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ABSTRACT tained acceptable quality under 73% shade but not
under 86% shade (Qian and Engelke,1997). Van Huy-Low light (LL) stress is a major problem that influences turfgrass
lenbroeck and Bockstaele (2001) found significant dif-quality. Low light tolerance of seashore paspalum (Paspalum vagi-

natum Swartz) has not been assessed and information is needed to ferences in photosynthetic capacity and growth between
develop management strategies and to maximize turf performance. the species perennial ryegrass (Lolium perenne L.),
The objectives of this study were to: (i) evaluate responses of seashore chewings fescues (Festuca rubra L.) and creeping red
paspalum to reduced light intensity and to identify the most tolerant fescues (F. r. spp. rubra) under 65% shade. Bell and
entries; (ii) compare low light responses between paspalum and hybrid Danneberger (1999) reported that perpetual shade
bermudagrass (Cynodon dactylon L.� C. transvaalensis Burtt Davy) caused turf color and density to decline in creeping bent-
cultivars. Eight entries of seashore paspalum and two hybrid bermu-

grass (Agrostis palustris Huds.), but temporal, 80 todagrass cultivars were evaluated under full sunlight control (FL), and
100% shade up to 6 h did not affect turf performance.constant 70% and 90% LL provided by shade shelters in the field
Sea Isle 1 paspalum maintained turf quality similar tofrom August to October in 2001 and July to September in 2002 at
full sunlight when receiving about 90% morning or af-Griffin, GA. Significant differences in turf quality, color, density,

canopy photosynthetic rate (Pn), canopy chlorophyll index (Chl), ternoon shade for 5 h; however, turf quality was signifi-
canopy spectral reflectance, and leaf dry weight were observed in cantly decreased after turf was subjected to both shade
paspalum entries and hybrid bermudagrass cultivars under 70 and and traffic stresses in comparison with full sunlight plus
90% LL treatments. Among all grasses, turf quality declined 9 (the traffic stresses (Jiang et al., 2003). Responses of turf-
best) to 22% (the worst) under 70% LL and 13 to 28% under 90% LL, grasses to shade vary in individual species or cultivar
respectively, compared with the control with FL. Canopy photosyn- as well as degree of low light stress; therefore, selection
thetic rate was reduced 10 to 43% under 70% LL and 27 to 67%

of low light tolerant cultivar of turfgrass for use in re-under 90% LL; and normalized difference vegetation index (NDVI)
duced light conditions is important and beneficial fordecreased 14 to 31% and 20 to 45% for 70% LL and 90% LL treat-
turf management.ments, respectively. Most paspalum entries exhibited better low light

Seashore paspalum is an environmentally compatibletolerance than hybrid bermudagrasses under 70 and 90% LL, and
‘Sea Isle 1’ paspalum ranked as the most tolerant cultivar under both warm-season turfgrass that has been used on golf courses
LL conditions. The ranking for the most low light tolerant entries and other recreational sites (Duncan, 1999). Extreme
under two LL conditions were: ‘Sea Isle 1’ paspalum (best) � Cloister intraspecific diversity has been identified among ap-
paspalum � ‘Sea Isle 2000’ paspalum � Temple 1 paspalum � ‘Salam’ proximately 300 ecotypes of this grass with respect to
paspalum � Q 36313 paspalum � 561-79 paspalum � Hybrid 5 pas- many stresses (Duncan, 1999). Intraspecific differences
palum � ‘TifSport’ bermudagrass � ‘TifEagle’ bermudagrass (worst). have been observed for tolerance to salinity (Dudeck
Large variations observed among paspalum entries and bermudagrass

and Peacock, 1985; Marcum and Murdoch, 1994),cultivars in response to LL conditions could potentially be used for
drought (Beard et al., 1991), low temperature (Cardonaenhancing management practices.
et al., 1997), wear (Trenholm et al., 1999a), and flooding
(Malcolm, 1969). Additionally, seashore paspalum can
thrive on a wide range of soil conditions and pH levelsVarious kinds of shade, such as tree shade or shade
(Duncan, 1999). But to date, the range of tolerance toof structures, can influence turf quality, persistence,
low light intensity has not been evaluated within sea-and the traffic tolerance of turfgrasses. The estimated
shore paspalum ecotypes/or cultivars, in terms of turfturf area under shade conditions in the USA is about
quality components and physiological responses, such25% (Beard, 1973). Shade reduces light intensity or/and
as photosynthesis and spectral reflectance. A better un-affects light quality, resulting in morphological and
derstanding of low light tolerance of seashore paspalumphysiological changes in turfgrasses (Bell and Danne-
would facilitate management of seashore paspalum andberger, 1999; Dudeck and Peacock, 1992; McBee, 1969).
breeding program.Turfgrasses become weakened, etiolated, and have en-

