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Vegetation Index and Visual Quality
in Turfgrasses: Effects of Mowing Height
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ABSTRACT

Canopy spectral reflectance may provide an
objective means to evaluate visual quality of
turfgrass, but evaluations of quality may be
confounded by cultural practices that affect
reflectance, such as mowing height. In this 2-yr
study near Manhattan, KS, we examined effects
of mowing height on relationships between
normalized difference vegetation index (NDVI)
and visual quality ratings in Kentucky blue-
grass (KBG; Poa pratensis L., ‘Apollo’) and in a
KBG x Texas bluegrass (Poa arachnifera Torr.)
hybrid (HBG; ‘Thermal Blue’). Mowing heights
were 7.62 cm (high) and 3.81 cm (low). The
NDVI averaged 4.5 to 7% greater in high- than
in low-mown plots. Distinct regression mod-
els of visual quality were found at each mow-
ing height and in each species (r? from 0.40 to
0.81); separate relationships between NDVI and
visual quality were also found between years in
the same plots. Correlations between NDVI and
visual quality were stronger at high than at low
mowing heights, possibly because of greater
green biomass at high mowing heights. The
95% confidence intervals surrounding predic-
tions of visual quality from NDVI ranged from
+1.34 to 2.75 (on a 1-to-9 scale). Thus, lack of
precision is a concern when using these mod-
els for detection of differences between treat-
ments. Results indicate that when using NDVI
to evaluate turfgrass quality, evaluations should
be limited to plots maintained at the same mow-
ing height and with the same species to reduce
variability in NDVI.
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TURFGRASS QUALITY 1s evaluated by integrating factors of can-
opy density, texture, uniformity, color, growth habit, and
smoothness (Turgeon, 1991). The traditional method of evaluat-
ing turfgrass quality is visually, in which an observer rates the
appearance of turfgrass on a numeric scale. Although this method
1s relatively quick, it is also subjective. Some researchers have con-
tended that visual ratings may vary significantly among evaluators
or even with the same evaluator over time, and that such ratings
tend to be inaccurate and nonreproducible (Horst et al., 1984;
Bell et al., 2002).

Multispectral radiometry, which measures the spectral reflec-
tance of plant canopies at a number of wavelengths, has been pro-
posed as an alternative to visual ratings because spectral reflectance
may provide objective measurements of turfgrass quality. For exam-
ple, Trenholm et al. (1999), using multispectral radiometry, reported
significant correlations between spectral reflectance and visual qual-
ity in seashore paspalum (Paspalum vaginatum Swartz) ecotypes and
hybrid bermudagrass cultivars [Cynodon dactylon (L.) Pers. X C. trans-
vaalensis Burtt Davy, "Midiron’]. In other studies, vegetation indices
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calculated from reflectance data were also strongly correlated
with visual quality in a number of turfgrass species and under
different cultural practices (Bell et al., 2002; Fitz-Rodriguez
and Choi, 2002; Keskin et al., 2008).

Mowing heights vary in turfgrasses under typical
management practices (e.g., residential lawns, golf course
greens, fairways and roughs, sports fields), and mowing
heights have considerable and varied effects on visual
quality. For example, in one study visual quality in tall
fescue (Festuca arundinacea Schreb.) was greatest at low
mowing heights (Richie et al., 2002). Conversely, visual
quality was less at low than at high mowing heights in
a creeping bentgrass (Agrostis stolonifera L.) putting green
(Salaiz et al., 1995). Su et al. (2009), conducting research
concurrently with this project on the same plots, found
that visual quality decreased at a lower mowing height in
a hybrid bluegrass [HBG; Kentucky bluegrass (Poa praten-
sis L) X Texas bluegrass (Poa arachnifera Torr.), “Thermal
Blue’] but increased at a lower mowing height in a Ken-
tucky bluegrass (KBG; ‘Apollo’). In addition, the type of
mower as well as blade sharpness may affect height uni-
formity, tip shredding or browning, and thus, also impact
visual quality in turfgrasses (Parish and Fry, 1997).

