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Research

Water availability for human consumption and irrigation 
has become limited in recent years. A continuous increase 

in water demand and in drought stress during the summer months 
has reduced water availability for nonfood commodities (Hanks, 
1983). Urban landscaping, especially turfgrass, is often the first to 
face watering restrictions due to municipal irrigation rationing 
and ordinances (Ozan and Alsharif, 2013). Water requirements for 
turfgrass are based on water use rates, which are typically quan-
tified through measurements of evapotranspiration (ET) rates. 
During the growing season, ET rates of most turfgrass range 
from 3 to 8 mm d−1 and can be as high as 12 mm d−1 (Beard, 
1973). The ET rates of warm-season grasses fluctuate over time 
and have been reported to range from 0.5 mm d−1 during winter 
to 5.0 mm d−1 during late spring and early summer in a lysimeter 
study conducted in Florida (Wherley et al., 2015).

The ET rates of plants are a function of soil moisture, plant 
type, stage of plant development, and weather (Brown, 2014). 
Adequate and available soil moisture increases water consumption, 
which results in increased turfgrass water use rates (Kneebone and 
Pepper, 1984). Turfgrass water requirements vary among species 
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and among cultivars within the same species. Plant morpho-
logical and growth characteristics such as shoot and leaf 
density, leaf extension rates, leaf width, number of leaves 
per unit area, vertical leaf extension rate, and leaf and shoot 
orientation also affect ET rates (Ebdon et al., 1998; Ebdon 
and Petrovic, 1998), often by increasing canopy, stomatal, 
or cuticular resistance (Beard, 1989). The ET rates of turf-
grasses are also affected by environmental factors such as 
solar radiation, temperature, humidity, and wind speed 
(Carrow, 1995). Turfgrass irrigation requirements may also 
increase with increasing maintenance intensity (Duble, 
1996). Under low-maintenance conditions, warm-season 
grasses were found to maintain acceptable turf quality with 
irrigation at 10 to 50% of evaporation from a Class A pan 
(Qian and Engelke, 1999), whereas intense management 
conditions required irrigation at 60 to 80% of evaporation 
(Carrow, 1995).

Various research trials have been conducted to 
evaluate turfgrass ET rates under well-watered conditions, 
where turfgrass was watered to field capacity to prevent 
visual wilt symptoms during the entire study (Kim and 
Beard, 1988; Beard et al., 1992; Wherley et al., 2015). 
The most common methods for estimating actual ET are 
lysimeter weighing, the Bowen ratio–energy balance, 
and the Eddy covariance system (Gavilán and Castillo-
Llanque, 2009). Lysimeters are the standard instrument for 
measuring turfgrass ET rates (Qian et al., 1996). Precise 
measurements of ET can be achieved by measuring 
moisture change in a confined body of soil (van Bavel, 
1961). Evapotranspiration measurements in the field are 
difficult due to variation in soil physical properties, soil 
moisture, and vegetation types, but the use of field lysim-
eters have made ET measurements more easily obtainable 
(van Bavel, 1961; Rogowski and Jacoby, 1977; Kopec 
et al., 1988). However, for accurate ET measurement, 
certain requirements of lysimeter construction and opera-
tion must be considered. Grasses grown in lysimeters may 
have more available water for evaporation during a dry 
period, and the root system of grasses grown in lysimeters 
may differ from that grown in the surrounding area (van 
Bavel, 1961). This can be reduced by making the lysim-
eter relatively deep (van Bavel, 1961). Calcined or fritted 
clays have also been routinely used as a rooting media in 
plant water use and lysimeter experiments (Kopec et al., 
2004). Calcined clays have the advantage of providing 
a uniform rooting media with relatively good ability to 
hold plant available water. They also have a uniform bulk 
density that is consistent and reproducible, have excel-
lent drainage, and are light weight, making it easier for 
researchers to handle and weigh individual lysimeters in 
the field (van Bavel et al., 1978).

Kim and Beard (1988) conducted research under 
nonlimiting soil moisture conditions to evaluate the ET 
rates of one cool-season and 11 warm-season turfgrasses. 

Turfgrass ET rates were evaluated in black plastic mini-
lysimeters with fritted clay as rooting media. The 
mini-lysimeters were watered to prevent wilting, and it was 
assumed that ET rates were not limited by soil moisture. 
Significant differences in ET rates were observed among 
genera and among species of the same genus. Differences 
in ET rates were related to morphological characteristics 
that affected canopy resistance or leaf area.

Wherley et al. (2015) studied ET rates and developed 
crop coefficient values for four warm-season turfgrasses, 
including ‘Tifway’ bermudagrass (Cynodon spp.), using 
lysimeters filled with native soil in Florida. The actual 
ET rates of Tifway bermudagrass ranged from 0.5 mm d−1 
in winter months to 5 mm d−1 during summer months. 
The researchers did not report if ET rates among species 
differed due to morphological characteristics. There was 
also no clear relationship between bermudagrass clipping 
dry weight or root dry weight and bermudagrass ET rates.

