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Abstract. Accurate, rapid, and nondestructive estimates of turfgrass leaf water status are
important for site-specific irrigation and drought stress management. The objective of
this study was to identify changes and correlations among the canopy reflectance, canopy
temperature, and leaf relative water content (RWC) of perennial ryegrass (Lolium
perenne L.) under water deficit conditions. Six cultivars of perennial ryegrass were
subjected to dry-downs in the field from May to Aug. 2007 and from June to Aug. 2008.
Turf quality was positively correlated with soil moisture (SM), RWC, and normalized
difference vegetation index (NDVI), but negatively correlated with canopy and ambient
temperature differentials (DT). DT was well correlated with RWC (r = –0.77 to –0.78)
and SM (r = –0.66 to –0.74), whereas SM was correlated with RWC (r = 0.64 to 0.74)
across seasons in both years. When a wide range of stress symptoms occurred in July and
Aug., RWCs became highly correlated with DT (r = –0.80 to –0.89) and NDVI (r = 0.77 to
0.81), whereas DT was correlated with NDVI (r = –0.70 to –0.80) in both years. SM was well
correlated with RWC (r = 0.71 to 0.80), NDVI (r = 0.70 to 0.73), and DT (r = –0.76 to –0.78)
in July and August in both years. These results suggest that changes in DT can be used to
predict well the leaf water and soil moisture content of perennial ryegrass under water
deficit conditions. Combined with NDVI, the correlations can be used for direct mapping
of the variability in grass water status, thus improving irrigation management.

The decreasing availability of water has
become more of a problem for turf manage-
ment as a result of regional and localized
drought, population growth, and a growing
demand for water from competing uses.
Improved irrigation management is impor-
tant for enhancing turf performance during
periods of drought stress and for conserving
water. Determining plant and soil water
content in response to water deficit condi-
tions is beneficial for turfgrass site-specific
irrigation management, particularly for loca-
tions that show large spatial and temporal

variability in drought symptoms. Therefore,
rapid and accurate assessment of turfgrass
water status along with visual observation is
essential for timely and proper irrigation as
well as for drought stress management in
turfgrass.

Leaf and soil water content and chloro-
phyll concentration are normally affected by
water deficit in turfgrass (DaCosta et al.,
2004; Jiang and Huang, 2000). These physi-
ological changes can be measured by evalu-
ating leaf or canopy reflectance without
destructive sampling because spectral reflec-
tance in the visible and infrared regions is
closely associated with leaf pigment content
(Bell et al., 2004; Cater and Spiering, 2002;
Stiegler et al., 2005) and water content
(Penuelas et al., 1993; Rollin and Milton,
1998). Turf quality, color, and leaf firing
under water deficit conditions are highly
correlated with spectral reflectance at a spe-
cific wavelength and/or with various indices
derived from two or more wavelengths (Bell

et al., 2002; Jiang and Carrow, 2005). The
normalized difference vegetative index
(NDVI), defined as (RNIR – Rred)/(RNIR +
Rred), is one of the most widely used indices
for evaluating turfgrass canopy character-
istics (Jiang et al., 2003; Sönmez et al.,
2008; Trenholm et al., 1999; Xiong et al.,
2007). Once the correlations between canopy
reflectance and physiological variables have
been identified, relationships among these
characteristics can be used to predict turf
quality as well as the occurrence of stress and
grass tissue water status in different species
and cultivars. Furthermore, sensor-based
tools may be developed and adapted to pro-
vide field mapping of turfgrass stress charac-
teristics. For turfgrass water use, canopy
reflectance and related models have been
studied to predict soil water content (Dettman-
Krues et al., 2008) and tissue moisture
content (Baghzouz et al., 2006) as well as
to evaluate irrigation programs (Hutto et al.,
2006; Sönmez et al., 2008; Xiong et al., 2007)
in both cool-season and warm-season turf-
grass species. In addition to models devel-
oped in different turf species, models have
been evaluated and optimized to assess
drought responses for individual cultivars
within a turfgrass species (Jiang and Carrow,
2007).