Mowing of turfgrass removes green leaf area and
biomass, which may affect spectral reflectance from the
canopies. A number of grassland studies have reported
strong correlations between the amount of green leaf area
index (LAI), biomass, and vegetation indices (e.g., NDVI)
obtained from reflectance data (Mutanga and Skidmore,
2004; Vescovo et al., 2004; Gianelle et al., 2009; Mas-
kova et al., 2008; Chen et al., 2009; Fan et al., 2009). In a
hybrid bermudagrass (Cynodon dactylon X C. transvaalensis),
NDVTI was greater before than after mowing (Fitz-Rodri-
guez and Choi, 2002), indicating that removal of green
biomass with mowing was detected with NDVI.

Because mowing may affect spectral reflectance, it
follows that determination of turfgrass visual quality with
reflectance may be confounded by mowing height. Bell
et al. (2002) reported greater correlations between turf-
grass quality and vegetation indices in turfgrasses mown
at high than at low heights, suggesting that differences in
biomass quantities affected relationships between reflec-
tance and turfgrass quality. In a number of studies where
the feasibility of using reflectance for quality determina-
tion was evaluated, the effects of mowing were not explic-
itly addressed despite the presence of different mowing
heights in those studies (Bell et al., 2002; Fitz-Rodriguez
and Choi, 2002; Jiang and Carrow, 2005, 2007). Keskin
et al. (2008) developed an optical sensor to predict visual
quality in turfgrass from reflectance measurements but
acknowledged that different mowing heights may con-
found the practical application of their sensor.

Additional research is necessary to directly investigate
the effects of mowing on canopy spectral reflectance and

to evaluate practical implications of mowing on relation-
ships between reflectance and turfgrass visual quality. In
this study our objectives were to evaluate relationships
between NDVTI and visual quality ratings in two cool-
season turfgrasses and to closely examine the effects of
mowing height on those relationships.

MATERIALS AND METHODS
Study Site

This research was conducted under an automated rainout shel-
ter (12 by 12 m) for two consecutive years from 20 June to
30 September (day of year [DOY] 172 to 274) in 2005 and 26
April to 28 July (DOY 116 to 209) in 2006 at the Rocky Ford
Turfgrass Research Center (39°13/53” N, 96°34/51” W) in
Manhattan, KS. The rainout shelter shielded turf plots from
precipitation and therefore, allowed for precise applications of
water. A minimum of 0.25 mm of precipitation activated the
shelter, which rested adjacent to the study area, to move on rails
by an electronic drive system and completely cover the plots
within 2 min. The shelter then returned to its resting position 1
h after precipitation stopped. The soil at the site was a Chase silt
loam (fine, smectitic, mesic Aquertic Argiudoll).

Turfgrass Maintenance, Treatments,

and Experimental Design
Sixteen plots (1.36 by 1.76 m) of KBG (‘Apollo’) and 16 plots
of a HBG (‘Thermal Blue’) were arranged in a randomized
complete block design with whole-plot treatments of mowing
height and irrigation in a 2 X 2 factorial (Fig. 1). Species was
a split-plot factor. Irrigation was included as a factor to impose
wider ranges in turfgrass quality, which provided a broader base
for the evaluation of relationships between NDVI and visual
quality. The mowing height factor (high mowing = 7.62 cm
and low mowing = 3.81 cm) was randomly assigned to the two
rows (whole-plot strips) in each block. The irrigation factor
(100 and 60% evapotranspiration [ET] replacement) was ran-
domized to one of two columns in each block (Cochran and
Cox, 1992). Therefore, in each block, each of the four combi-
nations of mowing height by irrigation treatments was applied
to two plots. The species factor (HBG and KBG) was then
randomly assigned to those two plots. Further details of plot
establishment and maintenance are available in Su et al. (2009).
Turfgrasses were mowed twice weekly with a walk-behind
rotary mower. Water was applied twice a week with a metered
hand-wand (Model 03N31, GPI, Inc., Wichita, KS) to accu-
rately measure irrigation applications. All plots were bordered
by 10-cm-deep metal edging to prevent lateral water move-
ment across plots after irrigation. Evapotranspiration was calcu-
lated with the Penman—Monteith equation (Allen et al., 1998)
using data from an on-site weather station.