Selection of drought-resistant and low-water-use 
species and cultivars can improve water conservation 
efforts and turf performance under reduced water condi-
tions (Carrow, 1996a, 1996b). A study conducted using 
commercially available cultivars of cool-season turfgrass 
demonstrated that grasses having lower ET rates during 
drought-stress conditions resulted in greener turf (Zhao 
et al., 1994). Similarly, a lysimeter study of eight bermu-
dagrass genotypes showed that those with lower ET rates 
remained green for longer periods after a drought treat-
ment (Zhou et al., 2009). It also showed that the genotypes 
having lower ET rates had more available soil water at 
later stages of the drought treatment. Generally, bermu-
dagrasses have superior drought resistance as compared to 
other warm-season turfgrass species (Carrow, 1995; Qian 
et al., 1997).

A considerable amount of water is used for landscape 
irrigation; therefore, it is important to identify and select 
turfgrasses that use less water. Interspecific variations of 
water use rates among bermudagrass, zoysiagrass (Zoysia 
spp.), seashore paspalum (Paspalum vaginatum Sw.), and St. 
Augustinegrass [Stenotaphrum secundataun (Walter) Kuntze] 
have been evaluated under field conditions (Kim and 
Beard, 1988; Carrow, 1995; Carrow, 1996b; Kopec et al., 
2004; Wherley et al., 2015). However, only a small number 
of commercially available bermudagrass genotypes have 
been characterized for water use rates. Therefore, the 
objective of this study was to evaluate the water use rates 
of commercial and experimental bermudagrass genotypes 
under nonlimiting soil moisture conditions in Oklahoma.

Materials and Methods
Research Site and Experimental Design
This research was conducted in August and September of 2013, 
2014, and 2015 at the Oklahoma State University Turfgrass 
Research Center in Stillwater, OK. The soil at the research site 
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and in National Bermudagrass Tests conducted by the NTEP. 
In preparation for transplanting to the field and to the mini-
lysimeters, all grasses were clonally propagated in a greenhouse. 
Three 15.3-cm-diam. circular plugs of each cultivar were 
collected from well-established mature turf plots. The plugs 
were washed to remove all the soil, separated individually, and 
transplanted to a flat tray containing metro-mix professional 
growing media on 8 Mar. 2013. Grasses were grown in a flat 
tray in the greenhouse for 8 wk, and 10 uniform stolons were 
transplanted into mini-lysimeters on 10 May 2013. In total, 
30 mini-lysimeters were transplanted, making three replica-
tions of each cultivar, which were allowed to establish in the 
greenhouse for 12 wk before data collection. The greenhouse 
was maintained at 30/25°C day/night temperature. The grasses 
in the mini-lysimeters were maintained at a cutting height of 
2.5 cm using hand scissors. The mini-lysimeters were fertil-
ized twice a week for a total of 49 kg N ha−1 per month with 
a nutrient solution of 20–8.6–16.6 N–P–K general-purpose 
fertilizer ( J.R. Peters) plus micronutrients.

Before moving the lysimeters to the research site, field plots 
were established on 24 May 2013 by sprigging with the respec-
tive grasses from greenhouse-grown sprigs. Newly established 
field plots were hand irrigated three times per day for 1 wk 
using a handheld water hose. Once the grasses were established, 
an automatic irrigation system was used to supply irrigation 
at 100% of reference ET calculated using data obtained from 
the Oklahoma Mesonet weather station located ?400 m from 
the field plot area. The plots were mowed three times weekly 
at 2.5 cm using a riding reel mower. The soil borders were 
maintained by applying glyphosate to bermudagrass stolons 
that grew into the borders, and these stolons were simultane-
ously cut from the edges of the plot with cutting discs to avoid 
translocation. Fertilizer was applied twice monthly at a rate 
of 24.5 kg N ha−1 from April to September of all years. For 
weed control, preemergence herbicide oxadiazon (Ronstar 2G, 
Bayer) was applied at 2.2 kg a.i. ha−1 in February and September 
each year. To prevent insect damage to plots, an insecticide 
(l-cyhalothrin) was applied at 0.04 kg a.i. ha−1 in August 2014.

Mini-lysimeters were moved to the field research site on 10 
Aug. 2013. In the field, each mini-lysimeter was placed into the 
sleeve such that the top of the canopy in the mini-lysimeter was 
even with the canopy of surrounding turf in each field plot. The 
final height of the mini-lysimeters was maintained by placing 
pea gravel at the base of the in-ground PVC sleeve. Field ET 
data were collected in August and September of 2013, 2014, and 
2015. The mini-lysimeters were transferred to the greenhouse 
from December to April in 2013 and 2014 to avoid winter injury. 
To control diseases and insects during this period, preventative 
fungicides and insecticides were applied. To prevent diseases, 
pyraclostrobin was applied every 4 wk at 0.06 kg a.i. ha−1. To 
prevent insects, l-cyhalothrin and bifenthrin were applied every 
4 wk at 0.04 and 0.06 kg a.i. ha−1, respectively.

