results from the current
research show that ABG has lower membrane stability (higher EL) compared to CBG under an
8% irrigation treatment in a USGA sand based putting green, which simulates a water deficit

situation.
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Figure 9. Electrolyte leakage (EL) of species x irrigation interaction in 2014, results obtained 31 July, 8 August, 15 August, and 19
August. East Lansing, MI. Different letters indicate significant differences among irrigation treatments within a given day; Fisher’s
least significant difference at P < 0.05.
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Turfgrass quality

Significant species X irrigation interaction occurred on one date in 2013, which shows
that as the irrigation treatment increases (8% < 12% < 16%), ABG turfgrass quality decreases.
CBG turfgrass quality was not affected by irrigation treatments. (Figure 10A). In 2014, there was
a significant species x irrigation interaction on one date. On 7 July, CBG at 12 and 16%
irrigation treatments had higher turfgrass quality than ABG at the 12 and 16% irrigation
treatments respectively (Figure 10B). Species treatments were significant on ten dates in 2013
(Table 9) and on six dates in 2014 (Table 10) in which CBG had higher turfgrass quality than
ABG. This is consistent with previous research showing that wear from mechanical stress and
foot traffic decreased turfgrass quality in CBG cultivars on a USGA sand based putting green
(Young et al., 2015). On two dates, an irrigation x traffic interaction occurred. On these dates, as
the amount of traffic applied at each irrigation treatment increased, turfgrass quality deceased.
(Figure 11). Irrigation treatment had a significant effect on turfgrass quality which shows that the
12 and 16% irrigation treatments had greater turfgrass quality than the 8% irrigation treatment
(Table 9 and 10). Traffic treatment effects were significant on thirteen dates in 2013, in which
the control and low traffic treatment had higher turfgrass quality than the moderate traffic
treatment (Table 9 and 10). Previous research support this since traffic to a bermudagrass
fairway decreased turfgrass quality at 0.6, 0.45, 0.3, and 0.0 x ET replacement irrigation
treatments on a fine sandy loam soil (Hejl et al., 2016). Results from the current research show
that higher turfgrass quality can be associated with increased membrane stability (lower EL) and
higher water retention in leaf tissue (RWC) which were all characteristics of CBG when

compared to ABG on a USGA sand based putting green.
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Table 9. Effects of species (S), irrigation (1), and traffic (T) treatments on turfgrass quality. East Lansing, M1 2013.

2013 treatment

Turfgrass Quality (1-9)

24-Tun  1-Jul  8-Jul  15-Jul  22-Jul 29-Jul 5-Aug 13-Aug 19-Aug 26-Aug  5-Sep 11-Sep 16-Sep 24-Sep
Species ABG 6 6.7 66 61b* 49b 5b 54b 57b  61b 6.1b 6.8 6b 6b 6.2
(S) CBG 6.3 6.7 69 66a 7Jla 68a 69a 69a 7Tla 69a 7.2 6.7a 6.8 a 6.3
LSD
(P=0.05)* NS NS NS 0.5 0.6 0.5 04 0.4 0.4 0.4 NS 0.4 0.3 NS
Tirigation 8 59 6.6 6.6 6.2 59 6 6.2 6.1 6.5 6.3 7 59b 62b 6.1
o 12 6.3 6.7 6.6 6.3 6.1 5.9 6.2 6.4 6.7 6.7 7.1 6.8 a 6.6 a 6.4
16 6.3 6.9 6.9 6.6 6 5.7 6 6.3 6.7 6.6 6.9 6.3 ab 6.4 ab 6.3
LSD
(P=0.05) NS NS NS NS NS NS NS NS NS NS NS 0.5 0.3 NS
SxI NS NS NS NS NS NS * NS NS NS NS NS NS NS
Low 61 67b Ta 6.1 62a 6la 63a 66b 69a 69b 73a 6.8 a 6.7a 6.6 a
Traffic  Moderate 58 61c¢ 359b 64 354b 51b  52b  49¢  57b  32¢ 59b 51b 51b 53b
(D) Control 6.7 74 a 72 a 6.6 6.5a 6.5a 6.9 a 73a 73a 7.4 a 7.8 a 7.2 a 74 a 6.9 a
LSD
(P=0.05) NS 0.3 0.4 NS 0.4 0.4 0.9 0.6 0.4 1.1 1.2 0.7 0.6 0.6
SxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS NS NS NS NS * *
SxIxT NS NS NS NS NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively

" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P < 0.05.
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Table 10. Effects of species (S), irrigation (1), and traffic (T) treatments on turfgrass quality. East Lansing, M| 2014.

