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Abstract. Bermudagrass, Cynodon spp. is one of the most commonly grown turfgrass
genera in the southern United States having excellent drought tolerance, but poor
tolerance to shade. Developing cultivars tolerant to shade would allow bermudagrass to
becomemore prevalent in home lawns or other recreational areas in the southeast, where
trees dominate the landscape. In this field study, nine accessions collected from Pretoria,
South Africa were evaluated for their ability to grow under shade with varying fertility
treatments. These accessions and cultivars ‘Celebration’, ‘TifGrand’, and ‘Tifway’ were
evaluated under 0%, 63%, and 80% continuous shade during 2011–12. For both years,
significant differences among shade levels, genotypes, and the interaction of the two were
observed. As expected, the progression from 0% to 63% to 80% shade reduced
normalized difference vegetation index (NDVI), percent turfgrass cover (TC), and turf
quality (TQ) readings for all accessions. Some genotypes, however, were able to maintain
adequate quality and aggressiveness under 63% shade. ‘Celebration’, WIN10F, and
STIL03 performed better than ‘Tifway’ (P £ 0.05), the susceptible control. Overall, our
results indicate that there are promising genotypes among the bermudagrass materials
collected from South Africa. These accessions represent additional sources of shade
hardiness to be used in bermudagrass breeding. Furthermore, higher nitrogen fertility
provided increased NDVI and TQ in some instances suggesting an added benefit of
fertility under low-light conditions. However, the increased economic value attributed to
the added inputs associated with these increases is outweighed by the low impacts offered.

The growth characteristics of bermuda-
grass (Cynodon spp.) promote its use across

a wide range of environments. Its aggressive
behavior, resistance to weed encroachment,
traffic tolerance, and drought tolerance
makes bermudagrass a desired species on
golf courses, athletic fields, municipalities,
and home lawns in North Carolina (Carrow
and Petrovic, 1992; DiPaola and Beard,
1992). However, it is estimated that 20% to
25% of all turfgrass stands are under some
kind of shade, primarily from trees and/or

other structural objects (Beard, 1973) and of
the warm-season turfgrasses typically used in
the south, bermudagrass exhibits the poorest
shade tolerance (Dudeck and Peacock, 1992).

The effects of shade can elicit profound
physiological, morphological, and field per-
formance effects on turfgrasses. McBee and
Holt (1966) originally showed that decreases
in light incidence drastically reduced percent
TC, density, and color of bermudagrass.
Schmidt and Blaser (1969) evaluated the
effects of temperature, light, and nitrogen
on growth and metabolism of ‘Tifgreen’
[Cynodon dactylon (L.) Pers. · C. trans-
vaalensis Burtt Davy] bermudagrass. The
results of their experiment suggested that
low light intensity drastically inhibited nitro-
gen utilization for shoot growth and root
development. Overall, the effects of shade
can reduce TQ, turfgrass density, NDVI,
chlorophyll content, root mass, pigment con-
centrations, total nonstructural carbohy-
drates, petiole length, internode diameter,
number of stolons, total stolon lengths, and
canopy photosynthetic rates (Baldwin et al.,
2008; Bell and Danneberger, 1999b; Bunnell
et al., 2005a; Peacock and Dudeck, 1981;
Qian and Engelke, 1997; Sladek et al., 2009;
Stuefer and Huber, 1998; Van Huylenbroeck
and Van Bockstaele, 2001; Stuefer and
Huber, 1998).

For breeding programs, turfgrass culti-
vars, and novel turfgrass accessions must be
evaluated to improve on specific traits. Typ-
ically, these collections are subjected to
rigorous selection pressure. Research to eval-
uate turfgrasses for shade tolerance has often
used artificial shade to mimic environmental
conditions (McBee and Holt, 1966; Peacock
and Dudeck, 1981; Qian and Engelke, 1997;
Sladek et al., 2009; Trenholm and Nagata,
2005;VanHuylenbroeck andVanBrockstaele,
2001; Wilkinson and Beard, 1975). Many
forms of artificial shade have emerged for
properly evaluating the trait. Baldwin et al.
(2009) used various colors of shadecloth (65%
light reduction in all treatments) to filter-
specific wavelengths to determine their indi-
vidual effects on TQ, relative clipping yield,
relative chlorophyll concentration, relative
shoot width, relative root biomass, relative root
length density, relative specific root length, and
root and shoot total nonstructural carbohy-
drates in bermudagrass. While each of the
colored shade fabrics reduced specific mea-
sures, the black shadecloth provided the most
detrimental effect across all response parame-
ters. Varying levels of photosynthetic photon
flux (PPF) allow for estimation of thresholds
for acceptable TQ within turfgrass entries
(Bunnell et al., 2005a; McBee and Holt, 1966;
Miller et al., 2005; Sladek et al., 2009; Trenholm
and Nagata, 2005; Van Huylenbroeck and Van
Brockstaele, 2001).