Hybrid bermudagrass cultivars have been widely usedhanced susceptibility to disease under shade; therefore,
in golf courses and athletic fields throughout the warmmanagement of turfgrass in shade environments is chal-
climate areas. With respect to low light tolerance, com-lenging to turf professionals.
parative studies between bermudagrass and seashoreTurfgrass responses to different artificial shade condi-
pasplaum have not been reported, but the results couldtions have been reported for a number of species. ‘Dia-
provide information for use of these grasses in high-mond’ zoysiagrass [Zoysia matrella (L.). Merr.] main-
profile turf areas. Therefore, the objectives of this study
were to: (i) evaluate responses of seashore paspalum to
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were measured using a LI- 250 light meter (LI-COR, Inc.,reduced light intensity and to identify the most tolerant
Lincoln, NE) with quantum sensor to quantify photosyntheti-entries; (ii) compare low light responses between pas-
cally active radiation (PAR) (�mol s�1 m�2). Canopy-levelpalum entries and hybrid bermudagrass cultivars.
chlorophyll content index (Chl) was measured using a Field-
Scout CM1000 Chlorophyll Meter (Spectrum Tech. Inc.,

MATERIALS AND METHODS Plainfield, IL). The readings were taken by using the ambient
light, and the relative chlorophyll content index was recordedThe study was conducted at The University of Georgia
on the basis of reflectance at 700 and 840 nm. ChlorophyllExperiment Station in Griffin, GA, from 23 Aug. to 10 Oct.
content index were taken after 14 and 28 DAT for both years.2001 and from 16 July to Sep. 6 2002, respectively. Eight

Canopy photosynthetic rate (Pn) was measured by with aentries of seashore paspalum including Sea Isle 1 and Sea Isle
CIRAS-2 Portable Photosynthesis System (PP Systems, Haver-2000, Salam, Cloister, Temple, Q36313, 561-79, and hybrid 5,
hill, MA). The device was an open system attached to a poly-and the hybrid bermudagrass cultivars TifSport and TifEagle
thene 150-mm-diam canopy chamber. The chamber was placedwere used in this study. The eight seashore paspalums were
in the upright position and the chamber base pressed 5 mm intochosen on the basis of a preliminary study with a large rainout
the soil when taking measurements. Air was pushed throughshelter used to do an initial assessment of low light tolerance.
the chamber by the air supply fan, and the flow rate wasThe paspalums with better or poor low light tolerance in
measured and controlled by the mass flow meter, which pro-the preliminary test were included in this study, which was
vided flow range from 0 to 5 L/min. The ambient light andreplicated and with better light control. TifSport and TifEagle
CO2 were used to measure net canopy photosynthetic ratewere chosen on the basis of their use in turf area similar to
and the assimilation was shown in micromoles per metersome of paspalums included. Sod strips (1.4 m2) were collected
squared per second. For measurements, the procedure was tofrom well-established field plots and transferred to the experi-
choose a level area, place the chamber on the ground, andment site on 29 May 2001. Turf quality of some plots from
push firmly down to allow the chamber to seal with the turf2001 declined after winter and some plots died during spring
about 2 to 3 min for completing a measurement per sample.2002. As a result, new sod strips of all grasses from the same
Canopy photosynthetic rate was taken 30 min after the shade2001 source materials were collected and planted on 15 May
shelter was removed to allow grasses to adapt to FL condition,2002 to an adjacent site for the second year of the study. The
and data was collected after 25 and 40 DAT in 2001 and aftersoil type was a Georgia Cecil clay loam (clayey, kaolinitic,
15 and 30 DAT in 2002.thermic typic Kanhapludult) with pH 6.0. The grasses were

Canopy spectral reflectance measurements were collectedmowed at 1.7 cm twice weekly using a rotary mower with
with a Unispec Spectral Analysis System (PP systems, Haver-clippings removed. Irrigation was applied at approximately
hill, MA) to determine normalized difference vegetation index2.5 cm weekly. Granular fertilizer (N-P-K) applied to the site
(NDVI) and leaf area index (IR/R). Canopy reflectance was(kg N ha�1) was 5.8 N on 7 June and 5.8 N on 5 July (Lesco,
collected between 400 and 1100-nm wavelengths at 3-nm inter-12-24-14), 16 N on 27 July (Urea, 34-0-0) in 2001; and 5.8 N
vals. Reflectance foreoptics were bi-furcated fiber-optics, andon 22 May (Lesco, 12-24-14), 16 N on 10 June (Urea, 34-0-0)
ambient full sunlight illuminated the canopy during measure-and 4.9 N on 9 July (10-10-10) in 2002.
ment. The fiber-optics probe was held 15 cm directly aboveThe experiment was initiated with shade shelter devices to
ground and canopy reflectance was measured immediatelyprovide reduced light conditions. Square shade shelters were
after a white standard reference was scanned. Canopy reflec-built that were 0.61 m high, and 3 by 3.2 m with aluminum–
tance was calculated by comparing the sample reflectance tomagnesium slip-on pipes and pipe fittings, which supplied a
a standard reference scan. Canopy reflectance was taken after9.6-m2 top shade area covered by black shade cloth (Hummert
14 and 28 DAT for both years. The following specific reflec-International, Earth City, MO). Full sunlight plots were of
tance indices were calculated and the wavelengths were modi-the same dimensions. Shade cloth also covered the sides of
fied from previous studies as noted in the following, on theeach shelter to prevent lateral sunlight penetration. Two types
basis of the closest bands of the Unispec instrument used inof shade cloth were used to obtain 70 and 90% reduction of
this study. NDVI and IR/R were calculated by the followingfull sunlight intensity. Shade shelters were placed vertically
formula (R750 – R705)/(R750 � R705) (modified from Ga-to allow irrigation and rainfull to reach plots and were tempo-
mon and Surfus, 1999) and leaf area R935/R661 (modifiedrarily removed for mowing, fertilization applications and data
from Trenholm et al., 1999b), respectively. The highest valuecollection. Shelters were placed on the turf plots from 23 Aug.
is best for both indices.2001 to 10 Oct. 2001 and from 16 July to 6 Sep. 2002. Shelters