Turfgrass Quality (1-9)
2014 treatment
6-Jun 10-Jun 25-Jun 30-Jun 7-Jul  14-Jul  22-Jul  28-Jul  5-Aug 19-Aug 27-Aug

Species ABG 6.5 6.1 7 716 69b 6.9 62b  59b 56D 5.6 5.8
(S) CBG 71 58 74  76a 74a 13 71a  68a 63a 56 56
LSD
(P=0.05) 0.5 NS NS 0.3 0.4 NS 0.4 0.6 0.6 NS NS
Irrigation 8 6.6 50  71b 73 7.1 67b 58b  53b  48b 45b 47b
0 12 6.7 59  71b 73 7.1 7 ab 69a 67a 63a 59a 6.2 a
16 7.1 6.1 76a 74 7.2 76a  7la 7a 6.8 a 6.4 a 6.1 a
LSD
(P=0.05) NS NS 0.3 NS NS 0.6 0.7 1.3 1 0.9 0.9
SxI NS NS NS NS * NS NS NS NS NS NS
Low 68 58b 73a 74 7.3 7.2 6.7 6.4 5.9 5.9 6.2
Traffic ~ Moderate 6.9 66a 76a 6.9 6.7 6.8 6.3 6.2 6.1 52 5.1
() Control 6.6 55b  6.8b 7.7 7.3 7.2 6.8 6.4 58 58 5.8
LSD
(P=0.05) NS 0.4 0.4 NS NS NS NS NS NS NS NS
SxT NS NS NS NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS NS NS NS
SxIxT NS NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P <0.05.
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Figure 10. Turfgrass quality of species x irrigation interaction in (A) 2013, results obtained 5
August. East Lansing, MI. and (B) 2014, results obtained 7 July. East Lansing, MI. Different
letters indicate significant differences among irrigation treatments within a given day; Fisher’s
least significant difference at P < 0.05.
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Figure 11. Turfgrass quality of irrigation x traffic interactions in 2013, results obtained 16
September and 24 September. East Lansing, MI. Different letters indicate significant differences
among irrigation treatments within a given day; Fisher’s least significant difference at P < 0.05.
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Ethylene gas evolution

There was a significant species x irrigation interaction on one date in 2013. ABG had
greater ethylene production at the 8 and 16% irrigation treatment when compared to the 12%
irrigation treatment (Figure 12A). Other species (alfalfa and rice) produce more ethylene under
drought and partially submerged conditions (Irigoyen et al., 1992, Metraux and Kende, 1983).
There were two dates a species X traffic interaction occurred. ABG produced more ethylene on
the non-trafficked plot when compared to CBG on the non-trafficked plot in 2013 (Figure 12B)
and ABG under moderate traffic produced greater ethylene than CBG under moderate traffic in
2014 (Figure 13). Other stress experiments observed ethylene production in CBG to increase
under abiotic stress (salinity) when compared with non-stressed plants (Krishnan and Merewitz,
2015). Exogenous application of ethylene gas to CBG resulted in no quality or density
differences when compared to non-ethylene treated plants (Strunk, 2015; Karcher 2011). Our
results show that an abiotic stress, such as simulated traffic, can increase ethylene gas production

in ABG on a USGA sand based putting green.

In 2013, species had a significant effect on one date with ABG producing more ethylene
when compared to CBG (Table 11). Irrigation treatments were significant on two dates in 2013
and on one date in 2014. On both dates in 2013 the 16% irrigation treatment had greater ethylene
production when compared to 8% irrigation treatment (Table 11). However, in 2014 the 8%
irrigation treatment had greater ethylene production than the 16% irrigation treatment (Figure
13). Ethylene is known as a stress response hormone. Research has shown that under abiotic
stress conditions (drought and flooding) ethylene gas production can be elevated. Banga et al.
(1996) describes that completely submerged R. acetosella plants have lower ethylene release

than non-submerged plants. Metraux and Kende (1983) found that partially submerging a plant
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(rice) increases ethylene released. Research on alfalfa leaves describe that under slight drought
stress, ethylene evolution is highly stimulated while under severe drought stress ethylene
evolution was inhibited (Irigoyen et al., 1992). Traffic treatment effects were significant on one
date in 2014, with the moderate traffic treatment having greater ethylene production than the low
and control treatments in 2014 (Table 12). There is limited to no research showing ethylene
production in ABG and CBG. Our results are some of the first to report measuring ethylene gas
production from these species under traffic and irrigation treatments on a USGA sand based
putting green. Results show that ABG produces more ethylene than CBG under 8 and 16%
irrigation treatments. Ethylene gas production increased as the amount of traffic applied to ABG
plot areas increased. This shows that abiotic stress from irrigation and traffic treatments increases
ethylene production in ABG when compared to CBG. Ethylene evolution may be a viable and

informative method to evaluate stress levels on putting greens and in other turfgrass systems.
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Table 11. Effects of species (S), irrigation (1), and traffic (T) treatments on ethylene production.
East Lansing, M1 2013.

Ethylene Production (ppb/min)
2013 treatment

20-Jun 11-Jul 1-Aug 9-Aug  15-Aug 21-Aug 29-Aug 5-Sep 11-Sep 18-Sep 25-Sep
Species (S) ABG 11.3 9.1 1.4 2 3.2 4.7 11.4 3.8 7.1 5.1a 5.4
CBG 7.5 6.2 1.3 1.7 3.5 4.1 11.2 4.1 6.2 3.1b 4.6

LSD
(P=0.05) NS NS NS NS NS NS NS NS NS 1.7 NS
Ierieation 8 9.5 8.3 0.9 1.3 2.8 4.2 9.6 3.1b 5.8 3.6 4.3 b
& (l) 12 5.2 7.6 2.1 2.2 2.3 4.3 13.7 43a 7.3 2.6 5a
16 13.6 7 1.1 2 4.9 4.8 10.7 443 6.9 6.2 5.7a