Research has shown significant variation
among bermudagrass genotypes in shade re-
sponse. Under 90% uninterrupted shade,
Gaussoin et al. (1988) noted the diversity in
shade tolerance among 32 bermudagrass
genotypes. Similarly, Baldwin et al. (2008)
evaluated 42 bermudagrass cultivars
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collected from the National Turfgrass Eval-
uation Program (NTEP) and were able to
group them into distinct classes (best, in-
termediate, and sensitive) based on TQ, shoot
chlorophyll concentration, root length, and
total root biomass. Finally, Hanna et al.
(2010) evaluated the newly registered ‘ST-5’
[Cynodon dactylon (L.) Pers. · C. trans-
vaalensis Burtt Davy] bermudagrass cultivar
(later released as ‘TifGrand’—PP21017;
Hanna and Braman, 2008) against other
dwarf-type bermudagrass cultivars and
showed 2-fold increases in TC under 70%
continual shade.

Bermudagrass materials are often com-
pared against other species to evaluate shade
tolerance. Jiang et al. (2004) compared two
hybrid bermudagrass cultivars to eight sea-
shore paspalum cultivars and showed the
bermudagrass hybrids maintained the lowest
TQ throughout the study. However, Bunnell
et al. (2005a) and Baldwin et al. (2009)
showed recent gains in bermudagrass shade
tolerance through the release of ‘Celebration’
(Riley, 2000), a common-type [Cynodon
dactylon (L.) Pers.]. In the two studies,
‘Celebration’ exhibited superior shade toler-
ance compared with bermudagrass hybrids
and performed similarly to ‘Sea Isle 2000’
seashore paspalum (Paspalum vaginatum
Swartz.).

In addition to cultivar development
through breeding and selection, further im-
provement in warm season turfgrass response
to shade can be attained through cultural
practices. Previous research suggests that
reducing nitrogen fertility rates (Bell and
Danneberger, 1999a; Bunnell et al., 2005b;
Goss et al., 2002) and raising mowing heights
(Bunnell et al., 2005b; Bell and Danneberger,
1999a; White, 2004) can improve TQ and
overall turfgrass performance under low-
light conditions.

The development of shade-tolerant culti-
vars, specifically TifGrand and ‘Celebration’,
has shown the potential of bermudagrass to
persist in low-light environments. However,
with only these two commercially available
shade-tolerant cultivars, there is great need
for introducing new germplasm or cultivars
with further enhanced shade tolerance. This
should be possible through identification of
new shade tolerance sources and breeding
efforts. In the early 1990s, a collection trip to
South Africa resulted in the introduction of
nine common bermudagrass [Cynodon dac-
tylon (L.) Pers.] accessions that showed
promising shade tolerance in their native
environment. The objectives of this research
were to evaluate these accessions for shade
tolerance under varying levels of PPF, and to
estimate the effect of nitrogen fertilization on
the performance of these materials under
shade.

Materials and Methods

Plot establishment and management. A
2-year evaluation was conducted between
16 Aug. and 29 Sept. in 2011 and between
2 Aug. and 11 Sept. in 2012 at the Lake

Wheeler Turfgrass Experimental Field Lab-
oratory in Raleigh, NC (37� N lat.; 78� W
long.). Plots, 4.65 m2 (1.5 · 3.1 m) in size, of
the selected bermudagrass entries (Table 1)
were established from sod in early fall of
2010 on an Appling fine sandy loam/Cecil
sandy loam (fine, kaolinitic, thermic Typic
Kanhapludults) (NRCS, 2011).

A granular diammonium phosphate
(18N–20P–0K) fertilizer (Southern Seeds,
Inc.; Middlesex, NC) was applied at a nitro-
gen rate of 48.8 kg·ha–1 during establishment
in 2010 and then again on 24 June 2011
before the initiation of fertility treatments.
Irrigation was applied immediately after each
application. Each of the designated shade
treatment areas was established under full
sunlight until the shade treatments were
applied 2 July 2011. The shadecloth was
not removed for the duration of the study.
From the initiation to the completion of the
research, all plots were maintained once per
week at a 5.1 cmmowing height with a rotary
mower and irrigation was applied as needed
to prevent drought stress. Clippings were
returned to the plots during each mowing
event.