Data Collection
Data were collected before dawn between 0400 and 0700 h for 
each testing day in August and September of 2013, 2014, and 
2015. The early collection time was to reduce differences in water 
loss through transpiration during weighing events. The mini-
lysimeters were weighed on 15 precipitation-free days in 2013, 

was an Easpur silty clay loam (a fine-loamy, mixed, thermic 
Fluventic Haplustoll). The field design was a completely 
randomized block design. Each cultivar was replicated three 
times in 2.4-m ´ 2.4-m plots, which were separated from each 
other by 0.3-m soil borders. Each plot had a polyvinyl chloride 
(PVC) sleeve (15.2-cm diam. and 0.5-cm thickness) in the 
center, which held the lysimeter beneath the soil so that each 
lysimeter was even with the plot surface. Prior to inserting the 
PVC sleeves into the field plots, a uniform volume of soil, equal 
to the volume of the PVC sleeves, was removed carefully so that 
the surrounding soil was not disturbed.

Mini-Lysimeter Construction
Mini-lysimeters were constructed from PVC pipes 15.2 cm 
in diameter and 35.6 cm in length with a root zone depth of 
30.48 cm, as described by Kopec et al. (2004). The bottom of 
each mini-lysimeter was constructed using a PVC sheet with a 
diameter of 15.2 cm. Attached to each PVC sheet was a strainer 
and drain valve. The 0.635-cm threaded ball valve (Grainger 
International, 0.635-cm male ´ female valve) was used for 
drainage. The strainer washers (2.54-cm diam. and 1.27-cm, 
high-domed filter screen) were attached to the top of the drain 
valves. Geotextile porous sheets were also kept at the bottom 
of the mini-lysimeter to protect the valves from clogging by 
rooting media. The mini-lysimeters were filled with calcined 
clay (Turface Pro League) screened to a particle size of 1 to 
2 mm in diameter. Calcined clay, also known as fritted clay, 
is a coarsely milled and kiln-fired clay often used as a granular 
growth medium. Calcined clay has a relatively low dry bulk 
density, is noncohesive, drains very rapidly, retains a large 
quantity of plant available water, is considered to be chemically 
inert, and can easily be washed off roots (van Bavel et al., 1978). 
The bulk density of the calcined clay used in this study was 
0.65 g cm−3, which is similar to the bulk density of calcined or 
fritted clays used in previous research studies (van Bavel et al., 
1978; Bigelow et al., 2004; Curtis and Claassen, 2008).

Plant Materials and Field Establishment
Ten bermudagrass genotypes were evaluated in this trial. 
The standard genotypes evaluated were cultivars ‘Celebra-
tion, ‘TGS_U3’ (Tulsa Grass and Sod Farm produced U3 sod; 
sourced from Tulsa, OK), Tifway, ‘Premier’, ‘Latitude 36’, 
‘NorthBridge’, and ‘TifTuf ’. The experimental genotypes eval-
uated were OKC 1302, OKC 1131, and OKC 1163. Celebration 
is an economically important common bermudagrass that has 
improved drought and shade tolerance and a fast recuperation 
rate. TGS_U3 is a common bermudagrass used in many resi-
dential yards and for golf course fairways in Oklahoma. Tifway 
is the most widely used hybrid bermudagrass on golf course 
fairways in the United States. Premier is a hybrid bermudagrass 
with excellent turfgrass quality. Latitude 36 and NorthBridge 
are hybrid bermudagrass from Oklahoma State University 
that have shown promising features in the National Turf-
grass Evaluation Program (NTEP). Tiftuf is a newly released 
hybrid bermudagrass that is known for its drought tolerance 
and excellent turf quality. OKC 1302, OKC 1131, and OKC 
1163 are experimental hybrid bermudagrasses from Oklahoma 
State University that have shown high overall turf quality and 
field performance in prior testing at Oklahoma State University 
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nine precipitation-free days in 2014, and 12 precipitation-free 
days in 2015. Weather forecasts were regularly monitored before 
taking data to avoid precipitation throughout data collection. 
Meteorological data were recorded from the Oklahoma Mesonet 
weather station for maximum and minimum air temperature at 
1.5 m above soil surface, wind speed at 2 m above soil surface, 
and solar radiation at 1.8 m above soil surface. Evapotranspiration 
rates were determined by the water balance method (Rogowski 
and Jacoby, 1977; Johns et al., 1983) at 24 and 48 h after initial 
measurements were recorded. On the day of data collection, the 
lysimeters of each genotype were removed from the sleeves, the 
drain valves of all mini-lysimeters were closed, and the mini-
lysimeters were brought to saturation by filling with water. After 
complete saturation, the ball valves were opened and the mini-
lysimeters were allowed to drain for ?30 min to bring them 
to field capacity. The mini-lysimeters were considered to be 
at field capacity when drainage had stopped completely. After 
bringing the mini-lysimeters to field capacity, the ball valves 
were closed and the outer walls of the mini-lysimeters were 
wiped completely dry. The mini-lysimeters were then weighed 
using a balance (Acculab Vicon, Sartorius Group), and the weight 
was recorded. The balance had the precision to the nearest 1.0 g, 
which would provide the ET measurement precision of 0.05 mm 
d−1. After measuring the weight, the mini-lysimeters were placed 
back into the sleeves in each plot. The following morning, the 
mini-lysimeters were pulled out from the sleeves, their outer 
walls were wiped completely dry, and they were weighed using 
a balance. After measuring the weight, the mini-lysimeters were 
reinserted into the respective sleeves in each plot. The difference 
in the two measurements was used to calculate the 24-h ET rate. 
On the third day, the mini-lysimeters were cleaned, dried, and 
weighed again. The grass in the mini-lysimeters was then hand 
trimmed with scissors to the height of 2.5 cm. After trimming, 
the mini-lysimeters were watered to field capacity. Once at field 
capacity, the mini-lysimeters were reinserted into the respective 
sleeves in each plot, and regular maintenance was resumed until 
the next data collection event. Turfgrass quality ratings were 
collected at the beginning and end of each data collection event 
period according to the NTEP turf quality rating (Morris and 
Shearman, 2000).