LSD
(P=0.05) NS NS NS NS NS NS NS 1.2 NS NS 1.3
SxI * NS NS NS NS NS NS NS NS NS NS
Low 9.7 8.4 1.7 2.4 4.2 4.9 11.3 6.3 9.1 3.9 4.4
Moderate 8.4 8.1 1.7 2.2 2.7 5.6 13.1 1.3 5.9 5.2 6.8

Traffic (T)
Control 10.2 6.5 0.7 0.9 3.2 2.8 9.5 4.2 5 3.3 3.8

LSD
(P=0.05) NS NS NS NS NS NS NS NS NS NS NS
SxT * NS NS NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS NS NS NS
SxIxT NS NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P < 0.05.
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Figure 12. Ethylene gas production of (A) species X irrigation interaction in 2013, results
obtained 20 June. East Lansing, MI. and (B) species x traffic interaction in 2013, results
obtained 20 June. East Lansing, MI. Different letters indicate significant differences among
irrigation treatments within a given day; Fisher’s least significant difference at P < 0.05.
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Table 12. Effects of species (S), irrigation (1), and traffic (T) treatments on ethylene production.
East Lansing, M1 2014.

Ethylene production (ppb/min)
2014 treatment

19-Jun 10-Jul 22-Jul 6-Aug 28-Aug 18-Sep

Species (S)
ABG 6 10.6 113 145 11.1 9.7
CBG 7.8 7.9 8 13.5 9.6 10.7

LSD
(P=0.05) NS NS NS NS NS NS
8 8.4 av 13.9 123 14.9 12.6 7.6
Irrigation (I) 12 74 a 7.6 6.8 12.9 7.8 7.6
16 4.8b 5.9 9.9 14.1 10.7 15.3

LSD
(P=0.05) 28 NS NS NS NS NS
SxlI NS NS NS NS NS NS
Low 6.9 8.3 8.1b 125 10.8 103

Moderat

Traffic (T) oderate 73 7.9 13a 17.8 116 12.9
Control 6.4 11.5 7.8b 11.6 8.7 73

LSD
(P=0.05) NS NS 43 NS NS NS
SxT NS NS NS NS NS NS
IxT NS NS NS * NS NS
SxIxT NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
“ Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P < 0.05.
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Figure 13. Ethylene gas production of species X traffic interaction in 2014, results obtained 6
August. East Lansing, MI. Different letters indicate significant differences among irrigation
treatments within a given day; Fisher’s least significant difference at P < 0.05.

47



Root length

There was significant traffic x irrigation interaction on four dates in 2013. Low trafficked
plots under a 12% irrigation treatment had longer roots when compared to the control traffic
treatment at the 12% irrigation treatment. The low traffic at 8% irrigation treatment had longer
roots on one date when compared to low traffic at 12 and 16% irrigation treatments (Figure 14A
and 14B). Through the use of a brinkman traffic simulator, root length of L. perenne cultivars
was increased under traffic conditions when compared to non-trafficked plots (Glab and
Szewczyk, 2015). Qian and Fry (1996) found that zoysiagrass (Zoysia japonica Steud) watered
everyday (100% ET replacement) had shorter root lengths when compared with turf watered
after onset of leaf rolling (infrequently watered to 100% cumulative daily ET). Root lengths
under low traffic treatments at an 8 and 12% irrigation treatment were greater when compared

with other traffic and irrigation treatments.

In 2013, effects of species on root length were significantly different on all dates. CBG
had longer roots than ABG (Table 13). This is consistent with previous research showing CBG
had longer roots than ABG under fairway conditions in a loamy sand soil (Murphy et al., 1994).
Irrigation treatments had a significant effect on root length on two dates in 2013 and one date in
2014. The 8% irrigation treatment had longer roots than the 16% irrigation treatment (Table 13
and 14). Traffic treatments were significantly different on five dates in 2013. This shows that
moderately trafficked plots had shorter root lengths when compared with control plots while the
low traffic treatment was no different from the control (Table 13). There is limited research
pertaining to rooting lengths comparing ABG to CBG under traffic treatments in a USGA sand
based soil. Our results indicate that traffic treatments at a moderate rate, negatively affect rooting

length in a USGA sand based soil while low traffic treatments increased root length when
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compared to a non-trafficked control. Future research may investigate the role of sand content

and distribution in a soil on rooting length of ABG and CBG.
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Table 13. Effects of species (S), irrigation (1), and traffic (T) treatments on root length. East Lansing, MI 2013.