Factors and factor levels. The study was
established as a nested split-split plot design
with the main plot factor being various levels
of shade. The shade levels were 0%, 63%,
and 80% shade allowing 100%, 37%, and
20% of full sunlight, respectively. Shade
treatments (other than full sunlight) were
applied using a neutral density, polyfiber
black shadecloth (Long’s Greenhouse Enter-
prise, Inc. Jacksonville, FL) on a perpetual
basis by constructing a shade structure sur-
rounding the established plots. Percent shade
was determined by the installation contractor
comparing PPF under shade cloths at the
turfgrass canopy to full sunlight measure-
ments with a hand-held LI-190SA quantum
sensor (LI-COR, Lincoln, NE). Three repli-
cations of the twelve entries were organized
in complete blocks, nested within each shade
treatment. Of the twelve entries, nine were
a collection of accessions from the Pretoria
region in South Africa. All accessions were
common-type bermudagrasses [C. dactylon
(L.) Pers.]. Two positive controls, ‘Celebra-
tion’ and ‘TifGrand’, were used based on
previous studies suggesting their relative
shade hardiness among bermudagrasses

(Baldwin et al., 2009; Bunnell et al., 2005a;
Hanna and Maw, 2007; Hanna et al., 2010).
‘Tifway’ (Burton, 1966) was used as the
susceptible control. Each entry was split into
equal plot sizes (1.5 · 1.5m) to accommodate
two levels of nitrogen fertilization that were
randomly assigned within each plot. One
month following the fertilization on 24 June
2011, the split fertility treatments were initi-
ated to provide nitrogen at 97.6 kg·ha–1 (low)
and 195.2 kg·ha–1 (high) during the data
collection period using a granular, polymer-
coated urea (18N–4P–15K) fertilizer (Harrell’s,
Lakeland, FL). The same treatments resumed
on 9 July 2012. To achieve the low- and high-
fertility treatment totals, applications were
made at a nitrogen rate of 48.8 kg·ha–1 either
every 4 weeks (high) or every 8 weeks (low)
throughout the data collection periods in both
years.

Response variables. To measure the tol-
erance of each entry under the various shade
and fertility treatments, percent TC ratings
were taken at 3-week intervals following the
removal of a golf course cup-cutter sized
(86.6 cm2) plug of turf that was back filled
with silica sand. Digital images were taken
3 weeks (16 Aug. 2011 and 2 Aug. 2012),
6 weeks (7 Sept. 2011 and 22 Aug. 2012), and
9 weeks (29 Sept. 2011 and 11 Sept. 2012)
after plug removal to monitor the regrowth,
measured as percent cover, within each treat-
ment. A portable light box was used to
provide a consistent light source for captur-
ing images. The images were analyzed using
Sigma Scan (Systat Software; Chicago, IL) to
determine the ratio of green pixels to total
pixels of the cross-sectional area, iteratively
(Karcher and Richardson, 2005; Richardson
et al., 2001). In addition, NDVI and TQ
ratings were taken at each of the indicated
time points. NDVI data were recorded as an
average of 20 measurements taken across the
entirety of each plot. The readings were taken
using the Field Scout TCM 500 turf color
meter (Spectrum Technologies, Inc., Plain-
field, IL). Ratings of visual assessment for
TQ were collected on a 1 to 9 scale that
combines the turfgrass characteristics of tex-
ture, color, density, and uniformity, where
a rating of 1 represents inferior, 9 represents
superior, and 6 represents acceptable TQ
(NTEP, 2012). TQ ratings are representative
of the entire plot area.

Table 1. List of bermudagrass genotypes evaluated for shade tolerance under 0%, 63%, and 80% shade for
2 years (2011–12) at the Lake Wheeler Turfgrass Field Laboratory, Raleigh, NC.

Entry Type Species

‘Celebration’ Shade-tolerant cultivar Cynodon dactylon (L.) Pers.
CoPCCQ Collection Cynodon dactylon (L.) Pers.
FiPCCQ Collection Cynodon dactylon (L.) Pers.
Irene Collection Cynodon dactylon (L.) Pers.
PCC4 Collection Cynodon dactylon (L.) Pers.
PCCT Collection Cynodon dactylon (L.) Pers.
STIL03 Collection Cynodon dactylon (L.) Pers.
‘Tifgrand’ Shade-tolerant cultivar Cynodon dactylon (L.) Pers. · C. transvaalensis Burtt Davy
‘Tifway’ Shade susceptible cultivar Cynodon dactylon (L.) Pers. · C. transvaalensis Burtt Davy
WIN10F Collection Cynodon dactylon (L.) Pers.
WIN10T Collection Cynodon dactylon (L.) Pers.
WIN17 Collection Cynodon dactylon (L.) Pers.
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Statistical analysis. Initial attempts to fit
the data were performed spatially to take
advantage of the possible variation patterns
within the field. However, difficulties con-
verging the model were encountered due to
increased variability observed from 2011 to
2012. Therefore, the data were modeled
based on the experimental design and each
of the factor effects and interactions were
tested against the appropriate error term de-
termined by their expected mean squares
(Table 2). Furthermore, due to the continuation
of the shade treatments, differences in rating
times, and the variability observed between
years, the data were analyzed more parsimoni-
ously by date using the generalized linearmodel
(GLM) procedure in SAS version 9.4 (SAS
Institute Inc., 2005). Individual hypothesis test-
ing of effects and interactions was designated
using an appropriate error term which is avail-
able in the GLM procedure. Mean separation
procedures were used when appropriate accord-
ing to Fisher’s protected least significant differ-
ence values at a significance level of 0.05.
Again, appropriate error termswere used during
the mean separation procedure to determine
significance between treatments.