The plant height of unmowed grasses was measured afterwere removed for about 30 min per week for regular mowing
14, 21, 28, and 42 DAT in both years. At the end of the studyand turf quality assessment and were removed for about 2 to
(42–45 DAT), an above-ground area (5.6-cm diam) from each3 h twice during the entire experiment for taking canopy
plot was harvested to determine leaf dry weight (DW) of thephotosynthetic rate and reflectance data, respectively.
mowed grasses.The various measurements were taken 1 to 2 d after clipping

This experiment was a split-plot design with light level ason sunny days. Within each turf plot, an area of 0.46 by 0.31 m
main plot and grass type as split-plot. The three light levelswas left unmowed to observe shoot elongation responses as
included FL (control), 70% LL and 90% LL. The grass plotsexpressed by plant height. Turf quality was rated visually on
were assigned randomly under each light treatment. Both lightthe basis of color, shoot density, and uniformity, where 1 �
level and grass type replicated 3 times. Data from two yearsbrown, dead turf and 9 � ideal dark-green, density and unifor-
(2001 and 2002) were combined to analyze significance ofmity for the species. Turf color rating was on a scale of 1 to
year, grass, light, and their interactions by Proc GLM (SAS9, where 1 was brown color, 9 was dark-green color. Turf
Institute, 1987). The grass differences for each measurementdensity rating was based on shoot density, where 1 was no
under different light level were also analyzed from the com-grass and 9 was uniform dense grass. The minimum level for
bined 2-yr data. The replanted plots were the same sequenceall three acceptable turf ratings was 6. Visual observations
to the second year as in the first year. Model assumptions ofwere recorded at 7, 14, 21, 28, and 42 d after light treatments
normality and homogeneity were checked and satisfied. For(DAT) for both years.

The light intensities outside shade and under shaded areas relative low light tolerance or overall performance under FL,
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Table 1. Mean squares from the analyses of variances for turf quality (TQ), color, density, canopy reflectance indices (NDVI and IR/R),
canopy photosynthetic rate (Pn), canopy chlorophyll content index (Chl), leaf dry weight (DW), and unmowed plant height (HT)
based on data in 2001 and 2002.

Sources df TQ Color Density NDVI IR/R Pn Chl DW HT

Year (Y) 1 3.76** 1.13 4.91** 0.06** 94.9** 9.89 8 736.2* 0.65** 86.84***
Rep† (year) 4 0.15 0.16 0.14 0.002 4.32 53.81 754.45 0.02 3.63
Light (L) 2 33.25*** 27.66*** 36.71*** 0.38*** 266.8*** 2 711.54*** 68 632.91*** 2.47*** 364.45**
L � Y 2 0.001 0.19 0.02 0.03** 11.37 27.58 10 257.12** 0.07* 43.61***
L � Rep (year) 8 0.095 0.08 0.07 0.002 2.62 13.0 733.11 0.01 2.34
Grass (G) 9 2.65*** 2.20*** 2.77*** 0.02*** 20.66*** 290.41*** 4 437.10*** 0.06*** 37.83***
G � Y 9 0.10*** 0.11*** 0.11*** 0.002* 2.80** 12.68** 1 163.80*** 0.01* 1.88
G � L 18 0.23*** 0.19*** 0.21*** 0.003*** 3.82*** 24.53*** 1 037.52*** 0.004 7.80***
G � Y � L 18 0.04 0.04 0.04 0.001 1.21 3.75 523.24 0.002 0.90
Error 106 0.02 0.02 0.02 0.001 1.03 3.62 304.31 0.003 1.20
R square 0.98 0.97 0.98 0.93 0.90 0.96 0.89 0.95 0.92
CV, % 2.0 2.1 2.2 6.5 12.9 7.6 8.5 17.7 13.1

* Indicates significant at P � 0.05.
** Indicates significant at P � 0.01.
*** Indicates significant at P � 0.001.
† Replication.