Responses of turfgrass to water deficit
conditions can also be assessed by leaf or
canopy temperature. Leaf temperature will
be greater than ambient temperature when
grasses are under drought stress as a result of
reduced transpiration. The plant canopy tem-
perature–ambient air temperature differential
could reflect the water balance of a plant and
has been studied as a tool in scheduling
irrigation in Kentucky bluegrass (Poa pra-
tensis L.) (Throssell et al.,1987). Significant
correlations were found between broadband-
based normalized difference vegetation
index (NDVI; R600–650; R800–890) and
canopy temperature (r = 0.54) and between
NDVI and tissue moisture content (r = 0.90)
in drought-stressed tall fescue [Schedonorus
phoenix (Scop.) Holub] (Fenstermaker-Shaulis
et al., 1997). These results provide informa-
tion for further studying the relationships
between canopy temperature and leaf and
soil water content in different turfgrass spe-
cies and cultivars.

Rapid and accurate estimates of plant and
soil water content are critical for maximizing
irrigation efficiency in turfgrass manage-
ment. However, laboratory assessment of leaf
relative water content is a time-consuming
process, especially when a large number of
samples are needed. As a result of the po-
tential variations in drought response of
turfgrass in the field, the use of multiple
remote sensors to detect changes in canopy
temperature and reflectance patterns may
allow turfgrass performance under water
deficit conditions to be more precisely as-
sessed and spatially characterized. However,
to date, the potential use of canopy temper-
ature to predict leaf water content and its
correlation with reflectance indices under
water deficit conditions is not well understood
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in turfgrass species or cultivars. Although can-
opy reflectance has been studied as a means
to identify relationships between canopy
variables and soil moisture conditions, the
relationships among spectral reflectance, leaf
water content, and canopy temperature have
not been studied extensively in turfgrass
species. It is not clear if the changes in NDVI
reflect the changes in leaf water content. A
knowledge of the correlations among leaf
relative water content (RWC), NDVI, and
canopy temperature could aid irrigation man-
agement in improving turf quality. Perennial
ryegrass (Lolium perenne L.) is a commonly
used turfgrass species on golf course fair-
ways, where spatial variations in drought
stress often occur. Therefore, the objective
of this study was to identify the changes and
correlations among the canopy reflectance,
canopy temperature, and RWC of perennial
ryegrass under water deficit conditions.

Materials and Methods

Plant materials. The experiment was con-
ducted at the Turfgrass Research and Diag-
nostic Center at Purdue University, West
Lafayette, IN, from 10 May to 11 Aug. 2007
and from 1 June to 29 Aug. 2008. Six cultivars
(BrightStar SLT, Catalina II, Divine, Inspire,
Manhattan 4, Silver Dollar) of perennial
ryegrass were established from seed in Sept.
2005 on silt loam soil with a pH of 6.8. Each
cultivar was seeded into four plots (four
replications) of 9.3 m2 (3.05 m · 3.05 m)
each. All the grasses were mowed three times
a week at 2.54 cm until drought stress
occurred. All the plots received nitrogen
(N) at a rate of 48.8 kg�ha–1 N �10 May, 15
Sept., and 5 Nov. each year. Irrigation was
applied as necessary to maintain healthy
turfgrass before the initiation of drought
stress through dry-down.

Data collection and analysis. The dry-
down was initiated after bringing all the
grasses to well-watered conditions and then
withholding water. Data collection began
before the initiation of the drought and
continued throughout the dry-down period
when there was little or no precipitation. The
dry-downs were imposed from 12 to 22 May,
11 to 17 June, 29 July to 11 Aug. 2007 and 1
to 22 June, 20 to 29 July, and 2 to 29 Aug.
2008; and data were collected during these
time periods. In 2008, frequent light rain
occurred in May causing data collection to
be delayed until June. Measurements were
not taken if rainfall occurred during these
dry-down periods.

Turf quality (TQ) was rated visually based
on color, shoot density, and uniformity on a
1 to 9 scale, in which 1 = dead brown turf and
9 = ideal dark-green color, density, and uni-
formity for the species. Leaf samples were
collected randomly across individual plots for
leaf RWC measurements. Leaf RWC was
determined according to the following equa-
tion: RWC = (FW – DW)/(SW – DW) ·
100%, where FW is leaf fresh weight, DW is
the dry weight of leaves after drying at 85 �C
for 3 d, and SW is the turgid weight of leaves

after soaking in water for 4 h at room
temperature (�20 �C). A soil moisture probe
(TDR 100; Spectrum Tech Inc., Plainfield,
IL) was used to determine average volumetric
soil moisture content (SM) from 0 to 10 cm
deep.