Because of the quantitative nature of the
shade treatments and the unequal spacing in
the shade increments, orthogonal polyno-
mials were designed according to Robson
(1959) to test linear and deviations from
linear (potential quadratic characteristics) of
the increasing shade treatments. To address
the performance of the entries across years,
additional contrasts were designed to test
each of the entries against the average of
the remaining entries, within shade levels, on
each date. The effect analysis is similar to the
stability analysis conducted by Bokmeyer
et al. (2009) comparing tall fescue (Festuca
arundinacea Schreb.) clones across environ-
ments. In this case, these comparisons were
used to easily discern consistency and stabil-
ity of the entries across years and the re-
sponse variables, respectively.

Results and Discussion

Only the data for the final rating date (9
weeks after cup-cutter removal) are pre-
sented, conveying the results in each year
(2011 and 2012). The analysis of variance

determined the importance of entry, and the
interaction between the entries and shade
treatments (Table 1). Due to the significance
of the interaction, means separation analysis
was conducted for entries within each shade
level. Since the study was a 2-year continuous
evaluation of the effects of shade on the entries,
overall conclusions can be drawn from the
results on 11 Sept. 2012. However, the mean
results of both years (representing data col-
lected on 29 Sept. 2011 and 11 Sept. 2012 only)
for NDVI, TQ and percent TC are presented
(Fig. 1; Supplemental Tables 1 and 2).

Full sunlight (0% shade) treatments. In
2011 (29 Sept. 2011), NDVI values did not
differ among the entries under full-light
conditions (Fig. 1; Supplemental Table 1, P $
0.05). Similarly, for TC, only one entry
was significantly different from the rest. The
accession PCC4 was lower (P # 0.05) than
all other entries after the 9 weeks of growth.
Awide range in valueswas shown among entries
when considering traits (color, texture, density,
and uniformity) that comprise TQ, which was
expected given the different backgrounds of the
accessions being evaluated. ‘TifGrand’ showed
the highest TQ (8.0), but was not different from
accessions Irene (7.3; P = 0.223) and WIN17
(7.0; P = 0.070). The accession PCC4 showed
the lowest TQ (4.0) when compared with all
other entries (P# 0.05).

In 2012 (11 Sept. 2012), plots showed an
overall decline in NDVI. Although compar-
isons between 2011 and 2012 were not di-
rectly made in the final analysis as previously
mentioned in the Statistical Analysis and
Materials and Methods sections, accessions
WIN10F, WIN17, Irene, and STIL03 were
among the highest in NDVI (Fig. 1; Supple-
mental Table 2). Similarly, an overall decline
in percent TC under full sunlight was noted in
the second year of the study. From 2011 to
2012, the estimated decline in the overall
mean for percent TC was nearly 25%.
WIN10F, WIN17, PCCT and ‘WIN10T’
were among the highest in percent TC after
9 weeks of growth. Although NDVI and
percent TC ratings declined in full sunlight
treatments between years, TQ was relatively
unaffected. Accessions WIN10F, Irene, and
WIN17 were recorded as having the highest
TQ. The performance of each genotype under
full sunlight is undoubtedly important, but the

purpose in evaluating them under full-light
conditions was mainly to estimate the effects
of the shade treatments on the individual entries.

Sixty-three percent shade treatment. As
shade increased to 63%, NDVI values in
2011 declined by 18% compared with the
0% shade treatments and displayed a wide
range in values among the entries (0.675 to
0.358). ‘Celebration’ had the highest NDVI
value. No differences were seen between ‘Cel-
ebration’ and accessions STIL03, WIN10F,
PCC4, and CoPCCQ. However, these acces-
sions and ‘Celebration’were lower (P< 0.05) in
NDVI compared with 0% shade treatment.
Percent TC declined by 48% under 63% shade
compared with full sunlight. ‘Celebration’ had
the highest percent TC after the 9-week period
(Fig. 1; Supplemental Table 1). Although lower
by 10% compared with the 0% shade plots,
STIL03 and WIN10F covered nearly 60% of
the cross-sectional area. Similar to the 0% shade
treatment, entries under 63% shade exhibited
a wide range in TQ (3.5 to 6.7) (Fig. 1;
Supplemental Table 1). STIL03 and WIN10F
differed from ‘Celebration’, but were similar to
‘TifGrand’ (Fig. 1; Supplemental Table 1).
Furthermore, the two accessions maintained
TQ from full sunlight to 63% shade.