Statistical Analysis
The experimental design was a randomized complete block 
with 10 genotypes and three replications of each entry. Analysis 
was conducted on the data using SAS 9.3 (SAS Institute, 2011) 
software. Analysis of variance was performed using “PROC 
GLM.” There was a significant genotype ´ year interaction. 
Therefore, data were analyzed separately by year. In 2014, there 
was a significant genotype ´ date interaction; therefore, 2014 
data were analyzed by date. When genotype means were sepa-
rated, Fisher’s protected LSD was applied to test at the P = 0.05 
significance level.

Results and Discussion
This 3-yr field study was conducted in Oklahoma during 
August and September of 2013, 2014, and 2015. During 
the entire study period, turf quality of grasses in the field 
and lysimeter were maintained at or above minimum 

acceptable quality levels, and there were no differences 
in turf quality within bermudagrass genotypes (data not 
shown). Average daily environmental parameters taken 
during the field ET study in 2013, 2014, and 2015 indicated 
differences in air temperature, wind speed, solar radiation, 
pan evaporation, and reference ET over time (Tables 1 
and 2). Significant differences in ET rates were observed 
among bermudagrass genotypes. Significant genotype and 
date effects were found within each year. The genotype 
´ date effect was not significant in 2013 and 2015 but 
was significant in 2014 (Table 3). Therefore, in 2014, ET 
rates for each day were analyzed and presented separately 
(Table 4). Evapotranspiration rates fluctuate among geno-
types and within genotypes over time. The fluctuation 
in reference ET and actual ET over time was reported by 
Wherley et al. (2015). Higher ET rates in our study were 
observed in 2014 relative to 2013 and 2015. The higher 
ET rates in 2014 appear to be driven by solar radiation. 
The fluctuation in ET rates over time due to solar radia-
tion has been reported by Wherley et al. (2015). Since this 
study was conducted in Oklahoma during months with 
high evaporative demand and under nonlimiting water 
conditions, caution should be taken while interpreting 
these results. The ET rates of these bermudagrasses may 
differ in other climates and are likely to differ throughout 
the growing season (Wherley et al., 2015).

Average ET rates during August and September 
in 2013 and 2015 ranged from 4.14 to 4.74 and 3.60 to 
5.15 mm d−1, respectively (Table 3). Similarly, the average 
ET rates in August and September of 2014 ranged from 
3.09 to 6.44 mm d−1 (Table 4). These ET rates are similar 
to ET rates reported in Beard (1989), where warm-season 
turfgrass ET rates ranged from 4.5 to 8.5 mm d−1, and in 
Wherley et al. (2015), where bermudagrass rates ranged 
from 0.5 to 5.0 mm d−1. The significant genotype ´ year 
interaction was likely due to differences in environmental 
conditions (Tables 1 and 2). In other studies, the ET rates 
were closely associated with net radiation, wind speed, pan 
evaporation, air temperature, and relative humidity (Kim 
and Beard, 1988; Beard et al., 1992). The overall difference 
between the highest and lowest ET groups was 0.89 mm 
d−1 (Table 3), which is similar to the 1.0-mm d−1 overall ET 
range of 24 well-watered bermudagrass genotypes reported 
by Beard et al. (1992). However, caution should be exer-
cised in comparing the overall means because these studies 
were not conducted under the same environmental condi-
tions, and the current experiment showed a genotype ´ 
year interaction. In 2013, genotypes OKC 1131, Tifway, 
and Latitude 36 were the genotypes in the lowest water use 
group and had statistically equivalent ET rates of 4.14, 4.18, 
and 4.29 mm d−1, respectively (Table 3).