The duration of each dry-down was deter-
mined by how rapidly the TQ and SM
declined in response to water deficit condi-
tions. The dry-down created a progression of
stress symptoms, which were captured in the
turf quality, leaf RWC, canopy temperature,
and reflectance measurements. After the end
of each dry-down (volumetric SM below
20% and TQ below 6.0 in the end), grasses
were rewatered to a nonstress level before the
next dry-down started.

Canopy spectral reflectance was collected
with a Crop Circle ACS-210 (Holland Sci-
entific Inc., Lincoln, NE). The machine has
a built-in light sensor that incorporates its
own patented light source technology, simul-
taneously emitting visible and near infrared
light (NIR) from a single light-emitting diode
light source. The area of plant canopy illu-
mination was identical for both visible and
infrared light bands, essentially mimicking
the spatial composition of natural light. A
reflectance at wavelengths 880 and 650 nm
was used to calculate the NDVI (R880 –
R650)/(R880 + R650). The crop circle radi-
ometer was held at a height of 1 m above the
canopy and measured across the entire plot.
On each sampling day, a total of 150 to
200 reflectance data points were taken from
each plot and the values were averaged.
The canopy and air temperature differential
(DT) was taken using a handheld infrared
thermometer (Everest InterScience Inc.,
Tucson, AZ) in full sun, and at least two
readings for each plot were measured and the
means were calculated. The reflectance and
canopy temperature readings were taken at
1300 HR along with TQ, RWC, and SM
readings.

The experiment was a completely ran-
domized design with four replications for
each cultivar. Correlation coefficients (r)
were determined using the Statistical Analy-
sis System (9.1 edition; SAS Institute, 1987)
to develop relationships among TQ, SM,
RWC, DT, and NDVI. The data collected
on each sampling day were averaged for a
single cultivar across the four replications,
and the means were combined for all culti-
vars across the entire dry-down to run corre-
lation analyses for a particular year.

Results and Discussion

Mean maximum air temperatures and
mean minimum air temperatures (averaged
over 3 months from June to Aug.) were
slightly higher in 2007 than they were for
the corresponding months in 2008 (Table 1).
Total precipitation was higher from June to
Aug. 2008 than in 2007. For both years,
drought stress was sufficiently high in July
and August, which allowed a wide range of
drought symptoms to develop in the peren-
nial ryegrass.

There were significant year effects for
RWC, NDVI, and DT. No cultivar effects
and no year · cultivar interactions were
observed for all measurements, including
TQ, SM, RWC, NDVI, and DT. The means
of all measurements were presented across all
cultivars but separated by years.

Turf quality, soil moisture, and leaf
relative water content. The average TQ
across six cultivars decreased to an unaccept-
able level (below 6.0) during the dry-down
period in May and from July to Aug. 2007
and in June and July to Aug. 2008 (Tables 2
and 3). The average SM across cultivars
decreased from 34.9% to 17.7% in May and
from 37.1% to 15.2% from July to Aug. 2007
(Table 2), whereas SM decreased from 36.0%
to 21.0% in June and from 30.3% to 12.1%
from July to Aug. 2008 (Table 3). RWC
across cultivars decreased from 94.5% to
88.0% in May and from 94.3% to 71.5%
from July to Aug. 2007 (Table 2) and
decreased from 93.4% to 89.2% in June and
from 93.3% to 68.1% from July to Aug. 2008
(Table 3). The July to August dry-down in
both years caused further reductions in TQ,
SM, and RWC compared with the dry-downs
in May 2007 or June 2008. From the begin-
ning to the end of drought stress, the TQ of
perennial ryegrass declined gradually, which
allowed the relationship between TQ and
canopy reflectance to be examined, similar
to another study using different turfgrass
species grown in containers (Jiang and Car-
row, 2007). In this study, the decreasing TQ,
SM, and RWC from July to August resulted
in significant changes in canopy temperature
and reflectance in both years.