In 2012, differences were evident in
NDVI values under the 63% shade treatment.
WIN10F and STIL03 were among the top
performing accessions in this category, and
were not different from ‘Celebration’ (Fig. 1;
Supplemental Table 2). Unlike the decline
experienced in the 0% shade treatments from
2011 to 2012, treatments under the 63%
shade treatment maintained nearly 50% TC
after 9 weeks of growth. As seen in 2011,
STIL03 and WIN10F had similar percent TC
to that of ‘Celebration’. Furthermore, these
two accessions had percent TC similar to each
of the top performing entries under 0% shade.
Differences in TQwere seen under 63% shade
in 2012, separating the better performing
accessions from the poorer ones (TQ = 6 or
higher; based on acceptable TQ). STIL03 and
WIN10F did not differ in TQ to ‘Celebration’
and were the only South African accessions to
exhibit TQ above acceptable levels.

A discernible decline in turfgrass re-
sponse was observed under 63% as compared
with full sunlight (P < 0.05). These results
support previous studies (Baldwin et al.,

Table 2. Observed significance for testing null hypothesis of no effects from the analysis of variance for normalized difference vegetation index (NDVI), turfgrass
cover and turfgrass uuality from data collected on 29 Sept. 2011 and 11 Sept. 2012 at the Lake Wheeler Turfgrass Field Laboratory, Raleigh, NC. Analysis
conducted on the main effects, two-way interactions and three-way interactions of shade, entry, and fertility for each date independently.

Model source DF

29 Sept. 2011z 11 Sept. 2012

NDVI Turfgrass cover (%) Turfgrass quality NDVI Turfgrass cover (%) Turfgrass quality

Shade 2 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Block (shade) 6 — — — — — —
Entry 11 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Shade · entry 22 <0.0001 <0.0001 <0.0001 <0.0001 0.0251 <0.0001
Entry · block (shade) 66 — — — — — —
Fertility 1 0.0536 0.5224 0.0781 0.0384 0.0624 0.0037
Shade · fertility 2 0.3906 0.0135 0.2963 0.5187 0.2198 0.0787
Fertility · block (shade) 6 — — — — — —
Entry · fertility 11 0.2448 0.6431 0.2482 0.6793 0.589 0.9449
Shade· entry · fertility 22 0.1502 0.9255 0.7423 0.488 0.5662 0.6699
Entry · fertility · shade (block) 66 — — — — — —
zDates in both years (2011 and 2012) are 9 weeks after cup-cutter removal.
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2008; Bell and Danneberger, 1999b; Gaussoin
et al., 1988; Sladek et al., 2009; Van
Huylenbroeck and Van Bockstaele, 2001)
that showed reductions in overall turfgrass
performance, including TQ and TC, due to
perpetual shade coverage at varying light
percentages. The 63% shade treatment pro-
vided the best separation of treatments in
both years and all response variables col-
lected. The cultivar Celebration and acces-
sions WIN10F and STIL03 were found to
provide the greatest shade response in both
years (reflective in the consistent perfor-
mance in NDVI, TC, and TQ in 2011 and
2012). The performance of ‘Celebration’ was
consistent with previous research efforts when
comparedwith ‘Tifway’ (Baldwin et al., 2008,
2009; Bunnell et al., 2005a). ‘TifGrand’ did
not provide the same level of response com-
pared with these entries in both years, but
maintained levels greater to that of ‘Tifway’
corresponding to previous findings comparing
the two (Hanna et al., 2010).

Eighty-percent shade treatment. In 2011,
NDVI means across entries for the 80% and
63% shade could not be clearly distinguished
(P > 0.05); however, ranks among entries
differed. The accession CoPCCQwas similar
in NDVI compared with ‘Celebration’ and
there were no differences between STIL03 and
‘TifGrand’ or CoPCCQ (Fig. 1; Supplemental
Table 1). Furthermore, CoPCCQ and STIL03
had higher NDVI values under 80% shade

than most of the entries (67%) under the 63%
shade treatment. Likewise, WIN10F under
80% shade was higher than 58% of the
entries under the 63% treatment, including
‘TifGrand’. Unlike the observations for NDVI,
clear separation existed in percent TC between

the 63% and 80% shade treatments (P < 0.05).
WIN10F and STIL03 were still among the
top performing accessions (Fig. 1; Supple-
mental Table 1). Following the trends within
each of the response variables and shade
treatments, WIN10F, STIL03, and PCC4

Fig. 1. Normalized difference vegetation index (NDVI) data collected 29 Sept. 2011 and 11 Sept. 2011 at the LakeWheeler Turfgrass Field Laboratory in Raleigh,
NC, visually separating entries within each date and shade level for NDVI, turfgrass cover (TC) and turfgrass quality (TQ). Entries were first separated by
NDVI values within shade levels (0%, 63%, and 80%). To further the separation in entries, varying degrees of marker size were associated to the percent TC
taken on the two dates and colors ranging from red to green represent TQ based on the scale in which the data were collected.

