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acceptable quality of various turfgrass species 
throughout the growing season in the transi-
tion zone, a loosely defi ned region between 
temperate and subtropical climates, has not 
been determined.

‘Rebel’ tall fescue and ‘Merion’ bluegrass 
visual quality were reduced by about 10% 
when irrigated at a 27% ET

a 
defi cit in Colorado 

(Feldhake et al., 1984). In another Colorado 
test, tall fescue watered every 2 d at 50% ET

a
 

exhibited only small reductions in turf quality 
(Fry and Butler, 1989). Qian and Engelke (1999) 
observed that irrigation required to maintain ac-
ceptable turf quality ranged from about 35% of 
evaporation from a class A pan (E

pan
) for ‘Tifway’ 

bermuda to 67% E
pan

 for ‘Rebel II’ tall fescue. 
Gibeault et al. (1985) reported that turf quality 
in blends of bluegrass and perennial ryegrass 
(Lolium perenne L.) cultivars, and ‘Kentucky-
31’ tall fescue, declined slightly when irrigation 
was reduced by 20% of calculated ET in southern 
California. Tall fescue and bermuda irrigated 
4 d weekly in Nevada required 80% and 60%, 
respectively, of calculated reference ET to main-
tain cover and color (Dean et al., 1996).

Previous evaluations of turfgrass response to 
defi cit irrigation considered turf quality without 
regard to plant physiological responses. A bet-
ter understanding is needed of how turfgrasses 
respond physiologically to defi cit irrigation. 
For example, LRWC, an indicator of leaf water 
status, decreases as drought stress progresses. 
Drought stress also causes cellular membrane 
modifi cation, and increases EL (Kirnak et al., 
2001); the degree of leakage can be measured 
and is a good indicator of leaf cell damage dur-
ing progressive stress (Huang and Fu, 2001). 
The objective of this study was to determine 
minimum water required to maintain acceptable 
visual quality, and defi cit irrigation effects on 
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Turfgrass water use rates often exceed natu-
ral precipitation, and during extended periods 
without rainfall, restrictions may be imposed 
limiting water that can be applied to turf areas. 
As such, researchers have sought to identify turf 
species and cultivars that have good drought 
resistance (Aronson et al., 1987; Carrow, 1995; 
Fry and Butler, 1989), and irrigation manage-
ment techniques to reduce water inputs. Some 
grasses, such as bermuda and tall fescue, have 
deep root systems that help them avoid drought 
when precipitation is limited (Qian et al., 1996). 
Others, such as zoysia, have shallower root 
systems, but tolerate drought using osmotic 
adjustment and other physiological mechanisms 
(Qian and Fry, 1997)

Over the past 20 years, several researchers 
have addressed the subject of defi cit irrigation, 
returning water in amounts less than ET

a
, as a 

water conservation technique (Feldhake et al., 
1984; Fry and Butler, 1989; Qian and Engelke, 
1999). Turf managers overseeing installation 
of new golf courses, housing developments, 
and other turf areas are commonly queried by 
government administrators as to how much ir-
rigation water will be required to maintain an 
acceptable quality turf in the landscape. How-
ever, the amount of water required to maintain 

LRWC and EL of zoysia, bermuda, tall fescue, 
and bluegrass in the transition zone. 

Materials and Methods

Growing conditions and treatments. This 
experiment was conducted using an automated, 
mobile rainout shelter (180 m2) at the Rocky Ford 
Turfgrass Research Center at Manhattan, Kans., 
from 4 June to 14 Sept. 2001 and from 3 June to 
13 Sept. 2002. The shelter was essentially a small 
building constructed of wood, with an A-frame 
roof and metal siding. During dry weather, the 
shelter rested just to the north of the study area. 
The shelter was triggered by a minimum of 0.38 
mm precipitation, and required about 2 min to 
move south on rails and completely cover the 
test area. One hour after precipitation ceased, 
the shelter returned to its resting position. Mean 
maximum air temperatures during each month 
of the study (2001 and 2002, respectively) were 
June, 27.8 and 31.1 oC; July, 34.4 and 35 oC; 
August, 32.8 and 32.8 oC; and September, 28.9 
and 32.8 oC. Mean minimum air temperatures 
for each month of the study (2001 and 2002, 
respectively) were June, 16.1 and 17.8 oC; July, 
21.1 and 20 oC; August, 18.3 and 18.6 oC; and 
September, 14.4 and 17.2 oC. 