Rootlength (cm.)
2013 Treatment

14-Jun 18-Jun 27-Jun  4-Jul 11-Jul 17-Jul 25-Jul 1-Aug 9-Aug 15-Aug 21-Aug 29-Aug
Species ABG 38b 5b 6b 6.7b 71 78b  9.1b 96b 105b 11b 118b 124 b
(S) CBG 111a 117a 137a 141a 148a 151a 152a 155a 15.6 a 154 a 157 a 15.6 a
LSD
(P=0.05) 27 27 2.6 2 2.2 1.9 1.9 2 2 1.8 1.6 1.8
Inrigation 8 89 a 92 1lla 118 12 12.4 12.7 133 13.8 13.6 143 14
0 12 73ab 82 92b 9.8 10.1 10.5 11.7 115 11.6 12.1 12.9 13.4
16 61b 77 93b 95 10.8 11.5 12 13 13.8 13.9 14 14.6
LSD
(P=0.05) 2 NS 1.6 NS NS NS NS NS NS NS NS NS
Sx1I NS NS NS NS NS NS NS NS NS NS NS NS
Low 73 84 104 118a 115 122 13.4 135a 14.1 a 14.1 152 a 154 a
Traffic =~ Moderate 7.7 88  10.1 97b 105 1.1 11.6 116 ¢ 122 b 12.6 125b 124 b
€Y) Control 73 8 9.1 97b 10.8 11.1 11.4 12.6 b 129 b 12.9 13.5b 142 a
LSD
(P=0.05) NS NS NS 1.5 NS NS NS 0.8 0.9 NS 1.8 1.4
SxT NS NS NS NS NS NS NS NS NS NS NS NS
IxT NS * NS NS NS NS * * NS NS * NS
SxIxT NS NS NS NS NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P < 0.05.
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Table 14. Effects of species (S), irrigation (1), and traffic (T) treatments on root length. East Lansing, MI 2014.

Rootlength (cm.)
2014 Treatment
26-Jun  9-Jul 15-Jul 21-Jul 29-Jul 6-Aug 14-Aug 20-Aug

Species ABG 135 134 13 12.5 13 13 13 12.9
(S) CBG 132 133 13.3 11 13 13 13.5 13.5
LSD

(P=0.05)% NS NS NS NS NS NS NS NS

Trrigation 8 125 136 13 123 ab* 134 12.8 13.1 132
0 12 132 139 138 136a 13.7 13.7 14.2 13.8

16 144 125 126 94 b 11.9 12.5 12.5 12.6
LSD

(P=0.05) NS NS NS 1.9 NS NS NS NS

SxI NS NS NS NS NS NS NS NS
Low 125 137 137a 12 13.8 13.7 13.7 13.7

Traffic Moderate  13.5 13 134 a 12.2 12.5 13 13.4 13.1
(T) Control 14 133 124b 111 12.8 12.3 12.6 12.9
LSD

(P=0.05) NS NS 0.3 NS NS NS NS NS
SxT NS NS NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS NS

SxIxT NS NS NS NS NS NS NS NS

** and NS indicate significant and not significant at the 0.05 level of probability, respectively
" Within columns, means followed by the same letter not significantly different;
Fisher’s least significant difference at P < 0.05.
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Figure 14. Root lengths of irrigation x traffic interactions in 2013, results obtained (A) 18 June
and 25 July and (B) 1 August and 21 August. East Lansing, MI. Different letters indicate
significant differences among irrigation treatments within a given day; Fisher’s least significant
difference at P < 0.05.
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Root mass

During the summer of 2013, species had a significant effect on root biomass. CBG had
significantly higher root biomass compared to ABG (Figure 15A). This agrees with Lyons et al.,
(2011) which found that CBG had greater root biomasses than that of ABG in a two-year
experiment. Our results indicate that ABG had less total root biomass when compared to CBG

in a USGA sand based root zone.

In 2014, two dates had a significant species x irrigation interaction. On June 8, ABG at
8% irrigation target had greater root biomass than CBG at the 8% irrigation target. On June 25,
ABG had greater root biomass at the 12% irrigation target when compared to CBG at the 12%
irrigation target (Figure 15B). Wilkinson and Duff (1972) determined ABG has comparable
rooting habits to that of CBG. The current research shows that under certain conditions (8 and
12% irrigation treatments), ABG can have greater root biomasses when compared to CBG in a
USGA sand based root zone. Future experiments may further investigate rooting attributes of
CBG and ABG in different soil types to determine optimal soil characteristic for greatest root

biomass between species.
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Figure 15. Root masses of (A) annual bluegrass (ABG) and creeping bentgrass in 2013. East
Lansing, MI. Vertical least significant difference (LSD) bars represent Fisher’s least significant
difference values (P < 0.05) for irrigation comparison at a given day and (B) species x irrigation
interaction, results obtained 8 June and 25 June, 2014. Different letters indicate significant
differences among irrigation treatments within a given day; Fisher’s least significant difference
at P <0.05.
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Annual bluegrass invasion

In 2013 and 2014, moderate and low traffic treated CBG plots had higher ABG invasion
when compared to the control. The low traffic treatment also had significantly greater ABG than
the control (Table 15). On one date in 2013, the 12% irrigation CBG plots had more ABG than
the CBG plots irrigated to 16%. In 2014, the 8% treatment irrigation had greater ABG invasion
within CBG plot areas when compared to the 12 and 16% treatment irrigation treatments (Table
2). This is contrary to previous research. Using automated irrigation with a tensiometer had less
ABG invasion into bermudagrass plots when compared to manually scheduling irrigation in a

sandy loam soil (Youngner et al., 1981).