Table 4. Mean separation for the shade by fertility interaction for normalized difference vegetation index
(NDVI), turfgrass cover (TC) and turfgrass quality (TQ) from data collected on 29 Sept. 2011 and 11
Sept. 2012 at the Lake Wheeler Turfgrass Field Laboratory, Raleigh, NC.

Shade Fertility

29 Sept. 2011z 11 Sept. 2012

NDVI TC (%) TQ NDVI TC (%) TQ

0% High 0.752 82.0 6.1 0.637 61.1 6.5
0% Low 0.755 81.6 6.1 0.634 61.6 6.3
63% High 0.505 40.2 5.1 0.580 51.8 5.3
63% Low 0.526 44.7 5.1 0.571 46.5 5.2
80% High 0.503 20.0 2.3 0.531 32.4 2.6
80% Low 0.515 17.2 2.3 0.518 28.9 2.5

LSD (P = 0.05) NS
y 2.93 NS NS NS NS

LSD = least significant difference.
zDates in both years (2011 and 2012) are 9 weeks after cup-cutter removal.
ySignificant means differ by more than LSD value according to Fisher’s protected LSD (P = 0.05).

Table 3. Mean separation of fertility treatments for normalized difference vegetation index (NDVI),
turfgrass cover and turfgrass quality from data collected on 29 Sept. 2011 and 11 Sept. 2012 at the Lake
Wheeler Turfgrass Field Laboratory, Raleigh, NC.

Fertility

29 Sept. 2011z 11 Sept. 2012

NDVI
Turfgrass
cover (%)

Turfgrass
quality NDVI

Turfgrass
cover (%)

Turfgrass
quality

High 0.587 47.4 4.5 0.583 48.5 4.8
Low 0.598 47.9 4.5 0.574 45.7 4.7
Significance NS NS NS * NS **

*, **denote significance levels of P = 0.05 and P = 0.01, respectively.
zDates in both years (2011 and 2012) are 9 weeks after cup-cutter removal.
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performed similar to both of the positive
controls (‘Celebration’ and ‘TifGrand’) in
TQ. Yet, all entries had a TQ value well
below the acceptance level.

In 2012, NDVI values did not decline as
severely when increasing from 63% to 80%
shade as seen in 2011 (�8% on average
across all entries); however, the rankings of
accessions were still altered. WIN10F con-
tinued to show the highest NDVI values when
compared with the other accessions and had
a similar NDVI to that under 63% shade
(Fig. 1; Supplemental Table 2). Irene per-
formed similar to WIN10F. STIL03 declined
with the shade increase and was lower than
WIN10F (P = 0.014), yet remained similar to
‘Celebration’. Growth after 9 weeks declined

nearly 40% on average across all entries
compared with the 63% shade treatments.
Differences in percent TCwere apparent across
shade levels and were present in both years
with accessions STIL03 and WIN10F having
greater cover than the other accessions. Lastly,
there were no entries that performed above
acceptable values for TQ under 80% shade in
2012. WIN10F and STIL03 were higher (P #
0.05) in TQ when compared with each of the
accessions (Fig. 1), but no differences were
seen between these two accessions and the
shade-tolerant cultivar Celebration (P > 0.05).

Comparing the levels of light penetrance,
the 80% shade treatment was more devas-
tating to entries than the 63% treatment, on
average, with all entries well below acceptable

standards. Mean separation of treatments was
not as defined as under the 63% shade.
However, the accessionsWIN10F and STIL03
and the cultivar Celebration continued to be
aggressive, providing the highest shade per-
formance of the collected accessions suggest-
ing a heightened shade adaptation beyond
a 63% reduction in light.