Normalized difference vegetation index
and temperature differential. No significant
changes in NDVI were observed in May 2007
or June 2008, although TQ, SM, and RWC all
decreased (Tables 2 and 3). It seems that
NDVI was not much affected when drought

Table 1. Weather conditions in West Lafayette, IN, during the experiment period from May to Aug.
2007 and 2008.

Year Month

Mean maximum
air temp.

(�C)

Mean minimum
air temp.

(�C)

Total
precipitation

(mm)

Mean solar
radiation
(mJ�m–2)

Mean wind
speed
(ms–1)

2007 May 26.4 12.1 32.3 20.3 3.3
June 28.1 15.7 47.0 21.3 2.6
July 27.7 15.1 55.9 23.2 2.2
Aug. 30.5 17.9 22.4 17.6 1.9

2008 June 27.8 16.9 65.3 22.7 3.1
July 28.3 16.6 68.8 23.8 2.2
Aug. 27.5 14.6 27.4 21.7 1.8
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stress began to occur. However, in July and
August, NDVI dropped 9.7% and 17.3% in
2007 and 2008, respectively. The decreases
in RWC in July and August caused leaf
wilting, which in turn resulted in consider-
able reductions in NDVI. NDVI is highly
correlated with TQ and leaf firing under a
range of drought stress (Jiang and Carrow,
2005; Sönmez et al., 2008). Unlike NDVI,
DT significantly increased with decreasing
TQ, SM, and RWC in May 2007 or June
2008. When grasses are healthy and turgid,
canopy temperature is lower than air temper-
ature. The significant increase in DT indi-
cated that grasses were drought-stressed,
causing a reduction in transpiration during
the dry-down periods in both years (Tables 2
and 3).

Correlations among turf quality, soil
moisture, leaf relative water content,
normalized difference vegetation index, and
temperature differential. Significant correla-
tions among all variables were observed from
May to Aug. 2007 and from June to Aug.
2008 (Tables 4 and 5). Those correlations
were stronger from July to August in both
years, particularly for NDVI with SM, RWC,

and DT in 2008 (Table 5). There was rela-
tively more rainfall from June to July in 2008
than there was for the corresponding months
in 2007, which could have reduced the stress
response of the turf and therefore affected the
relationships among water status, canopy
temperature, and reflectance. The correla-
tions among these variables improved when
a wide range of stress symptoms exhibited in
July and August of both years.

TQ was positively correlated with SM,
RWC, and NDVI but negatively correlated
with DT (Tables 4 and 5). DT was well
correlated with RWC (r = –0.76 to –0.78)
and SM (r = –0.66 to –0.74), whereas SM was
correlated with RWC (r = 0.64 to 0.74) across
seasons in both years. In July and August, SM
was well correlated with NDVI (r = 0.70 to
0.76) and DT (r = –0.76 to –0.78), whereas
RWC was highly correlated with NDVI (r =
0.77 to 0.81) and DT (r = –0.80 to –0.89) in
both years. In addition, NDVI was also highly
correlated with DT (r = –0.70 to –0.80).
Dettman-Krues et al. (2008) found that
volumetric soil water content was best pre-
dicted with creeping bentgrass (Agrostis
stolonifera L.) canopy reflectance data

before the development of drought stress
symptoms. Results from this study showed
that changes in DT and NDVI effectively
represented changes in leaf water content and
SM in perennial ryegrass under water deficit
conditions.

In summary, the ability to rapidly and
accurately predict plant and soil water status
using remote sensing holds promise for more
efficient management of turf irrigation. High
correlations were observed among TQ, SM,
RWC, NDVI, and DT in perennial ryegrass
exposed to progressive dry-down, especially
when a wide range of stress symptoms ex-
hibited. These changes in DT along with
NDVI under water deficit conditions could
be used to predict leaf water status and soil
moisture and to identify spatial variability in
drought stress responses in turfgrass sites.
Future research is necessary to explore the
relationships among canopy temperature,
reflectance, and turfgrass water status in
multiple turfgrass species grown in a differ-
ent type of soil with different soil textures
under water deficit conditions.
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