The experimental design was a split-plot, with 
turfgrass species as the whole plot and irrigation 
level as the sub-plots. Whole plots measured 5.9 × 
1.8 m, and consisted of ‘Meyer’ zoysia, ‘Midlawn’ 
bermuda, ‘Falcon II’ tall fescue, and ‘Brilliant’ 
bluegrass. All whole plots were established by 
sodding in spring, 2000 on a river-deposited silt 
loam soil, with a pH 6.4 and P and K levels of 41 
and 367 mg·kg–1, respectively. Subplots measured 
1.2 × 1.8 m, and consisted of irrigation levels of 
20%, 40%, 60%, 80%, and 100% of ET

a. 
Each 

plot was bordered by metal edging (set 15-cm 
deep) to minimize lateral movement of water 
upon application. 

Water was applied twice weekly using 
a metered, hand-held hose with a fan spray 
nozzle attached. Defi cit irrigation amounts were 
determined by taking the fraction of water use 
of lysimeter-grown turf receiving 100% ET

a
. 

Pots (10.1 cm in diameter and 25 cm deep) 
constructed of PVC were planted with turf 
sampled in April 2001 using a 10.1-cm-diameter 
cup cutter to remove a 25-cm deep, intact soil 
core and accompanying turf. Cores were then 
placed into the pots to create lysimeters. Each 
lysimeter had a nylon screen on the bottom end 
that was fastened with duct tape. 

After planting, lysimeters were placed in 
holes that had been dug in the center of each 
sub-plot scheduled to receive 100% ET

a
. Turf 

in lysimeters was maintained identically to that 
of the surrounding fetch. 

The day before the study began each year, 
lysimeters were soaked until water was draining 
through the bottom of each. When drainage had 
ceased, each was sealed on the bottom end with 
a plastic bag, weighed to determine its reference 
mass, and returned to respective holes in the 
plot area. Evapotranspiration was measured 
using the water balance method described by 
Qian et al. (1996).

Defi cit irrigation amounts for fi eld plots were 
calculated as defi cit irrigation level × ET

a
 × an 
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area adjustment factor. Total water applied to 
turf receiving 100% ET

a
 during the study period 

in 2001 and 2002 was equivalent to ET
a 
rates 

presented in Table 1. Severe decline of bluegrass 
in 2002 precluded data collection. This was 
due to a combination of high bluegrass billbug 
(Sphenophorus parvulus Gyllenhal) populations 
and high temperatures. 

Turf was mowed twice weekly at 5 to 6 cm 
using a walk-behind rotary mower, and clippings 
were collected. Nitrogen from urea was applied 
at 49 kg·ha–1 to tall fescue and bluegrass on 3 
May, 19 Sept., and 8 Nov. 2001; and 3 May, 18 
Sept., and 15 Nov. 2002. Zoysia and bermuda 
received an equivalent level of N on 3 May and 
29 June 2001 and 3 May and 5 Aug. 2002. 

After the 2001 study period, the study area 
was exposed to natural precipitation until the 
study began the following June. Lysimeters 
were left in the fi eld throughout this period as 

well. The plot area was thoroughly irrigated to 
bring the soil to fi eld capacity prior to beginning 
irrigation treatments in 2002. 