ABG invasion was likely to occur when CBG is under stress (irrigation of traffic), which
is associated with significant thinning of the turf canopy. For instance, CBG could not maintain
adequate shoot density under moderate traffic treatments (measured through NDVI). This could
result in light penetrating through the thinning CBG canopy and to allow for ABG seed
germination. The results from the current research show that irrigation treatments did not affect
ABG invasion into CBG plots; however, increasing traffic treatments strongly correlated to

increasing ABG invasion into CBG plots within a USGA sand based putting green.
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Table 15. Effects of irrigation (1) and traffic (T) treatments on annual bluegrass invasion into creeping bentgrass plots. East Lansing,
MI 2013 and 2014.

Percent annual bluegrass invasion®*  (0-100%)

Treatment
Level 6/13/13 7/22/13 8/20/13 5/28/14 7/23/14 8/19/14
8% 17.5 19.7 be 438 356 a 39.5 492
Irrigation (I) 12% 20.6 236a 435 274 ¢ 38.8 449
16% 15.0 177 b 41.7 324D 40.1 48.8
LSD (P=0.05) NS 2.1 NS 23 NS NS
Control 17.5 159 ¢ 313 ¢ 227 ¢ 254 ¢ 32.0¢
Traffic (T) Low 18.6 200D 376D 209D 347b 385b
Moderate 17.0 249 a 40.1 a 426 a 483 a 523 a
LSD (P=0.05) NS 2.2 4.6 34 3.1 2.7
IxT NS NS NS NS NS NS

* and NS indicate significant and not significant at the 0.05 level of probability, respectively

“ Within columns, means followed by the same letter not significantly different; Fisher’s least significant
difference at P <0.05.

* Number of annual bluegrass plants found per 441 line-intersections.
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CONCLUSIONS

In both 2013 and 2014, irrigation and traffic treatments had a significant impact on ABG
and CBG physiological characteristics. The 12% irrigation treatment produced adequate
turfgrass quality and leached significantly less water through the root zone when compared to the
16% irrigation treatment. This could help conserve fresh water which has become increasingly
limited around the world. VWC measurements from the surface to a 3.8 and 12.2 cm depth
revealed that CBG had higher VWC when compared to ABG. This could be associated with the
finding that CBG had greater root biomass and longer root lengths when compared to ABG. As
expected, the 16% irrigation treatment caused plots to have greater VWC than the 8% irrigation
treatment. Traffic also had an effect on VWC since moderate traffic treatment had higher VWC
in both 2013 and 2014 when compared to the control. This could be due to compaction from
simulated foot traffic reducing pore spaces within the USGA sand based root zone; however,

further research that quantified compaction from simulated foot traffic would be required.

Turfgrass quality was observed to be greater in CBG when compared to ABG under
irrigation and traffic treatments. This can be correlated to CBG having greater membrane
stability, higher leaf internal water status, greater chlorophyll content, and a higher NDVI when
compared to ABG. Moderately trafficked plot areas had lower NDVI when compared to non-
trafficked plots. These results indicate that traffic treatments can decrease shoot density resulting
in lower NDVI. This could result in an increase in ABG invasion in CBG plot areas by allowing

light to penetrate through the thinning CBG canopy and allow for ABG seed germination.
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Ethylene gas production varied under irrigation and traffic treatments in ABG and CBG.
Results show that ABG produces greater amounts of ethylene under an 8% and 16% irrigation
treatment when compared to CBG. Moderate traffic treatments increased ethylene gas
production. Deficit irrigation, excessive irrigation, and traffic increased ethylene gas production.
The direct in-field measurement of ethylene gas production method used in this study may be a
viable method to quantify ethylene gas evolution from turfgrass canopies. Measurement of
ethylene in the field may be a way to detect turfgrass stress incidence and could be a good
indicator of turfgrass stress levels on putting greens. A more in depth analysis of ethylene gas
production under other abiotic stress conditions may be warranted to investigate the role of
ethylene gas within CBG and ABG. Future studies would be needed to further investigate the

utility of ethylene measurement in various turfgrass systems.
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APPENDIX

Table 16. Analysis of variance (AOV) table for water leachate volumes of species (S), irrigation (1), and traffic (T) treatments in 2013,
results obtained at HTRC, East Lansing, MI.

Sampling date

2013 treatment
df 6/21 6/28 7/4 7/11 7/18 7125 8/1 8/7 8/21 9/5 9/12
rep )
Species (S) 1 NS NS NS NS NS NS NS NS NS NS NS
Irrigation
(|) 2 * * * * * * * * * * *
Sxl 2 NS NS NS NS NS NS NS NS NS NS NS
W.P. error 10
Traffic (T) 2 NS NS NS NS NS NS NS NS NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS
IxXT 4 NS NS NS NS NS NS NS NS NS NS NS
SXIXT 4 NS NS NS NS NS NS NS NS NS NS NS

S. P Error 24

Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 17. Analysis of variance (AOV) table for water leachate volumes of species (S), irrigation (1), and traffic (T) treatments in 2014,
results obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 10-Jun 16-Jun  3-Jun 7-Jul  14-Jul 22-Jul 28-Jul 5-Aug 11-Aug  18-Aug  25-Aug
rep 2
Species (S) 1 NS NS NS NS NS NS NS NS NS NS NS
Irrigation (1) 2 * * * * * * * * * * *
Sxl 2 NS NS NS NS NS NS NS NS NS NS NS
W.P. error 10
Traffic(T) 5 NS NS NS NS NS NS NS NS NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS NS NS NS
S.PError 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively

61



Table 18. Analysis of variance (AOV) table for volumetric water content (VWC) to a 3.8 cm depth within species (S), irrigation (1),
and traffic (T) treatments in 2013, results obtained at HTRC, East Lansing, M.