grasses were assessed on the basis of the number of the times (Table 2). The ranges of turf quality and density among
of those parameters (turf quality, color, density, NDVI, IR/R, all grasses were found from 7.4 to 8.0 and 7.4 to 8.1,
Pn, Chl, and DW) ranked in the highest statistical category. respectively, and seashore paspalums had higher ratings
The highest number of times was considered a relative higher than bermudagrasses. Variations among grasses for
low light tolerance or good performance under FL for a NDVI, IR/R, Pn, and Chl were 21, 38, 20, and 14%,given grass.

respectively. Leaf dry weight exhibited the largest varia-
tion at 40% among all traits. Sea Isle 1 and Cloister

RESULTS paspalum had the highest dry weights and Q36313 pas-
palum and two bermudagrass had the lowest dry weight.The analysis of data determined the importance of

On the basis of the number of the times of variousyear, grass, and light, and their interaction effects
parameters ranked in the top statistical category under(Table 1). The significant light � year interactions were
FL conditions, Sea Isle 1, Cloister, and Sea Isle 2000observed for the traits of NDVI, Chl, DW, and HT. All
paspalums had the best overall performance and rankedtraits except for HT exhibited significant grass � year
in the highest statistical category; Salam, Temple pas-interactions. Significant year effects were noted for most
palum, and TifSport bermudagrass ranked in the mid-of the traits except for turf color and Pn. Both light and
dle; and Q36313, 561-79, hybrid 5 paspalum, and Tif-grass had significant impacts on all traits.
Eagle bermudagrass ranked in the lowest category.The grass � light interactions were observed for most

of traits except for DW. The performance of each grass
under FL, 70% LL, and 90% LL and differences among Under LL Conditions
grasses under different light levels were evaluated, re- The light intensities in the shaded area were 28 to
spectively (Table 2, 3, 4, 5). 32% and 8 to 13% PAR of full sunlight (FL) under

70% and 90% shade clothes during experiments, respec-Under FL Condition tively. Turf quality and physiological measurements
were significantly different among grasses under 70% LLUnder FL condition, grasses differed significantly in

turf quality, color, density, and physiological traits (Table 3). Like under FL, Sea Isle 1, Cloister and Sea Isle

Table 2. Turf quality (TQ), color, density, canopy reflectance indices (NDVI and IR/R), canopy photosynthetic rate (Pn), canopy
chlorophyll content index (Chl), and leaf dry weight (DW) in grasses under full sunlight (FL) condition in 2001 and 2002.

Number of
times in the top

Grass TQ Color Density NDVI IR/R Pn Chl DW statistical category†

�mol CO2

m�2 s�1

Sea Isle 1 (SP)‡ 8.0ab§ 8.0ab 8.0ab 0.53bc 10.5a–d 35.8a 244.6a–d 0.62a 7/8
Cloister (SP) 8.0a 8.0a 8.1a 0.54b 11.3ab 34.7ab 251.2abc 0.62ab 7/8
Sea Isle 2000 (SP) 7.9ab 7.9abc 8.0abc 0.54b 10.9abc 33.6ab 254.8ab 0.56ab 7/8
Salam (SP) 7.9ab 7.9abc 7.9abc 0.51bc 9.7cd 31.2c 243.1a–d 0.55bc 4/8
Temple (SP) 7.8abc 7.9a–d 8.0abc 0.53bc 10.1cd 32.4bc 233.8cd 0.59ab 4/8
Q36313 (SP) 7.8bcd 7.9b–e 7.9abc 0.52bc 10.5bcd 32.6bc 235.9bcd 0.50cd 1/8
56179 (SP) 7.8bcd 7.8cde 7.9bcd 0.52bc 9.5d 30.7cd 228.9d 0.56abc 1/8
Hybrid 5 (SP) 7.7d 7.7e 7.7d 0.51c 10.1bcd 30.9cd 231.5cd 0.56abc 1/8
TifSport (BD)¶ 7.7cd 7.7de 7.8cd 0.58a 11.8a 31.0cd 263.7a 0.48d 3/8
TifEagle (BD) 7.4e 7.5f 7.4e 0.46d 7.3e 28.7d 227.4d 0.37e 0/8

† Top statistical category � entries exhibiting the greatest value in response to FL.
‡ SP means seashore paspalum.
§ Means followed by the same letters within a column at a given measurement were not significantly different at P � 0.05.
¶ BD means bermudagrass.
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Table 3. Grass differences in turf quality (TQ), color, density, canopy reflectance indices (NDVI and IR/R), canopy photosynthetic rate
(Pn), canopy chlorophyll content index (Chl), and leaf dry weight (DW) under 70% low light condition in 2001 and 2002.