Data collection and analysis. Data were 
collected on ET

a
, turf quality, LRWC, and 

EL. Evapotranspiration rate was determined 
twice weekly by measuring change in mass 
of lysimeters using the water balance method 
described previously. 

Turf quality was rated visually once weekly 
using a 0 to 9 scale where 0 = brown, dead turf 
and 9 = optimum color, density, and uniformity. 
Turf receiving a rating of 6 was deemed to have 
acceptable quality for a home lawn.

Leaves measuring ≈10 mm long and to pro-
vide ≈1.0 g fresh weight were sampled randomly 
at two locations in each plot in order to measure 
LRWC, calculated as LRWC = (FW – DW) × 
100/(TW – DW), where FW is leaf fresh weight, 
DW is leaf dry weight after drying for at least 

48 h at 80 oC, and TW is the weight of leaves at 
full turgor after soaking in water for 24 h at room 
temperature (22 oC) (Fu and Huang, 2001). 

Leaf EL was determined by taking a 1.0 g 
sample of leaves from two locations in each 
subplot, rinsing with water, immersing in 20 
mL deionized water, and subjecting to a vacuum 
of 48 kPa for 15 min (Huang and Fu, 2001). 
Samples were then shaken in fl asks containing 
deionized water on a shaker table (Lab-Line 
Instruments, Inc., Melrose Park, IL) for 24 h. The 
conductivity of the solution (C

initial
) with fresh 

tissues was measured using a conductivity meter 
(model 32; YSI, Yellow Spring, Ohio). Leaves 
then were killed by autoclaving at 140 oC for 20 
min, and the conductivity of the solution with 
killed tissues (C

max
) was measured after soak-

ing another 24 h. Relative EL was calculated 
as (C

initial
/C

max
) × 100.

Treatment effects were determined by analy-
sis of variance according to the mixed procedure 
of Statistical Analysis System (SAS Institute 
Inc., 1989). Variation was partitioned into grass 
species, defi cit irrigation level, and treatment 
duration (sampling time). Analyses showed 
a signifi cant difference in the corresponding 
interaction between grass species and defi cit 
irrigation level. Therefore, the comparison of 
defi cit irrigation treatments within a grass species 
was statistically analyzed. Differences among 
treatment means within a species were separated 
by a least signifi cant difference mean separation 
test (P < 0.05). Multiple linear regression was 
used to determine the critical values of LRWC 
and EL below which unacceptable turf quality 
was observed. Initial data collected were consid-
ered as covariants to analyze covariance effects 

Table 1. Evapotranspiration rates of four turfgrass species, and minimum irrigation amounts required to 
maintain season-long quality in 2001 and 2002.

  ET
a
 (mm)  Min water

Year Species Daily z Totaly required (mm)x

2001 Kentucky bluegrass 5.6 a 552 a  552
 Tall fescue 5.7 a 562 a 337
 Bermudagrass 4.1 b 407 b 244
 Zoysiagrass 3.9 b 390 b 312
2002 Tall fescue 5.9 a 598 a 478
 Bermuda 4.0 b 412 b 247
 Zoysia 4.4 b 449 b 359
zDaily averages represent a mean of 27 dates from 4 June to 14 Sept. 2001 and from 3 June to 13 Sept. 
2002.
yTotal ET from 4 June 4 to 14 Sept. 2001 and from 3 June to 13 Sept. 2002.
x Minimum total amount of water required to maintain acceptable quality between 4 June and 14 September, 
2001 and 3 June and 13 Sept. 2002.
wMeans followed by the same letters within a column and year are not signifi cantly different (P < 0.05).

Fig. 1. Visual quality of bluegrass, tall fescue, bermuda, and zoysia in response to defi cit irrigation in 2001. Quality was rated on a 0 to 9 scale, 9 = best. A rating of 6 
was deemed acceptable for a home lawn. Bars represent LSD values (P < 0.05). The horizontal line at a quality rating of 6 denotes the minimum acceptable quality.
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according to the general linear 
models procedure of the Statistical 
Analysis System (SAS Institute 
Inc., 1989). This allowed values 
for each species to be adjusted 
as if each treatment had the same 
initial value. 