Sampling date

Source of
variation
df 11-Jun  17-Jun 24-Jun  1-Jul  8-Jul 15-Jul  22-Jul 29-Jul 5-Aug 13-Aug 19-Aug 26-Aug 3-Sep 10-Sep
rep 2
Species (S) 1 * * * NS * NS * * * * NS NS NS NS
Irrigation (1) 2 NS * * * * * * * * * * * * *
SxI 2 NS NS * NS NS NS NS NS * NS NS NS NS NS
W.P. error é
Traffic (T) 2 NS NS NS NS * NS NS NS NS NS * NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS NS NS
IXT 4 NS NS NS NS NS NS NS NS NS NS NS NS NS NS
SXIXT 4 NS NS NS NS NS NS NS NS NS NS NS NS NS NS
2
S.PError 4
5
Total 3

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 19. Analysis of variance (AOV) table for volumetric water content (VWC) to a 3.8 cm depth of species (S), irrigation (1), and
traffic (T) treatments in 2014, results obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 5-Jun  9-Jun 16-Jun 23-Jun 30-Jun  7-Jul 14-Jul 21-Jul 28-Jul 4-Aug 11-Aug 18-Aug 25-Aug 2-Sep 11-Sep 15-Sep
rep 2
Species
(S) 1 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
Irrigation
(|) 2 * * * * * * * * * * * * * * * *
Sxl 2 NS * NS NS NS NS NS NS NS NS NS NS NS NS NS NS
W.P.
error 10
Traffic
(M 2 * * NS NS * * * * NS * NS NS * * NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
IXT 4 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
S. P Error 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 20. Analysis of variance (AOV) table for volumetric water content (VWC) to a 12.2 cm depth of species (S), irrigation (1), and
traffic (T) treatments in 2013, results obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation
df 11-Jun 17-Jun 24-Jun  1-Jul  8-Jul  22-Jul 29-Jul 5-Aug 13-Aug 19-Aug 26-Aug 3-Sep 10-Sep 16-Sep

rep 2
Species (S) 1 = * * * * * * * * NS * NS NS *
Irrigation
(1) 2 NS NS * * * * * * * * * * * *
Sxl 2 NS NS NS NS NS NS NS NS NS NS * NS NS NS
W.P. error 10
Traffic (T) 2 NS NS NS NS NS * NS NS NS NS * NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS NS NS NS NS NS NS
S. P Error 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 21. Analysis of variance (AOV) table for volumetric water content (VWC) to a 12.2 cm depth of species (S), irrigation (1), and
traffic (T) treatments in 2014, results obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation
df  28-May 5-Jun 9-Jun 16-Jun 23-Jun 30-Jun 7-Jul 14-Jul 21-Jul 28-Jul 4-Aug 11-Aug 18-Aug 25-Aug 2-Sep

rep 2
Species
(S) 1 * * * NS * NS % * NS * NS * Ns * %
Irrigation
0 2 NS NS NS  * * * * * * * * * * * %
Sxl 2 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
W.P. error 10
Traffic
(M) 2 * * NS NS NS NS NS * NS NS * NS NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
S. P Error 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 22. Analysis of variance (AOV) table for normalized difference vegetation index (NDV1) of species (S), irrigation (1), and
traffic (T) treatments in 2013, results obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 24-Jun  1-Jul  8-Jul  22-Jul  29-Jul 5-Aug 13-Aug 19-Aug 26-Aug 3-Sep 10-Sep 16-Sep
rep 2
Species (S) 1 * * * * * * * * * * * *
Irrigation (1) 2 NS NS NS NS NS NS NS NS NS NS NS NS
Sxl 2 NS NS NS NS NS NS * NS NS * NS *
W.P. error 10
Traffic (T) 2 NS * NS NS * * * NS * * NS *
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS NS NS NS NS
S. P Error 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 23. Analysis of variance (AOV) table for normalized difference vegetation index (NDV1) of species (S), irrigation (1), and

traffic (T) treatments in 2014, results obtained at HTRC, East Lansing, MI.

Source of variation

Sampling date

df 5-Jun 16-Jun 25-Jun 30-Jun 7-Jul 21-Jul 28-Jul 11-Aug 18-Aug  25-Aug 4-Sep
rep 2
Species (S) 1 NS NS * NS * NS * * NS NS NS
Irrigation (1) 2 NS NS NS * NS NS * * * * *
Sxl 2 NS * NS NS * NS * NS NS NS NS
W.P. error 10
Traffic (T) 2 NS NS NS * NS NS NS NS NS NS NS
SxT 2 NS NS NS * NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS NS NS NS
S. P Error 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 24. Analysis of variance (AOV) table for relative chlorophyll content of species (S), irrigation (1), and traffic (T) treatments in
2013, results obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 9-Jun  25-Jun 30-Jun  14-Jul  21-Jul  28-Jul  5-Aug 11-Aug 18-Aug 25-Aug  2-Sep  16-Sep

rep 2
Species (S) 1 * * * * * * * * * * * NS
Irrigation (1) 2 NS NS NS NS NS NS NS NS NS NS NS NS
Sxl 2 NS NS NS NS NS NS NS NS NS NS NS NS

W.P. error 10
Traffic (T) 2 NS NS NS NS NS NS NS NS NS NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS NS NS NS NS

S. P Error 24

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 25. Analysis of variance (AOV) table for relative chlorophyll content of species (S), irrigation (1), and traffic (T) treatments in
2014, results obtained at HTRC, East Lansing, Ml.