Measurements of Visual Quality, Spectral
Reflectance, and Leaf Area and Biomass

The visual quality of each plot was rated on a scale from 1 to 9 (1
= brown and dead turf, 9 = optimum turf, and 6 = minimally
acceptable turf for use in home lawns) by the same researcher
in both years. Spectral reflectance of the canopy was measured
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Figure 1. Schematic of plot area including whole-plot strip treatments of mowing height (rows) and irrigation level (columns within a block).
The split-plot factor of species is denoted by HBG (hybrid bluegrass) and KBG (Kentucky bluegrass). Mowing heights are 3.81 and 7.62
cm and irrigation levels are 60 and 100% evapotranspiration (ET) replacement.

in eight wavebands, including 507, 559, 613, 661, 706, 760,
813, and 935 nm, with a hand-held multispectral radiometer
(Model MSR 16, CropScan, Inc., Rochester, MN). Two reflec-
tance measurements (0.5-m diam. each) of the turfgrass surface
were collected near the center of each plot with the sensor at
1 m above ground level and the two measurements were then
averaged. To reduce variation, canopy reflectance was taken
between 1100 and 1330 h Central Standard Time on days with
no cloud cover (Chang et al., 2005). Reflectance was measured
1 d after mowing, unless prevented by inclement weather, in
which case measurements were made the following day. All
turfgrass plots were fully vegetated and thus, soil background
effects were considered negligible.

Turfgrass visual quality was compared with reflectance at
each wavelength as well as with four vegetation and stress indices;
results from that extensive analysis were presented by Lee (2008).
Of all wavelengths and indices evaluated, NDVI consistently had
the greatest correlations with visual quality; NDVI was computed
as (R935 — R661)/(R935 + R661), where R denotes reflectance
at the specified wavelength (Trenholm et al., 1999). Other studies
have also reported strong correlations between NDVI and visual
quality in turfgrasses (Trenholm et al., 1999; Bell et al., 2002;
Fitz-Rodriguez and Choi, 2002; Jiang and Carrow, 2007; Keskin
et al., 2008). In addition, a number of commercial instruments
have the ability to measure NDVI but not necessarily additional
multiple wavebands or indices. Therefore, results from NDVI
were evaluated in this study.

We were not able to measure green LAT as the study pro-
gressed because it 1s a destructive procedure that would have
deleteriously affected the limited number of plots. However,
we measured green LAI and biomass at the end of the study in
2006 to evaluate any differences between mowing heights at
that time. To measure green LAI and aboveground biomass,
turfgrasses were clipped at ground level from three 45.6-cm?
subplots (7.62-cm diam.) within three different plots of KBG
and the HBG at each mowing height. Thus, a total of nine sam-
ples were collected from each mowing height X species com-
bination. In the laboratory, green and dead leaves and shoots
were separated and green leaf area was measured using an image
analysis system (WinRHIZO, Régent Instruments, Quebec
City, Canada). Biomass samples were then dried in a forced-air
oven for 24 h at 70°C and weighed to determine dry biomass.

Statistical Analysis

Data among plots were analyzed with correlation and regression
procedures of SAS (SAS Institute Inc., Cary, NC) for compari-
sons between visual quality ratings and NDVI. Regression data
were analyzed by: (i) pooling data from both species, separately
by mowing height in each year to determine the overall effect
of mowing height on relationships between NDVI and visual
quality; and (ii) pooling data from both years, separately by
species at each mowing height to determine whether relation-
ships between NDVI and visual quality varied between species.
Instructive observations about responses to the main effects of
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mowing and species across years were gained by presenting the
data in this way. The general linear model procedure was used
to analyze effects of mowing height on individual dates and
on green LAI and aboveground biomass in 2006. The general
linear model procedure was also used to conduct analysis of
covariance to test for equal slopes and intercepts in regression
models among mowing heights, species, and years (Milliken
and Johnson, 2002). Inverse prediction was used to estimate
visual quality from NDVT and 95% confidence intervals (Kut-
ner et al., 2004).