Results and Discussion

Evapotranspiration. Blue-
grass and tall fescue had similar 
ET

a
 rates in 2001, which were 

higher than those of bermuda 
and zoysia (Table 1). In 2002, 
tall fescue ET

a
 was higher than 

that of bermuda and zoysia. 
Mustang tall fescue ET

a 
was also 

reported to be higher than that of 
‘Midlawn’ bermuda and ‘Meyer’ 
zoysia in an earlier Kansas test 
(Qian et al, 1996). However, 
zoysia exhibited higher ET

a 
than 

bermuda during each year of 
that test. Discrepancies between 
results may have been due to dif-
ferent methods used in lysimeter 
construction. Qian et al. (1996) 
used a larger (25-cm-diameter) 
lysimeter, and a calcined clay 
soil mix; whereas, we used a 

10.1-cm-diameter lysimeter and undisturbed 
fi eld soil.

Minimum water requirements and turf qual-
ity. Turfgrass species and respective irrigation 
levels (% of ET

a
) at which season-long accept-

able turf quality was maintained in each year 
were: bluegrass, 100% (evaluated 2001 only); 
tall fescue, 60% in 2001 and 80% in 2002; 
bermuda, 60% in both years; and zoysia, 80% in 
both years (Figs. 1 and 2). In 2001, minimum ir-
rigation amounts required to maintain acceptable 
quality for the 102-d study period ranged from 
244 mm for bermuda to 552 mm for bluegrass 
(Table 1). In 2002, irrigation amounts required 
to maintain quality ranged from 247 mm for 
bermuda to 478 mm for tall fescue.

Bluegrass and zoysia were most sensitive 
to defi cit irrigation as refl ected by the range of 
quality scores across treatments in 2001 (Fig. 1). 
Quality of tall fescue irrigated at 40% ET

a
 fell 

below the acceptable level on only one rating date 
in 2001 (Fig. 1). Likewise, in 2002, quality of 
tall fescue was below an acceptable level on only 
one date at 60% ET

a 
(Fig. 2). Hence, a landscape 

manager that could tolerate a slightly reduced 
level of quality for a short period could have 
done so with tall fescue and irrigation levels of 
40% ET

a
 (224 mm of water) in 2001 or 60% ET

a 
(359 mm of water) in 2002. Using these values, 
minimum water required to maintain tall fescue 
would have been substantially less than that for 
zoysia in 2001 (224 vs. 312 mm) and equivalent 
to zoysia in 2002 (359 mm) (Table 1).

Quality of bermuda receiving 40 to 100% 
ET

a
 did not differ greatly through much of the 

2001 season (Fig. 1). A landscape manager 

Fig. 2 Visual quality of tall fescue, ber-
muda, and zoysia in response to defi cit 
irrigation in 2002. Quality was rated on 
a 0 to 9 scale, 9 = best. A rating of 6 was 
deemed acceptable for a home lawn. Bars 
represent LSD values (P < 0.05). The hori-
zontal line at a quality rating of 6 denotes 
the minimum acceptable quality.

Fig. 3. Leaf relative water content of bluegrass, tall fescue, 
bermuda, and zoysia in response to defi cit irrigation in 
2001. Bars represent LSD values (P < 0.05).
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ability than ‘Meyer’ zoysia to root deeply in the 
soil profi le, particularly at a 60 to 90 cm depth 
(Qian et al., 1997). Similarly, bluegrass has been 
shown to have a relatively shallow root system 
compared to tall fescue (Sheffer et al., 1987). In 
this test, it seems that grasses that had the great-
est potential to root deeply also responded most 
positively to defi cit irrigation. The shallower 
rooted species, zoysia and bluegrass, exhibited 
quality decline as the levels of irrigation applied 
were not suffi cient to sustain quality. Perhaps 
deep rooting allowed bermuda and tall fescue 
to make use of water deep in the profi le, which 
contributed to their superior performance when 
subjected to defi cit irrigation. 