Number of
times in the top

Grass TQ Color Density NDVI IR/R Pn Chl DW statistical category†

�mol CO2

m�2 s�1

Sea Isle 1 (SP)‡ 7.2a§ 7.2a 7.2a 0.45ab 8.8b 31.9a 224.2a 0.34a 7/8
Cloister (SP) 7.2ab 7.2a 7.2a 0.46ab 9.3a 28.6b 224.3a 0.28ab 7/8
Sea Isle 2000 (SP) 7.1ab 7.2a 7.1a 0.46a 8.6bc 29.7ab 224.8a 0.28ab 7/8
Temple (SP) 7.0bc 7.1ab 7.1a 0.44ab 8.2bc 26.8cd 207.6ab 0.26bc 4/8
Salam (SP) 7.0bc 7.1ab 7.0ab 0.43bc 7.8bc 26.1d 208.8ab 0.23bc 3/8
56179 (SP) 6.9c 6.9b 6.9b 0.44ab 7.5cd 24.8de 202.8b 0.22bc 1/8
Q36313 (SP) 6.6d 6.6c 6.6c 0.39de 6.5d 22.8ef 176.8c 0.20cd 0/8
Hybrid 5 (SP) 6.5d 6.7c 6.5c 0.39de 6.5d 20.8fg 176.3c 0.23bc 0/8
TifSport (BD)¶ 6.3e 6.4d 6.3d 0.40cd 6.4d 18.6gh 180.6c 0.15de 0/8
TifEagle (BD) 5.7f 5.9e 5.7e 0.36de 4.9e 16.5h 161.9c 0.13e 0/8

† Top statistical category � entries exhibiting the least decline in response to reduced light.
‡ SP means seashore paspalum.
§ Means followed by the same letters within a column at a given measurement were not significantly different at P � 0.05.
¶ BD means bermudagrass.

2000 still ranked in the highest statistical category; Tem- 27 to 67% and 16 to 42%, respectively. Leaf dry weight
showed the largest reduction of various traits underple and Salam was in the middle, and the next was 561-

79, Q36313, hybrid 5. However, TifSport dropped to 90% LL from 63 to 76%. Sea Isle 1 and Sea Isle 2000
were least affected, while the two bermudagrass culti-the lowest ranking group. The percentage reduction in

all traits under 70% LL compared with FL showed dif- vars were most affected by 90% LL relative to FL
(Table 7).ference among grasses (Table 6). Under 70% LL, turf

quality, color and density were reduced approximately
9 to 10% (the best) to 22% (the worst). NDVI and IR/R Plant Height of Unmowed Grasses
decreased 14 to 31% and 16 to 45%, while Pn and Chl No difference in plant height were found in grassesexhibited 10 to 43% and 6 to 31% reductions, respec- under FL condition; however, grasses exhibited signifi-tively. Leaf dry weight showed the largest reduction cant differences in plant height under 70% and 90% LL,from 45 to 70%. Sea Isle 1, Closter, Sea Isle 2000, and particularly under 90% LL (Table 5). The increasedTemple were least affected by reduced light at 70% LL percentage in plant height range were from 34 to 114%on the basis of the least time in the top category, while and 55 to 150% under 70% LL and 90% LL, respec-TifEagle was the most affected. tively, compared with FL. The two bermudagrasses in-Significant differences were also observed among creased over 100% in plant height under both LL con-grasses under 90% LL (Table 4), but the grass ranking ditions.best under 90% LL was Sea Isle 1 followed by Cloister.
The Q36313, TifSport and TifEagle ranked in the lowest Performance over Timegroup, showing the highest percent reduction for all
traits under 90% LL compared with FL (Table 7). Under Two seashore paspalums, Sea Isle 1 (the most tolerant

to low light) and Q36313 (the least tolerant), and Tif-90% LL, turf quality and density were reduced 13 to
14% (the best) to 28 to 29% (the worst), and color was Eagle bermudagrass were selected to exhibit changes

of turf quality under low light (Fig. 1). Turf quality ofreduced 13 to 26%. NDVI and IR/R decreased 20 to
45% and 25 to 63%, respectively. Pn and Chl declined all three grasses began decreasing at 14 d after treatment

Table 4. Grass differences in turf quality (TQ), color, density, canopy reflectance indices (NDVI and IR/R), canopy photosynthetic rate
(Pn), canopy chlorophyll content index (Chl), and leaf dry weight (DW) under 90% low light condition in 2001 and 2002.

Number of
times in the top

Grass TQ Color Density NDVI IR/R Pn Chl DW statistical category†

�mol CO2

m�2 s�1

Sea Isle 1 (SP)‡ 6.9a§ 7.0a 6.9a 0.41a 7.5a 26.1a 187.8a 0.22a 8/8
Cloister (SP) 6.8ab 6.8a 6.8ab 0.38ab 6.5abc 23.6b 183.1a 0.18abc 7/8
Sea Isle 2000 (SP) 6.7b 6.7b 6.8a 0.41ab 6.9ab 23.1bc 192.8a 0.20ab 5/8
Salam (SP) 6.7ab 6.8a 6.7b 0.41ab 7.3a 20.9c 196.4a 0.16abc 6/8
Temple (SP) 6.7b 6.8a 6.7b 0.37c 6.6abc 21.1c 193.8a 0.14bcd 3/8
56179 (SP) 6.4c 6.6b 6.4c 0.37bc 6.0bc 18.1d 175.7abc 0.15bcd 1/8
Q36313 (SP) 6.3c 6.5b 6.3c 0.35cd 5.5cd 16.4d 165.8bcd 0.14bcd 0/8
Hybrid 5 (SP) 6.3c 6.5b 6.2c 0.35cd 5.6c 16.6d 157.9cde 0.16abc 1/8
TifSport (BD)¶ 5.7d 5.9c 5.7d 0.32de 4.4de 12.1e 151.4de 0.12cd 0/8
TifEagle (BD) 5.3e 5.5d 5.3e 0.30e 4.0e 9.5f 138.6e 0.09d 0/8