RESULTS AND DISCUSSION

In the first two sections that follow, we separated data by
species and by year to: (i) evaluate the effects of mow-
ing on spectral reflectance (including NDVI); and (ii)
compare coefficients of variation between measurements
of NDVT and ratings of visual quality. In these evalua-
tions, we included data only from 100% ET plots because
including data from the second irrigation treatment (60%
ET) would have confounded the results. However, there-
after we included data from both 100 and 60% ET plots to

provide a broader base for the evaluation of relationships
between NDVI and visual quality.

Effects of Mowing Height
on Spectral Reflectance in 100%
Evapotranspiration Plots
The spectral signatures of each species, averaged over the
growing season of each year, were distinct between mow-
ing heights (Fig. 2). In both species, spectral reflectance
was generally greater in low-mown than in high-mown
plots in both years. In the photosynthetically active radia-
tion, or visible region (507-661 nm), light absorption by
leaf pigments such as chlorophyll resulted in lower reflec-
tance than in the near-infrared region (706—935 nm). In
the visible region, lower reflectance in high-mown plots
suggests greater absorption by chlorophyll and thus, greater
chlorophyll content and biomass than in low-mown plots
(Daughtry et al., 1992; Jones et al., 2007).

Differences in spectral reflectance between mowing
heights were also observed in the near-infrared region
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Figure 2. Average reflectance spectrums at high (7.62 cm) and low (3.81 cm) mowing heights in well-watered plots of a Kentucky
bluegrass and hybrid bluegrass in 2005 (n = 48 per species per mowing height) and 2006 (n = 36 per species per mowing height). Error
bars denote standard error, which are smaller than symbols in some instances. In Kentucky bluegrass, error bars overlapped only at 507
nm in 2005, while in hybrid bluegrass error bars overlapped at 813 and 935 nm in both years and at 760 nm in 2006.
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(Fig. 2), which indicates differences in internal leaf struc-
ture (e.g., thickness of the mesophyll cell layer, which
affects light scattering and reflectance) (Knipling, 1970;
Taiz and Zeiger, 2002). Although reflectance in the near-
infrared region is not visible, it is used to calculate NDVI.
Therefore, differences in NDVI between mowing heights
may indicate variability in a number of plant physiological
functions or morphology, some of which are visible and
some that are not visible.

With the exception of KBG in 2005, NDVT averaged
4.5 to 7% greater in high- than in low-mown, 100% ET
plots in both years (Table 1). In 2006, NDVI was greater
in high- than in low-mown plots on four out of nine mea-
surement days in KBG and seven out of 9 d in the HBG
(Fig. 3). This is similar to a trend observed in a hybrid
bermudagrass where NDVI was greater before than after
mowing (Fitz-Rodriguez and Choi, 2002). In grassland
studies, greater NDVI has indicated greater green LAI
and biomass (Asrar et al., 1984; Maskova et al., 2008; Fan
et al., 2009). Therefore, in our study greater NDVI in
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Table 1. Average normalized difference vegetation index
(NDVI) in high- (7.62 cm) and low- (3.81 cm) mown plots of
Kentucky bluegrass (‘Apollo’) and a hybrid bluegrass (‘Ther-
mal Blue’) during 2005 (n = 48 per species x mowing height)
and 2006 (n = 36 per species x mowing height); data are from
100% evapotranspiration plots.

NDVI
Year Turfgrass High Low P valuet
2005 Kentucky bluegrass 0.804 0.790 0.23
Hybrid bluegrass 0.760 0.727 0.02
2006 Kentucky bluegrass 0.795 0.744 0.009
Hybrid bluegrass 0.808 0.755 0.0005

T Probability value: indicates level of significance of differences between high- and
low-mown plots in each turfgrass in each year.

high-mown plots may indicate greater green LAI or bio-
mass than in low-mown plots.