Fertility. In 2011, only the interaction
between shade and fertility was significant
for percent TC (Table 1). In the interaction
between shade and fertility, the influence of
the levels of fertility on shade response
changed from 0% to 63% and then from
63% to 80%. Under full sun conditions, the
high-fertility treatment was not different with
only 0.39% greater TC (Table 3). As shade

Fig. 2. Contrasts constructed from data collected 29 Sept. 2011 and 11 Sept. 2011 at the Lake Wheeler Turfgrass Field Laboratory in Raleigh, NC, to determine
differences between the mean of each individual entry and the mean of all of the other entries developed for within shade and year comparisons for normalized
difference vegetation index, Turfgrass cover, and Turfgrass quality. Bars indicate differences between the entry mean and the mean of all other entries.
*Significant contrasts between entry mean and mean of all other entries according to P = 0.05.
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increased from 0% to 63%, the low-fertility
treatment was greater in TC than the high
treatment by 4.6%, which was significant
(P # 0.05). When the shade level increased
to 80%, the high-fertility treatment was not
statistically different to the low-fertility treat-
ment (Table 3).

In 2012, the main effect for fertility was
significant for NDVI and TQ (Table 1). Across
all of the entries, treatments receiving the high-
fertility treatment (195.2 kg·ha–1) had greater
NDVI levels (Table 4). However, a difference
in treatments of 0.009 inNDVI between fertility
treatments suggests a low biological signifi-
cance between the two treatments. Similarly on
this date, higher levels of fertility yielded higher
TQ ratings, but again, difference of 0.09 be-
tween the high- and low-fertility treatments
suggests a low biological significance (Table 4).

In 2011, the variation in the effects of the
fertility treatments when compared with pre-
vious research conducted on fertility man-
agement in shade can be attributed to the
inclusion of the 0% shade treatment in the
analysis and the overall decline of the per-
formance of the entries under 80% shade. The
interaction of shade · fertility for TC in 2011,
specifically under 63% shade, showed paral-
lel findings to previous research conducted
on the topic reiterating the need of reduced
nitrogen fertility for improved turfgrass man-
agement under shade (Bell and Danneberger,
1999a; Bunnell et al., 2005b; Goss et al.,
2002). As previously mentioned, in 2012, the
high-fertility treatment showed higher NDVI
and TQ when compared with the low-fertility
treatment. Although the statistical signifi-
cance suggests the benefit of increased fertil-
ity, specifically in the second year of the
study, added inputs over the course of the
2 years may suggest that the value in turfgrass
improvement on a plot basis may be out-
weighed by the economic impacts of such an
enhancement. Perhaps carrying on this study
into additional years may elucidate the added
benefits of higher fertility treatments for
bermudagrass response to shaded environ-
ments due to a higher input requirement of
bermudagrass.

Contrasts for polynomial estimations and
entry comparisons. Contrasts were con-
structed to determine linear and possible
quadratic effects in the increasing shade
treatments relative to each entry. Because of
the unequal increments between shade levels
and the use of only three treatments for the
regression analysis, determining the dose
response for shade levels by entry was
inconclusive.

To more readily determine the consis-
tency and stability of each entry across years
and response variables, additional contrasts
were constructed to compare the mean of an
individual entry against the average of all
other entries within shade levels on 29 Sept.
2011 and 11 Sept. 2012 (Fig. 2). The ranges
in means of the controls (‘Celebration’,
‘TifGrand’, and ‘Tifway’) along with the
performance of each entry stabilizes the
average and can indicate the size of the effect
(negative or positive) each entry contributes

to the average within each measurement.
Furthermore, the comparison might be used
as an indicator of consistency across the
dates, which would be considered stability
in different environments (Bokmeyer et al.,
2009). At a glance, the significance denoted
for the individual entries across each shade
level within the three response variables can
be overwhelming. However, when focusing
on each entry independently, ‘Celebration’
and the South African accessions WIN10F
and STIL03 consistently provided higher
NDVI, percent TC and TQ in both years
when compared with the average of the other
entries. Similarly, ‘TifGrand’ provided higher
NDVI, percent TC, and TQ when compared
with the average of the other entries in 2011.
However, ‘TifGrand’ did not provide consis-
tency across years and the increases compared
with the average of the other entries were not
always different. Other accessions such as
CoPCCQ, FiPCCQ, Irene, and PCC4 had
large effects for single response variables, in
1 year, and/or under a single shade treatment.
These accessions, however, showed a lack of
consistency when compared with ‘Celebra-
tion’, WIN10F and STIL03.

Conclusions

Overall, results indicate that there are
shade-tolerant genotypes among the bermu-
dagrass materials collected from South
Africa. Accessions WIN10F and STIL03
showed consistency in response to shade.
These accessions performed similarly to
shade-tolerant cultivar Celebration across
response variables NDVI, TQ, and percent
TC, and also across years. These results were
drawn predominantly from 63% shade treat-
ments where the greatest separation in acces-
sions could be made. While some accessions
were able to maintain acceptable TQ in 63%
shade, no entries did so under 80% shade
levels. These materials constitute additional
sources of shade hardiness to be used in
bermudagrass breeding with the ultimate
goal of releasing cultivars with improved
performance in low-light environments.