† Top statistical category � entries exhibiting the least decline in response to reduced light.
‡ SP means seashore paspalum.
§ Means followed by the same letters within a column at a given measurement were not significantly different at P � 0.05.
¶ BD means bermudagrass.
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Table 5. Plant height in unmowed grasses under full sunlight (FL), 70% low light (70%) and 90% low light (90%) conditions in 2001
and 2002.

Unmowed plant height

Grass FL 70% 90% Increased from FL to 70% Increased from FL to 90%

cm %
TifEagle (BD)† 6.4a‡ 12.6a 15.8a 101a 150a
TifSport (BD) 5.7a 12.2a 13.6b 114a 142a
Hybrid 5 (SP)§ 5.9a 8.9b 10.3c 52b 76bc
Sea Isle 2000 (SP) 5.3a 8.4b 9.7cd 60b 81bc
Q36313 (SP) 6.2a 8.3bc 9.2cd 38b 55c
Cloister (SP) 5.9a 8.0bc 9.1cd 36b 55c
Salam (SP) 5.9a 7.9bc 10.0cd 34b 71bc
Sea Isle 1 (SP) 5.2a 7.7bc 9.5cd 48b 83bc
56179 (SP) 5.5a 7.6bc 10.1cd 42b 87b
Temple (SP) 5.3a 7.1c 8.8d 37b

† SP means seashore paspalum.
‡ Means followed by the same letters within a column at a given measurement were not significantly different at P � 0.05.
§ BD means bermudagrass.

(DAT), with Sea Isle 1 and Q36313 maintaining accept- were the same over years. These results above indicated
that light effects and performance of grass could beable quality (a rating of 6) under both 70% and 90% LL

while TifEagle had unacceptable quality under 90% LL. described by summarizing responses of grass across
year. Those interactions might be affected by theTurf quality of TifEagle dropped to below 6 for both

LL treatments at 21 DAT. At 28 DAT, turf quality was weather variations such as temperature, humidity and
rainfall.above 6 in Sea Isle 1 under both LL treatments, while

quality for Q36313 decreased to below 6 under 90% LL. Among grasses in the top statistical group for various
measurements under FL condition, Sea Isle 1, Cloister,Sea Isle 1 still maintained acceptable quality at 42 DAT
and Sea Isle 2000 paspalum had better or similar perfor-under 70% LL.
mance compared with TifSport, and had better perfor-
mance than TifEagle bermudagrasses (Table 2). SalamDISCUSSION
and Temple showed a similar performance to TifSport

Although significant light � year interactions were but better than TifEagle. The results indicated genetic
observed in NDVI, Chl, DW, and HT, the responses of variations within seashore paspalum entries and be-
these traits to light across year were scale changes, not tween paspalums and bermudagrasses. The high quality
changes in the direction of responses. Among these and shoot density of Sea Isle 1, Cloister, and Sea Isle
traits, Chl had the most prominent light � year interac- 2000 contributed to their higher Pn and shoot growth
tion, but close examination revealed that even this inter- under FL.
action was also caused by scale changes rather than rank Wilson (1997) indicated that grasses with high turf
changes. As for grass � year interactions for the most quality under FL conditions were likely to maintain their
traits studied, much of interactions were caused primar- ranking under LL. Our results showed that seashore
ily by changes in magnitude (scale) among grasses. Al- paspalum with the highest rate of quality, density, and
though some rank changes exhibited, particularly for physiological indices under FL generally demonstrated
those grasses with medium low light tolerance, the over- better low light tolerance under both 70 and 90% LL
all ranking of grasses to low light tolerance was not conditions, particularly for Sea Isle 1, Cloister, and Sea
much affected. The performance of low light tolerant Isle 2000, which ranked in the top group under FL and

both LL conditions. Under 90% LL, Sea Isle 1 hadgrasses and intolerant grasses and their relative ranks

Table 6. The percentage decreases in turf quality (TQ), color, density, canopy reflectance index (NDVI and IR/R), canopy photosynthetic
rate (Pn), canopy chlorophyll content indices (Chl), and leaf dry weight (DW) for grasses under 70% low light compared with grasses
under full sunlight.