In 2014, ET rates were evaluated for six different days 
starting on 3 August and ending on 26 September (Table 4). 
In four out of six periods, ET rates were significantly 
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different among bermudagrass genotypes. TifTuf consis-
tently ranked in the group of genotypes with the highest ET 
rates, whereas OKC 1131 ranked consistently in the group 
of genotypes with the lowest ET rates on all four of these 
ET measurement days. OKC 1163 and NorthBridge ranked 
consistently in the group of genotypes with the lowest ET 
rates for three significant ET measurement days (Table 4). 
In 2015, OKC 1131, NorthBridge, and OKC 1163 were 
the genotypes with the lowest water use, with ET rates of 
3.60, 3.78, and 3.81 mm d−1, respectively (Table 3). In the 
same year, TifTuf had a significantly higher ET rate than 
any other genotype, with a mean of 5.15 mm d−1 (Table 3). 
Celebration, Latitude 36, TGS_U3, and Tifway were not 
significantly different with ET rates of 4.75, 4.69, 4.59, and 
4.57 mm d−1, respectively (Table 3). The ET rates of TGS_
U3 and Tifway (Table 3) were similar to ET rates in other 
studies. Mean ET rates of U3 have been reported to range 
from 4.1 to 6.5 mm d−1 (Beard et al., 1992). Mean ET rates 
of Tifway have been reported to range from 4.1 to 6.1 mm 
d−1 (Beard et al., 1992) and from 4.1 to 5.9 mm d−1 (Kim 
and Beard, 1988). Similar results were observed in the 2-yr 
field study conducted by Henry (2007), who reported mean 
ET rates of Tifway ranging from 2.01 to 7.41 mm d−1 in 
2006 and from 3.67 to 7.11 mm d−1 in 2007.

Variation of ET rates among bermudagrass cultivars 
in this study (Table 3 and 4) may be associated with grass 
morphological characteristics. Grasses with lower ET rates 

Table 1. Average daily environmental parameters taken during the field evapotranspiration (ET) study in 2013 and 2015.

Air temperature†
Max. Min. Wind speed‡ Solar radiation§ Pan evaporation Reference ET

Year¶ Mean# SE Mean SE Mean SE Mean SE Mean SE Mean SE
———————————— °C ———————————— ———— m s−1 ———— ———  MJ m−2 ——— —————————— mm d−1 ——————————

2013 33.6 0.4 17.8 1.2 2.2 0.3 22.4 0.8 6.4 0.4 5.2 0.4

2015 34.8 1.0 20.1 1.0 2.7 0.1 21.7 1.3 7.0 0.4 5.5 0.3

† Maximum and minimum air temperature measured at 1.5 m above the soil surface.

‡ Wind speed measured at 2 m above soil surface.

§ Solar radiation measured at 1.8 m above the soil surface.

¶ Evapotranspiration rates were collected on 10 dates and eight dates during August and September of 2013 and 2015, respectively.

# Means are the average of 4 d in August and 6 d in September measured from the Stillwater Mesonet weather station located ?400 m from the field plot area.

Table 2. Average daily environmental parameters during the field evapotranspiration study in 2014.

Air temperature†
Date Max. Min. Wind speed‡ Solar radiation§ Pan evaporation Reference ET

———————  °C ——————— m s−1 MJ m−2 ——————  mm d−1 ——————

3 Aug. 31.7¶ 17.2 1.0 27.8 6.3 5.3

4 Aug. 32.8 18.9 1.7 27.3 7.1 5.6

13 Aug. 31.1 16.1 1.9 26.9 6.8 5.6

14 Aug. 32.8 18.3 2.9 24.0 7.6 5.8

25 Sept. 30.0 13.9 1.9 19.7 4.8 3.8

26 Sept. 28.8 14.4 2.0 20.5 4.8 3.8

† Maximum and minimum air temperature measured at 1.5 m above the soil surface.

‡ Wind speed measured at 2 m above soil surface.

§ Solar radiation measured at 1.8 m above the soil surface.

¶ Environmental parameters were measured from the Stillwater Mesonet weather station located ?400 m from the field plot area.

Table 3. Evapotranspiration (ET) rates of 10 bermudagrass 
genotypes under nonlimiting soil moisture conditions during 
August and September of 2013, 2014, and 2015.

ET rate†
Genotype 2013 2014 2015 Overall

————————————— mm d−1 —————————————

TifTuf 4.69ab‡ 5.11ab 5.15a 4.95a

Celebration 4.55bc 5.14a 4.75b 4.77ab

OKC 1302 4.49c 5.19a 4.24d 4.58bc

Premier 4.69ab 4.80c 4.41cd 4.63b

TGS_U3 4.74a 4.75c 4.59bc 4.69ab

Tifway 4.18d 5.09ab 4.57bc 4.54bcd

Latitude 36 4.29d 4.94bc 4.69b 4.59bc

NorthBridge 4.59abc 4.45d 3.78e 4.29cde

OKC 1163 4.47c 4.48d 3.81e 4.26de

OKC 1131 4.14d 4.51d 3.60e 4.06e

CV (%) 7.19 6.19 10.34 21.0

Genotype * *** *** ***

Date *** *** *** –

Genotype ´ date NS§ * NS –

Year – – – ***

Genotype ´ year – – – **

*, **, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively.

† ET rates were collected on 10, 6, and 8 dates during August and September of 
2013, 2014, and 2015, respectively.

‡ Means followed by the same letter within each column are not significantly 
different at P = 0.05.