Turfgrasses and their respective ranges for 
water requirements in Dallas, Texas, based on 
irrigation applied every 3 d using a Class A 
evaporation pan (E

pan
), were ‘Tifway’ bermuda, 

12% to 35%; ‘Meyer’ zoysia, 39% to 68%; and 
‘Rebel II’ tall fescue, 49% to 67% (Qian and 
Engelke, 1999). On rating dates when differences 
among species were observed, bermuda generally 
performed better under lower defi cit irrigation 
levels than ‘Meyer’ or ‘Rebel II’. Bermuda ir-
rigated at the fi rst indication of wilt in Arizona 
required 57% to 64% of reference ET to maintain 
quality (Garrot and Mancino, 1994).

When irrigated at 50% ET
a
 every 2 d in 

Colorado, only small reductions in tall fescue 
quality were observed (Fry and Butler, 1989). 
In another Colorado study, using a 3-d irriga-
tion interval, acceptable tall fescue quality 
was maintained by irrigating with a level of 
water equivalent to 60% of Penman reference 
ET (Ervin and Koski, 1998). Average water 

Fig. 4. Leaf relative water content of tall 
fescue, zoysia, and bermuda in response 
to defi cit irrigation in 2002. Bars represent 
LSD values (P < 0.05).

would have observed acceptable 
quality bermuda by applying 40% 
ET

a
 (163 mm of water) on all 

but the fi nal rating date in 2001. 
In 2002, greater differences in 
bermuda quality occurred, and 
turf irrigated at 20% or 40% ET

a
 

had unacceptable quality after 20 
days of treatment (Fig. 2). 

Slightly higher water require-
ments for tall fescue and bermuda 
in 2002 compared to 2001 may 
have been due to average daytime 
temperatures that were 2.3 and 3.9 
oC higher in June and September, 
respectively, in 2002 than 2001. 
Furthermore, the initial volu-
metric soil water content at a 0 
to 20 cm depth at the beginning 
of the study was about 5% higher 
in 2001 than 2002 (unpublished 
data). There could also be a 
cumulative effect of defi cit ir-
rigation on turfgrass response in 
consecutive years; longer studies 
would be needed confi rm or refute 
this hypothesis. 

Turfgrass species that have 
exhibited deep rooting potential 
and drought avoidance capabili-
ties responded well to defi cit irri-
gation in this study. For example, 
earlier work in Kansas indicated 
that ‘Midlawn’ bermuda and 
‘Mustang’ tall fescue had greater 

Fig. 5. Electrolyte leakage of bluegrass, tall fescue, bermuda, 
and zoysia in response to defi cit irrigation in 2001. Bars 
represent LSD values (P < 0.05).
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requirements of turfgrasses in Georgia, based 
upon E

pan
, were ‘Tifway’ bermuda, 66%, ‘Meyer’ 

zoysia, 80%, and ‘Rebel II’ tall fescue, 78%. 
(Carrow, 1995). 

Comparison of minimum turf water require-
ments among studies is diffi cult, for some use 
E

pan
 as a reference (Carrow, 1995; Qian et al, 

1999), some use empirical models (Ervin and 
Koski, 1998; Garrot and Mancino, 1994), and 
others use ET

a
 (Fry and Butler, 1989; and the 

present study) to guide irrigation levels. How-
ever, some work has been done that may allow 
comparison of results from studies using defi cit 
irrigation based on ET

a
 and E

pan
. Qian et al. (1996) 

compared ET
a
 to evaporation pan values over 2 

years in Manhattan, Kans. Using the equations 
generated in that work, it is possible to take 
the average ET

a
 values measured in this study 

(Table 1) and determine E
 pan

. In so doing, turf 
irrigation requirements reported as E

 pan
 can be 

divided by the following to determine ET
a
 for 

the respective grasses: bermuda, 1.31; zoysia, 
1.0; and tall fescue 0.97. 