Number of times in the
Grass TQ Color Density NDVI IR/R Pn Chl DW top statistical category†

%
Sea Isle 1 (SP)‡ 9.4d§ 9.3e 10.2e 14.3d 15.5c 10.3e 6.1c 44.7c 0/8
Cloister (SP) 10.8d 10.0e 11.1e 14.9cd 18.6c 17.4de 10.3c 53.5bc 0/8
Sea Isle 2000 (SP) 9.9d 9.2e 11.1e 14.4d 20.2bc 11.4de 10.9bc 51.9bc 0/8
Salam (SP) 11.5d 10.3e 11.5e 16.1cd 18.3c 15.8de 13.0bc 59.6ab 1/8
Temple (SP) 10.9d 10.2e 11.2e 16.1cd 18.6c 17.5de 10.7bc 53.2bc 0/8
56179 (SP) 11.8d 10.9de 12.5de 15.5cd 20.1bc 19.2d 10.6bc 62.2ab 2/8
Hybrid 5 (SP) 14.9c 13.4cd 15.3cd 22.5bc 33.8a 32.4bc 21.7ab 58.1b 2/8
Q36313 (SP) 16.2bc 15.4c 17.1bc 26.1ab 38.2a 30.1c 24.9a 57.7b 3/8
TifSport (BD)¶ 18.5b 17.1b 19.1ab 30.9a 44.5a 40.3ab 30.5a 70.0a 6/8
TifEagle (BD) 22.4a 21.0a 22.0a 21.5bcd 32.6ab 42.8a 27.2a 61.4ab 7/8

† Top statistical category � entries exhibiting the greatest decline in response to reduced light.
‡ SP means seashore paspalum;
¶ BD means bermudagrass.
§ Means followed by the same letters within a column at a given measurement were not significantly different at P � 0.05.
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Table 7. The percentage decrease in turf quality (TQ), color, density, canopy reflectance indice (NDVI and IR/R), canopy photosynthetic
rate (Pn), canopy chlorophyll content index (Chl), and leaf dry weight (DW) for grasses under 90% low light compared with grasses
under full sunlight.

Number of times in the
Grass TQ Color Density NDVI IR/R Pn Chl DW top statistical category†

%
Sea Isle 1 (SP)‡ 13.2e§ 12.8d 14.2d 22.5de 28.3c 26.6d 21.7cd 62.7b 0/8
Cloister (SP) 15.8cde 15.0cd 16.0d 29.5bcd 42.1b 31.6d 26.5bcd 69.5ab 1/8
Sea Isle 2000 (SP) 15.4cde 14.2d 16.2d 24.1cde 37.44c 30.8d 21.7cd 62.8b 0/8
Salam (SP) 15.0de 13.8d 15.9d 20.2e 24.9c 32.7d 17.4d 70.6ab 1/8
Temple (SP) 15.2de 13.7d 16.3cd 29.1bcd 34.7bc 34.8cd 16.3d 74.9a 1/8
56179 (SP) 17.6bcd 15.0cd 19.3bc 26.9b–e 35.7bc 41.7bc 22.0cd 73.7a 1/8
Hybrid 5 (SP) 18.2bc 15.6cd 19.5b 30.4bcd 43.9b 45.84b 30.0bc 70.0ab 1/8
Q36313 (SP) 19.9b 17.7c 20.8b 32.7bc 47.5b 49.7b 29.8bc 71.2ab 1/8
TifSport (BD)¶ 26.0a 22.7b 27.0a 44.9a 63.0a 60.9a 42.3a 74.8a 7/8
TifEagle (BD) 28.2a 26.4a 28.5a 34.5b 44.6b 66.9a 37.5ab 76.3a 6/8

† Top statistical category � entries exhibiting the greatest decline in response to reduced light.
‡ SP means seashore paspalum.
¶ BD means bermudagrass.
§ Means followed by the same letters within a column at a given measurement were not significantly different at P � 0.05.

superior characteristics, suggesting a genetic tolerance low irradiance in Kentucky bluegrass (Poa pratensis L.)
and creeping red fescue. The enhanced shoot growthto low light intensity for this grass. TifSport bermuda-

grass, however, ranked at the same level with Salam under shade conditions was most likely due to increased
endogenous gibberellin (GA1) levels found in Kentuckyand Temple paspalums under FL, but showed poorer

low light tolerance than seashore paspalums. The two bluegrass (Tan and Qian, 2003). In this study, plant
height increased dramatically under two LL conditions,bermudagrasses had similar responses to LL, but Tif-

Eagle had the poorest performance under both FL and particularly for bermudagrasses, which increased over
100% relative to FL. No significant difference in plantLL conditions.