§ NS, not significant at P = 0.05.
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are often reported to have characteristics such as high canopy 
resistance, high shoot density, horizontal leaf orientation, 
reduced leaf area, narrow leaf texture, and slow vertical 
leaf extension (Kim and Beard, 1988; Ebdon et al., 1998; 
Ebdon and Petrovic, 1998). ‘Arizona common’, ‘Tifgreen’, 
and Tifway bermudagrass showed ET rates of 5.1, 5.2, and 
5.3 mm d−1, respectively (Kim and Beard, 1988), with 
reported differences in ET rates associated with differences 
in leaf texture, shoot density, and leaf orientation. In the 
same study, ‘Texas Common’ buffalograss [Bouteloua dacty-
loides (Nutt.) J.T. Columbus] exhibited a significantly lower 
ET rate of 4.8 mm d−1, which was attributed to pubescence 
on the leaf blade surface and low leaf area (Kim and Beard, 
1988). Although bermudagrass morphological characteris-
tics were not evaluated in this study, OKC 1131 has been 
reported to possess a relatively high shoot density and high 
number of leaves per unit area, which could contribute to 
increased canopy resistance and reduced ET rates. It also has 
been reported that OKC 1131 has a relatively low vertical 
leaf extension rate compared with other bermudagrasses, 
which could contribute to a reduced leaf area and reduced 
ET (Segars, 2017).

Consistent with our results, Yurisic (2016) also found 
that TifTuf had a higher water use rate than other bermu-
dagrasses. In their study, TifTuf used 21% more water 
over a 28-d drought period than Latitude 36 and Tifway. 
However, although TifTuf used more water, it was able 
to maintain an acceptable turf quality for a significantly 
longer time than Latitude 36 and Tifway. Yurisic (2016) 
also reported that TifTuf produced 41% of its root biomass 
from 15 to 45 cm, whereas Latitude 36 and Tifway, 
respectively, produce 22 and 26% of their root biomass at 
the 15- to 45-cm depth, suggesting that TifTuf was able 
to use water from deeper within the soil profile due to 

its rooting characteristics. Although TifTuf was found to 
have a relatively high ET rate in this study, it is reported 
to have excellent overall drought resistance, which may be 
at least partially due to its ability to avoid drought through 
its rooting characteristics.

In this study, we observed variation in water use rates 
among 10 bermudagrass genotypes. Although we cannot 
know the exact mechanisms contributing to these observed 
differences, variation in ET rates may be associated with 
morphological characteristics of each genotype, which could 
be measured in future studies. In this study, the genotypes 
with higher ET rates used 14 to 43% more water than the 
genotypes with a lower ET rate in 2013 and 2015 (Table 3). 
Similarly, the genotypes with higher ET rates had 20 to 
30% higher daily ET rates than genotypes having lower 
ET rates in 2014 (Table 4). These findings suggest that turf 
managers could potentially save up to 30% of their irriga-
tion water by adopting bermudagrass cultivars with reduced 
ET rates. When comparing the low- vs. high-water-use 
genotypes, it should be noted that high-water-use geno-
types may not be as susceptible to drought injury in the 
field due to the presence of drought avoidance characteris-
tics such as deep rooting. Since differences in water use rates 
among bermudagrass genotypes were observed, selecting 
and breeding additional bermudagrass cultivars for reduced 
water requirements appears feasible.
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Table 4. Mean daily evapotranspiration (ET) rate of 10 bermudagrass genotypes under nonlimiting soil moisture conditions 
in 2014.

ET rate†
Genotypes 3 Aug. 4 Aug. 13 Aug. 14 Aug. 25 Sept. 26 Sept.

——————————————————————————————————— mm d−1 ———————————————————————————————————

TifTuf 5.73abc‡ 6.28ab 5.68a 5.79ab 3.47a 3.74a

Celebration 6.08a 6.44a 5.80a 5.61abc 3.41a 3.50abc

OKC 1302 5.85ab 6.39a 5.76a 5.93a 3.49a 3.69a

Premier 5.74abc 5.87abc 5.49a 5.28bcd 3.26a 3.20bc

TGS_U3 5.45bcd 5.67bcd 5.81a 5.19dc 3.20a 3.23bc

Tifway 5.70abc 5.96abc 5.79a 5.53abc 3.86a 3.74a

Latitude 36 5.59abc 5.91abc 5.56a 5.67abc 3.38a 3.55ab

NorthBridge 4.90d 5.13d 5.11a 4.92de 3.27a 3.36abc

OKC 1163 5.11dc 5.00d 5.76a 4.55e 3.09a 3.39abc

OKC 1131 5.39bcd 5.29cd 5.11a 4.83de 3.32a 3.10 c

Significance level * ** NS§ ** NS *

*, ** Significant at the 0.05 and 0.01 probability levels, respectively.

† Water use in mm d−1. Values are the means of three replications.

‡ Means followed by the same letters within each column are not significantly different at P = 0.05.

§ NS, not significant at P = 0.05.

https://www.crops.org


crop science, vol. 58, may–june 2018 	  www.crops.org	 7

joon Koh, and Chrissie Segars for their contributions during 
the course of this research.