Sampling date

Source of variation

df 9-Jun  25-Jun 30-Jun  14-Jul 21-Jul  28-Jul 5-Aug 11-Aug 18-Aug 25-Aug 2-Sep  16-Sep
rep 2
Species (S) 1 * * * * * NS NS * NS * NS *
Irrigation (1) 2 NS NS NS NS NS NS NS NS NS NS NS NS
Sxl 2 NS NS NS NS NS NS NS NS NS NS NS NS
W.P. error 10
Traffic (T) 2 NS NS NS NS NS NS NS NS NS NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS NS NS NS NS
S. P Error 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 26. Analysis of variance (AOV) table for turfgrass quality of species (S), irrigation (1), and traffic (T) treatments in 2013, results
obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation
df 24-Jun  1-Jul  8-Jul 15-Jul 22-Jul 29-Jul 5-Aug 13-Aug 19-Aug 26-Aug 5-Sep 11-Sep 16-Sep 24-Sep

rep 2
Species (S) 1 * NS NS NS * * * * * * NS * * NS
Irrigation (1) 2 * NS NS NS NS NS NS NS NS NS NS * * NS
Sxl 2 NS NS NS NS NS NS * NS NS NS NS NS NS NS
W.P. error 10
Traffic (T) 2 * NS * * NS * * * * * * * * *
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS NS * *
SxIXT 4 NS NS NS NS NS NS NS NS NS NS NS NS NS NS
S. P Error 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 27. Analysis of variance (AOV) table for turfgrass quality of species (S), irrigation (1), and traffic (T) treatments in 2014, results
obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 29-May 6-Jun  10-Jun  25-Jun  30-Jun  7-Jul  14-Jul  22-Jul 28-Jul 5-Aug 19-Aug 27-Aug

rep 2

Species (S) 1 NS * NS NS * * NS * * * NS NS
Irrigation (1) 2 * NS NS * NS NS * * * * * *

Sxl 2 * NS NS NS NS * NS NS NS NS NS NS

W.P. error 10
Traffic (T) 2 * NS * * NS NS NS NS NS NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS NS
SxIxXT 4 NS NS NS NS NS NS NS NS NS NS NS NS

S. P Error 24

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 28. Analysis of variance (AOV) table for electrolyte leakage of species (S), irrigation (1), and traffic (T) treatments in 2013,
results obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 19-Jun 26-Jun  2-Jul  9-Jul 16-Jul 23-Jul 30-Jul  6-Aug 19-Aug 27-Aug  4-Sep  11-Sep
rep 2
Species
S) 1 NS NS NS NS NS NS NS NS NS NS NS NS
Irrigation
M 2 NS NS NS NS NS NS NS NS NS NS NS NS
Sxl 2 NS NS NS NS NS NS NS NS NS NS NS NS
W.P. error 10
Traffic (T) 2 NS NS NS NS NS NS NS NS NS NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS NS
SxIxXT 4 NS NS NS NS NS NS NS NS NS NS NS NS
S. P Error 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively

72



Table 29. Analysis of variance (AOV) table for electrolyte leakage of species (S), irrigation (1), and traffic (T) treatments in 2014,
results obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 16-Jun  26-Jun  2-Jul 10-Jul 16-Jul  31-Jul  8-Aug 15-Aug 19-Aug 29-Aug
rep 2
Species (S) 1 NS NS NS NS NS NS NS NS * *
Irrigation (1) 2 NS NS NS NS NS N * N * *
Sxl 2 NS NS NS NS NS * * * * NS
W.P. error 10
Traffic (T) 2 NS NS NS NS NS NS NS NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS NS NS
S. P Error 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 30. Analysis of variance (AOV) table for leaf relative water content of species (S), irrigation (1), and traffic (T) treatments in
2013, results obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 7-Jun 18-Jun  2-Jul 9-Jul 16-Jul 23-Jul 30-Jul 6-Aug 20-Aug 3-Sep

rep 2
Species (S) 1 NS NS NS * * * NS NS NS NS
Irrigation (1) 2 NS NS NS NS NS NS NS NS * NS
Sxl 2 NS NS NS NS NS NS NS NS NS NS

W.P. error 10
Traffic (T) 2 NS NS NS NS NS NS NS NS * *
SxT 2 NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS NS NS

S. P Error 24

Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 31. Analysis of variance (AOV) table for leaf relative water content of species (S), irrigation (I), and traffic (T) treatments in

2014, results obtained at HTRC, East Lansing, MI.