Low light duration is another factor that determines height under LL was observed within seashore pas-
palums, suggesting a genetic morphological plasticity inthe degree of turf quality decline along with light inten-

sity. Turf quality of all grasses decline started 2 wk after response to low irradiance for this grass. The reduced
shoot density was paralleled with diminished canopyinitiation of 70 and 90% LL treatments (Fig. 1), but the

tolerant Sea Isle 1 had a slower rate of decrease than coverage (density) in all grasses, particularly for the two
bermudagrasses. The diminished turf density was likelyother grasses, and the intolerant TifEagle exhibited the

greatest decline in turf quality followed by Q36313 after due to decreased number of tillers or possibly reduced
plant or leaf number (Wilkinson and Beard, 1974; Wu42 DAT. Ervin et al. (2002) found that ‘Meyer’ zoy-

siagrass had a peak shoot growth under continuous 77 et al., 1985). Moreover, the reduced shoot density ad-
versely affected canopy physiological status such as pho-and 89% shade at 2 wk after initiation of LL treatments,

further suggesting energy reserves had been largely de- tosynthesis and spectral reflectance.
Reduced light limits photosynthesis of turfgrasses,pleted. These results indicated that two weeks after LL

was imposed might be one critical time to evaluate re- and photosynthetic capacity under LL is important to
turfgrass performance because shoots are removed duesponses of turfgrasses to low light conditions using

70% LL or higher. After 42 DAT, the most tolerant to regular mowing. Although Pn decreased in both 70 and
90% LL conditions, seashore paspalums generally hadSea Isle 1 exhibited minimum acceptable turf quality

while other grasses considerably lost quality even ear- higher Pn than bermudagrasses, particularly under
90% LL. Among all measurements, the maximum Pnlier. The results suggested that the selected grasses in

this study could not maintain turf quality during the variation was found between the most tolerant Sea Isle 1
and the least tolerant TifEagle under both LL condi-entire growing season, but Sea Isle 1 had relatively good

shade tolerance and may be good used for a short-term tions, in terms of percentage of reduction, compared
with FL. The results indicated higher Pn contributed toinstallation as a portable field in a covered stadium,

or be capable of maintaining quality during prolonged low light tolerance in seashore paspalums. Van Huylen-
broeck and Van Bockstaele (2001) also demonstratedcloudy weather.

Morphological changes under shade conditions have a significant difference in photosynthetic rate among
perennial ryegrass, red fescue and crested hairgrassbeen summarized in turfgrasses, including reduced til-

lering, shoot density and stem diameter, longer inter- (Koeleria macrantha L.) and a relationship between low
light tolerance and photosynthetic features of the spe-nodes, and increased plant height (Beard, 1997). Van

Huylenbroeck and Bockstaele (2001) reported that av- cies. However, photosynthetic responses were not found
to be associated with better low light tolerance in ‘Penn-erage leaf elongation was 35% higher under reduced

irradiance (65%) compared with FL in several grass lawn’ red fescue than ‘Merion’ Kentucky bluegrass (Wil-
kinson et al., 1975). The differences between study re-species, and perennial ryegrass (Lolium perenne L.) had

the highest plant height and lowest relative grass cover sults may be due to variations in plant species, cultivars
and low light environments. Leaf anatomical and physi-under shade. Wilkinson and Beard (1974) found that

increases in leaf length responded to a critical level of ological processes were well coordinated affecting pho-
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Fig. 1. Turf quality in response to full sunlight (control), 70% low light (70%) and 90% low light (90%) in Sea Isle 1 paspalum (a), Q36313
paspalum (b), and TifEagle bermudagrass (c).

tosynthesis under low irradiance, as demonstrated by Higher content of leaf dry weight in most of the seashore
paspalums than bermudagrass under 70% and 90% LLAllard et al. (1991) in tall fescue leaves.

Shaded plants exposed to high light are more suscepti- was observed in this study, indicating a difference in
carbohydrate load in relation to low light tolerance be-ble to photoinhibition than plants grown under full sun-

light because shaded leaves have a higher light-captur- tween these two grass species.
Canopy spectral reflectance, calculated as the NDVIing capacity (Anderson and Osmond 1987; Björkman,

1981; Osmond, 1994). In this study, shade shelters were and IR/R, are strongly correlated to turf quality, color,
shoot density under wear stress (Trenholm et al., 1999b)removed about 30 min before Pn taken to allow shaded

grass to adapt FL and reduce potential photoinhibition, or under traffic plus shade conditions (Jiang et al., 2003).
Leaf spectral reflectance in visible wavelengths is closelyand large variations of Pn were observed among differ-

ent grasses. Additionally, the photosynthetic-respira- related to chlorophyll content (Gitelson and Merzlyak,
1994; Horler et al., 1983). Therefore, the higher NDVItory balance (Pn:RD) is a critical factor in shade toler-

ance and positive CO2 balance contributed to shade and IR/R observed in seashore paspalum under shade
should indicate a higher density and/or higher concen-adaptation in red fescue (Wilkinson et al., 1975). A low

ratio of Pn:RD in response to stress conditions may result tration of canopy chlorophyll content in paspalum under
both LL conditions. Analysis of turf color and chloro-in reduced total non-structural carbohydrate content

(TNC), and reduce plant ability to grow or recover from phyll content index in paspalum and bermudagrass veri-
fied this point.stress injuries. Qian and Engelke (1997) found that TNC

decreased 58% in Diamond zoysiagrass under 86% LL, The relative shade tolerance of bermudagrass has
been reported, and the results exhibited variability in aresulting in poor turf density and stand persistence.
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palum (saltwater couch) for golf courses and other recreationalgreenhouse (Gaussion et al., 1988). In their study, shade
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