References
Beard, J.B. 1973. Turfgrass: Science and culture. Prentice Hall, 

Engle-wood Cliffs, NJ.
Beard, J.B. 1989. Turfgrass water stress: Drought resistance 

components, physiological mechanisms, and species-gen-
otype diversity. In: H. Takatoh, editor, Proceedings of the 
6th International Turfgrass Research Conference, Tokyo. 
31 July–5 Aug. 1989. Jpn. Soc. Turfgrass Sci., Tokyo. p. 
23–28.

Beard, J.B., R.L. Green, and S.I. Sifers. 1992. Evapotranspiration 
and leaf extension rates of 24 well-watered, turf-type Cynodon 
genotypes. HortScience 27:986–988.

Bigelow, C.A., D.C. Bowman, and D.K. Cassell. 2004. Physical 
properties of three sand size classes amended with inorganic 
materials or sphagnum peat moss for putting green rootzones. 
Crop Sci. 44:900–907. doi:10.2135/cropsci2004.9000

Brown, P. 2014. Basics of evaporation and evapotranspiration. 
Publ. AZ 1194. Univ. of Arizona Coop. Ext., Tuscon.

Carrow, R.N. 1995. Drought resistance aspects of turfgrasses in 
the southeast: Evapotranspiration and crop coefficients. Crop 
Sci. 35:1685–1690. doi:10.2135/cropsci1995.0011183X00350
0060029x

Carrow, R.N. 1996a. Drought avoidance characteristics of diverse 
tall fescue cultivars. Crop Sci. 36:371–377. doi:10.2135/cropsc
i1996.0011183X003600020026x

Carrow, R.N. 1996b. Drought resistance aspects of turfgrasses in 
the Southeast: Root-shoot responses. Crop Sci. 36:687–694. 
doi:10.2135/cropsci1996.0011183X003600030028x

Curtis, M.J., and V.P. Claassen. 2008. An alternative method for 
measuring plant available water in inorganic amendments. 
Crop Sci. 48:2447–2452. doi:10.2135/cropsci2008.01.0069

Duble, R.L. 1996. Turfgrasses: Their management and use in the 
southern zone. Texas A&M Univ. Press, College Station. p. 
38–99.

Ebdon, J.S., and A.M. Petrovic. 1998. Morphological and growth 
characteristics of low and high water use Kentucky bluegrass 
cultivars. Crop Sci. 38:143–152. doi:10.2135/cropsci1998.001
1183X003800010024x

Ebdon, J.S., A.M. Petrovic, and R.W. Zobel. 1998. Stability of 
evapotranspiration rates in Kentucky bluegrass cultivars across 
low and high evaporative environments. Crop Sci. 38:135–
142. doi:10.2135/cropsci1998.0011183X003800010023x

Gavilán, P., and F. Castillo-Llanque. 2009. Estimating reference 
evapotranspiration with atmometers in a semiarid environ-
ment. Agric. Water Manage. 96:465–472. doi:10.1016/j.
agwat.2008.09.011

Hanks, R.J. 1983. Yield and water-use relationships. In: H.M. Taylor, 
W.J. Jordan, and T.R. Sinclair, editors, Limitations to efficient 
water-use in crop productions. ASA, Madison, WI. p. 393–410.

Henry, W.N. 2007. Evapotranspiration consumptive water use and 
responses to self-imposed drought of three warm-season grasses 
grown in a semi-arid region. M.S. thesis, Univ. of Arizona, 
Tuscon.

Johns, D., J.B. Beard, and C.H.M. van Bavel. 1983. Resistances 
to evapotranspiration from a St. Augustinegrass turf canopy. 
Agron. J. 75:419–422. doi:10.2134/agronj1983.00021962007
500030001x

Kim, K.S., and J.B. Beard. 1988. Comparative turfgrass evapo-
transpiration rates and associated plant morphological charac-
teristics. Crop Sci. 28:328–331. doi:10.2135/cropsci1988.0011
183X002800020031x

Kneebone, W.R., and I.L. Pepper. 1984. Luxury water use by ber-
mudagrass. Agron. J. 76:999–1002. doi:10.2134/agronj1984.0
0021962007600060031x

Kopec, D.M., S. Armando, and J. Gilbert. 2004. ET rates of Dis-
tichlis (inland saltgrass) clones A119, A48, Sea Isle 1 seashore 
paspalum and Tifway bermudagrass. Univ. of Arizona, Tus-
con.

Kopec, D.M., R.C. Shearman, and T.P. Riordan. 1988. Evapo-
transpiration of tall fescue turf. HortScience 23:300–301.

Morris, K.N., and R.C. Shearman. 2000. NTEP turfgrass eval-
uation guidelines. Natl. Turfgrass Eval. Program, Belts-
ville, MD. http://www.ntep.org/pdf/ratings.pdf (accessed 3 
November 2017). 

Ozan, L.A., and K.A. Alsharif. 2013. The effectiveness of water 
irrigation policies for residential turfgrass. Land Use Policy 
31:378–384. doi:10.1016/j.landusepol.2012.08.001

Qian, Y.L., and M.C. Engelke. 1999. Performance of five turf-
grasses under linear gradient irrigation. HortScience 34:893–
896.