Using these coeffi cients to compare our 
results with others, irrigation requirements for 
zoysia reported herein are the same as those 
reported in Georgia (Carrow, 1995). Bermuda 
irrigation requirements in our test in 2001 fell 
within the range of values reported in Texas 
(Qian and Engelke, 1999) in 2001, but were 

ments the second (assuming the turf manager 
could tolerate one week of unacceptable quality). 
Combinations of heat, and bluegrass billbug 
infestation, and defi cit irrigation stress resulted 
in poor bluegrass performance under the condi-
tions of this test. Physiological measurements 
indicated that bermuda was able to tolerate a 
lower LRWC and higher level of EL before 
quality declined to an unacceptable level.
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higher than those from Texas and 
Georgia (Carrow, 1995) in 2002. 
Tall fescue irrigation require-
ments in 2001 were lower than 
those cited for either Georgia or 
Texas, but in 2002 were compa-
rable to those reported in Georgia. 
Differences among locations in 
turfgrass irrigation requirements 
are likely the result of differences 
in rating methods researchers use 
to evaluate minimum acceptable 
quality or general stand upkeep, 
soil types, irrigation frequen-
cies, weather conditions, and the 
length of growing seasons. 

Leaf relative water content 
and electrolyte leakage. Changes 
in LRWC in all turfgrasses during 
both study periods is presented in 
Figs. 3 and 4. The present study 
indicated that turf quality was 
acceptable until LRWC dropped 
to 76% for bluegrass, 77% for tall 
fescue, 65% for bermuda, and 76% 
for zoysia (R2 ranging from 0.80 
to 0.99 in 2001 and 0.85 to 0.99 in 
2002). This suggests that bermuda 
had a greater ability to tolerate leaf 
desiccation before a visible decline 
in quality occurred. Sinclair and 
Ludlow (1985) proposed that 
LRWC was a good indicator of 
water status. Optimum LRWC 
is about 85% to 95% when water 
uptake by roots equals leaf tran-
spirational water loss; the critical 

LRWC varies with species and tissue type, but 
is about 50%. Below this level, physiological 
malfunctions occur, and death results (Taiz and 
Zeiger, 1998). Reduction in leaf water content 
results in reduced photosynthetic competence 
in many plants (Baker, 1993) and can lead to 
a decline in tall fescue and zoysia canopy net 
photosynthesis (Fu, 2003).

Drought stress resulting from low levels of 
defi cit irrigation may cause dysfunction of leaf 
cellular membranes, resulting in an increased 
permeability for electrolytes. Greater membrane 
injury, and EL, occurred faster in all grasses at 
the lower irrigation levels (Figs. 5 and 6). Higher 
summer temperatures resulted in an increase in 
EL in all grasses, even those irrigated at 100% 
ET

a
, particularly in 2001. The present study 

indicated that turf quality was acceptable until 
leaf EL increased to 22% for bluegrass, 24% 
for tall fescue, 38% for bermuda, and 26% for 
zoysia (R2 ranging from 0.88 to 0.99 in 2001 and 
0.90 to 0.97 in 2002), suggesting that membranes 
of cells in bermuda were least affected by low 
levels of defi cit irrigation. 

In summary, these tests indicated that turf-
grasses requiring the least water to maintain 
quality between June and September were 
‘Midlawn’ bermuda and ‘Rebel II’ tall fescue. 
Tall fescue had lower water requirements than 
‘Meyer’ zoysia the fi rst year, but similar require-

Fig. 6. Electrolyte leakage of tall fescue, 
zoysia, and bermuda in response to defi cit 
irrigation in 2002. Bars represent LSD 
values (P < 0.05).
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