Sampling date

Source of
variation
df 2-Jul 16-Jul 23-Jul 1-Aug 8-Aug 15-Aug  25-Aug
rep 2
Species (S) 1 NS NS NS NS NS NS NS
Irrigation
M 2 NS NS NS NS * * *
Sxl 2 NS NS NS NS * NS NS
W.P. error 10
Traffic (T) NS NS NS NS NS * *
SxT 2 NS NS NS NS NS NS NS
IxT 4 NS NS NS NS * * *
SxIxT 4 NS NS NS NS NS NS NS
S.PError 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 32. Analysis of variance (AOV) table for ethylene gas production of species (S), irrigation (1), and traffic (T) treatments in
2013, results obtained at HTRC, East Lansing, MI.

Source of variation

Sampling date

df 17-Jul  25-Jul  1-Aug 9-Aug 15-Aug 21-Aug  29-Aug 5-Sep 11-Sep 18-Sep 25-Sep
rep 2
Species (S) 1 NS NS NS NS NS NS NS NS NS * NS
Irrigation
U] 2 NS NS NS NS NS NS NS * NS NS *
Sxl 2 NS NS NS NS NS NS NS NS NS NS NS
W.P. error 10
Traffic (T) 2 NS NS NS NS NS NS NS NS NS NS NS
SxT 2 NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS NS NS NS
SxIXT 4 NS NS NS NS NS NS NS NS NS NS NS
S. P Error 24
Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 33. Analysis of variance (AOV) table for ethylene gas production of species (S), irrigation (1), and traffic (T) treatments in
2014, results obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 19-Jun  10-Jul  22-Jul  6-Aug 28-Aug  18-Sep

rep 2

Species (S) 1 NS NS NS NS NS NS
Irrigation

M 2 * NS NS NS NS NS
Sxl 2 NS NS NS NS NS NS

W.P. error 10
Traffic (T) 2 NS NS * NS NS NS
SxT 2 NS NS NS * NS NS
IxT 4 NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS

S. P Error 24

Total 53

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 34. Analysis of variance (AOV) table for root length of species (S), irrigation (1), and traffic (T) treatments in 2013, results
obtained at HTRC, East Lansing, MI.

Source of variation

Sampling date

df 14-Jun  18-Jun  27-Jun  4-Jul 11-Jul 17-Jul  25-Jul  1-Aug 9-Aug 15-Aug 21-Aug 29-Aug

rep 2
Species (S) 1 * * * * * * * * * * * NS
Irrigation (1) 2 * NS * NS NS NS NS NS NS NS NS NS
Sxl 2 NS NS NS NS NS NS NS NS NS NS NS NS

W.P. error 10
Traffic () 2 NS NS NS * NS NS NS * * NS * *
SxT 2 NS NS NS NS NS NS NS NS NS NS NS NS
IxT 4 NS * NS NS NS NS * * NS NS * NS
SxIXT 4 NS NS NS NS NS NS NS NS NS NS NS NS

S. P Error 24

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 35. Analysis of variance (AOV) table for root length of species (S), irrigation (1), and traffic (T) treatments in 2014, results
obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 26-Jun 9-Jul 15-Jul 21-Jul 29-Jul  6-Aug 14-Aug 20-Aug

rep 2
Species (S) 1 NS NS NS NS NS NS NS NS
Irrigation (1) 2 NS NS NS * NS NS NS NS
Sxl 2 NS NS NS NS NS NS NS NS

W.P. error 10
Traffic (T) 2 NS NS * NS NS NS NS NS
SxT 2 NS NS NS NS NS NS NS NS
IxT 4 NS NS NS NS NS NS NS NS
SxIxT 4 NS NS NS NS NS NS NS NS

S. P Error 24

*and NS indicate significance at P<0.05, and not significant at P<0.05, respectively
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Table 36. Analysis of variance (AOV) table for root mass of species (S), irrigation (1), and traffic (T) treatments in 2013, results
obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 13-Jun  27-Jun  22-Jul  5-Aug  20-Aug

rep 2
Species (S) 1 * * * * *
Irrigation (1) 2 NS NS NS NS NS
Sxl 2 NS NS NS NS NS

W.P. error 10
Traffic(T) 5 NS NS NS NS NS
SxT 2 NS NS NS NS NS
IxT 4 NS NS NS NS NS
SxIxT 4 NS NS NS NS NS

S. P Error 24

*and NS indicate significance at P<0.05, and not significant at P<0.05,
respectively
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Table 37. Analysis of variance (AOV) table for root mass of species (S), irrigation (1), and traffic (T) treatments in 2014, results
obtained at HTRC, East Lansing, MI.

Sampling date

Source of variation

df 8-Jun 25-Jun  9-Jul 5-Aug  18-Aug

rep 2
Species (S) 1 NS NS NS NS NS
Irrigation (1) 2 NS NS NS NS NS
Sxl 2 * * NS NS NS

W.P. error 10
Traffic (T) 2 NS NS NS NS NS
SxT 2 NS NS NS NS NS
IxT 4 NS NS NS NS NS
SxIxT 4 NS NS NS NS NS

S. P Error 24

*and NS indicate significance at P<(.05, and not significant at P<0.05,
respectively
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