Qian, Y.L., J.D. Fry, and W.S. Upham. 1997. Rooting and drought 
avoidance of warm-season turfgrasses and tall fescue in Kan-
sas. Crop Sci. 37:905–910. doi:10.2135/cropsci1997.0011183X
003700030034x

Qian, Y.L., J.D. Fry, S.C. Wiest, and W.S. Upham. 1996. Esti-
mating turfgrass evapotranspiration using atmometers and the 
Penman-Monteith model. Crop Sci. 36:699–704. doi:10.2135/
cropsci1996.0011183X003600030030x

Rogowski, A.S., and E.L. Jacoby, Jr. 1977. Assessment of water 
loss patterns with microlysimeters. Agron. J. 69:419–424. 
doi:10.2134/agronj1977.00021962006900030022x

SAS Institute. 2011. SAS version 9.3. SAS Inst., Cary, NC.
Segars, C. 2017. Bermudagrass characteristics under simulated sod 

production and athletic field paint applications. Ph.D. diss., 
Oklahoma State Univ. Stillwater.

van Bavel, C.H.M. 1961. Lysimetric measurements of evapotranspi-
ration rates in the eastern Unites States. Soil Sci. Soc. Am. Proc. 
25:138–141. doi:10.2136/sssaj1961.03615995002500020021x

van Bavel, C.H.M., R. Lascano, and D.R. Wilson. 1978. Water 
relations of fritted clay. Soil Sci. Soc. Am. J. 42:657–659. 
doi:10.2136/sssaj1978.03615995004200040024x

Wherley, B., M.D. Dukes, S. Cathey, G. Miller, and T. Sin-
clair. 2015. Consumptive water use and crop coefficients for 
warm-season turfgrass species in the southeastern United 
States. Agric. Water Manage. 156:10–18. doi:10.1016/j.
agwat.2015.03.020

Yurisic, C.A. 2016. Rooting characteristics and antioxidant pig-
ment responses of three hybrid bermudagrass [Cynodon dac-
tylon (L.) Pers.´ Cynodon transvaalensis Burtt-Davy] cultivars 
exposed to drought. M.S. thesis, Univ. of Tennessee, Knox-
ville.

Zhao, Y.G., C.L. Fernandez, D.C. Bowman, and R.S. Nowak. 
1994. Selection criteria for drought-resistance breeding in 
turfgrass. J. Am. Soc. Hortic. Sci. 119:1317–1324.

Zhou, Y., C. Lambrides, R. Kearns, C. Ye, and S. Fukai. 2009. 
Selection for drought tolerance among Australian green 
couch grasses (Cynodon spp.). Crop Pasture Sci. 60:1175–1183. 
doi:10.1071/CP09172

https://www.crops.org
http://dx.doi.org/10.2135/cropsci2004.9000
http://dx.doi.org/10.2135/cropsci1995.0011183X003500060029x
http://dx.doi.org/10.2135/cropsci1995.0011183X003500060029x
http://dx.doi.org/10.2135/cropsci1996.0011183X003600020026x
http://dx.doi.org/10.2135/cropsci1996.0011183X003600020026x
http://dx.doi.org/10.2135/cropsci1996.0011183X003600030028x
http://dx.doi.org/10.2135/cropsci2008.01.0069
http://dx.doi.org/10.2135/cropsci1998.0011183X003800010024x
http://dx.doi.org/10.2135/cropsci1998.0011183X003800010024x
http://dx.doi.org/10.2135/cropsci1998.0011183X003800010023x
http://dx.doi.org/10.1016/j.agwat.2008.09.011
http://dx.doi.org/10.1016/j.agwat.2008.09.011
http://dx.doi.org/10.2134/agronj1983.00021962007500030001x
http://dx.doi.org/10.2134/agronj1983.00021962007500030001x
http://dx.doi.org/10.2135/cropsci1988.0011183X002800020031x
http://dx.doi.org/10.2135/cropsci1988.0011183X002800020031x
http://dx.doi.org/10.2134/agronj1984.00021962007600060031x
http://dx.doi.org/10.2134/agronj1984.00021962007600060031x
http://www.ntep.org/pdf/ratings.pdf
http://dx.doi.org/10.1016/j.landusepol.2012.08.001
http://dx.doi.org/10.2135/cropsci1997.0011183X003700030034x
http://dx.doi.org/10.2135/cropsci1997.0011183X003700030034x
http://dx.doi.org/10.2135/cropsci1996.0011183X003600030030x
http://dx.doi.org/10.2135/cropsci1996.0011183X003600030030x
http://dx.doi.org/10.2134/agronj1977.00021962006900030022x
http://dx.doi.org/10.2136/sssaj1961.03615995002500020021x
http://dx.doi.org/10.2136/sssaj1978.03615995004200040024x
http://dx.doi.org/10.1016/j.agwat.2015.03.020
http://dx.doi.org/10.1016/j.agwat.2015.03.020
http://dx.doi.org/10.1071/CP09172