The reduced nitrogen application rate
provided similar TQ when compared with
the high nitrogen application rate, but signif-
icant differences were found between the two
treatments in TQ and NDVI in 2012 suggest-
ing the overall effect that increased nitrogen
rates are having on the health of the plot.
However, the added inputs across the two
years suggest a greater economic value in
providing these increases for such a low bi-
ological effect. In 2011, the low nitrogen rate
provided greater TC across the bermudagrass
entries beneath 63% shade relative to higher
nitrogen rate (P# 0.05), further emphasizing
lowered inputs, in this case nitrogen fertility,
as a cultural practice for the management of
turfgrasses under low-light incidence.
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Supplemental Table 1. Means comparisons for each entry within three shade treatments (0%, 63%, and
80%) for normalized difference vegetation index (NDVI), turfgrass cover (TC), and turfgrass quality
(TQ) from data collected under a prolonged, shaded environment. The data shown represent 9 weeks
after cup-cutter removal on 29 Sept. 2011 at the Lake Wheeler Turfgrass Field Laboratory, Raleigh,
NC.

Entry (%)

NDVI TC (%) TQ

Shade level

0 63 80 0 63 80 0 63 80

‘Celebration’ 0.756 0.675 0.646 88.3 76.0 42.8 6.0 6.7 3.7
CoPCCQ 0.760 0.535 0.575 78.7 44.1 17.1 5.3 4.0 2.3
FiPCCQ 0.754 0.515 0.529 86.5 42.3 14.5 6.0 4.7 1.8
Irene 0.769 0.415 0.418 78.3 21.0 7.2 7.3 3.5 1.2
PCC4 0.732 0.598 0.504 68.3 39.5 18.4 4.0 5.0 3.0
PCCT 0.737 0.358 0.518 79.3 22.9 12.9 5.3 4.7 1.8
STIL03 0.763 0.624 0.544 84.0 57.9 23.5 6.0 6.3 3.0
‘TifGrand’ 0.766 0.519 0.550 88.7 50.3 36.8 8.0 6.3 3.0
‘Tifway’ 0.732 0.435 0.377 84.4 24.6 4.7 7.0 5.0 1.3
WIN10F 0.760 0.610 0.521 84.9 57.2 28.3 6.3 6.7 3.3
WIN10T 0.741 0.428 0.490 77.0 33.2 14.2 4.3 4.7 2.0
WIN17 0.769 0.475 0.432 83.4 40.6 2.7 7.0 3.8 1.0
LSD

z 0.077 0.077 0.077 12.6 12.6 12.6 1.1 1.1 1.1
zLeast significant differences based on Fisher’s protected LSD (P = 0.05).

Supplemental Table 2.Means comparisons for each entrywithin three shade treatments (0%, 63%, and 80%)
for normalized difference vegetation index (NDVI), turfgrass cover (TC), and turfgrass quality (TQ)
from data collected under a prolonged, shaded environment. The data shown represent 9 weeks after cup-
cutter removal on 11 Sept. 2012 at the Lake Wheeler Turfgrass Field Laboratory, Raleigh, NC.

NDVI TC (%) TQ

Shade level

Entry (%) 0 63 80 0 63 80 0 63 80

‘Celebration’ 0.679 0.663 0.570 57.8 59.3 53.6 6.5 6.7 4.3
CoPCCQ 0.599 0.550 0.555 58.2 44.1 14.2 5.3 4.3 1.7
FiPCCQ 0.644 0.616 0.540 64.3 58.4 26.6 6.5 5.0 2.2
Irene 0.655 0.582 0.564 63.7 42.4 34.2 7.3 4.7 2.3
PCC4 0.549 0.537 0.522 43.6 46.0 23.2 4.0 4.7 2.2
PCCT 0.618 0.545 0.484 66.8 44.5 19.3 5.5 4.3 1.7
STIL03 0.663 0.635 0.540 57.3 66.4 40.9 6.3 6.7 3.7
‘TifGrand’ 0.668 0.562 0.452 72.5 40.9 32.5 8.0 6.0 2.8
‘Tifway’ 0.624 0.459 0.476 52.1 31.6 25.8 7.5 4.3 2.3
WIN10F 0.679 0.644 0.603 68.2 62.9 52.8 7.3 7.0 4.3
WIN10T 0.580 0.534 0.460 64.5 36.7 19.8 5.0 4.2 1.3
WIN17 0.666 0.577 0.528 67.5 56.8 25.0 7.2 5.0 2.0
LSD

z 0.049 0.049 0.049 18.3 18.3 18.3 0.9 0.9 0.9
zLeast significant differences based on Fisher’s protected LSD (P = 0.05).
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