Indeed, at the end of 2006 green LAI was 50 to 91%
greater at high than at low mowing heights in both spe-
cies (Fig. 4). Similarly, aboveground biomass was up to 51%
greater at the high than the low mowing height. Su et al.
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Figure 3. Normalized difference vegetation index (NDVI) in high- (7.62 cm) and low- (3.81 cm) mown plots of Kentucky bluegrass (KBG;
‘Apollo’) and a hybrid bluegrass (HBG; ‘Thermal Blue’) during 2005 (left) and 2006 (right); data are from 100% evapotranspiration (ET)
plots. Significant differences between mowing treatments on a given date are denoted along the abscissa by “+” (P < 0.05) or “x” (P <
0.1). Dashed line on Day of Year 142 in 2006 indicates beginning of low-mowing treatment.
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Figure 4. Green leaf area index (LAI; left) and biomass (right) in high- (7.62 cm) and low- (3.81 cm) mown plots of Kentucky bluegrass
(KBG; ‘Apollo’) and a hybrid bluegrass (HBG; ‘Thermal Blue’). Probability (P) values above paired bars of LAl and biomass indicate level
of significance of differences between high and low mowing heights in 2006.

(2009), who measured canopy-level photosynthesis in the
same plots as this study in 2005, reported reductions of up
to 34% in photosynthesis from the high to low mowing
height. Greater photosynthesis at the high mowing height
in 2005 indicates that green LAI was also greater at the high
than at the low mowing height, because the photosynthetic
capacity of a canopy increases with green LAI (Loomis and
Connor, 1992a, 1992b; Bremer and Ham, 2005, 2010).

In 2006, measurements were collected on three dates
before initiation of the mowing treatment. Interestingly,
NDVT in the HBG was greater on the first two dates in
plots that had been mown low in the previous year (2005)
than in plots that had been mown high; a similar trend
was observed in KBG although differences were not sig-
nificant (Fig. 3). Greater early-season NDVT in previously
low-mown plots was likely caused by a combination of
less dead litter from the previous year and greater amount
of exposed green, actively growing biomass than in high-
mown plots. After mowing treatments began, however,
the trend reversed and NDVI became lower in low- than
in high-mown plots. This pattern reveals a strong mowing
height effect on NDVI. Visual quality remained similar
between mowing treatments during this period, and no
changes in visual quality occurred after initiation of the
mowing height treatment (data not shown).

In 2005, differences in NDVI diminished between high-
and low-mown plots as the season progressed (Fig. 3). This
confluence coincided with the late-summer and early-fall
period when weather becomes more favorable for cool-sea-
son turfgrass growth. Low mowing may stimulate tillering
in bluegrasses, which may cause green LAI and biomass to
increase (Kraft and Keeley, 2005). In our study, increased
tillering in response to low mowing may have caused green

LAT and biomass to increase with time in low-mown plots.
Consequently, increased tillering may have caused NDVI to
increase in low-mown plots and thus, have diminished dif-
ferences in NDVI between high- and low-mown plots. This
trend was not as evident in 2006, perhaps because the study
ended earlier in the growing season than in 2005. Further
research 1s needed to determine relationships between spec-
tral reflectance and green LAI/biomass in turfgrass.

Variability in NDVI Measurements

and Visual Quality Ratings in 100%
Evapotranspiration Plots

Variability in NDVI measurements and visual quality rat-
ings may both contribute toward variability in the rela-
tionships between NDVI and visual quality. In our study,
coeflicients of variation revealed greater variability in visual
ratings than in NDVI (Table 2). For example, coefficients
of variation ranged from 46% to over two times greater in
visual quality ratings than in NDVI measurements. This is
similar to results from Bell et al. (2002), who reported more
consistent measurements with optical sensors than with
visual ratings. Those authors also found that visual ratings
by three evaluators reduced overall variability in the rela-
tionships between NDVTI and visual quality. It is possible
that using multiple evaluators may have reduced variability
in visual quality ratings in our study as well.

Mowing Height Effects in 2005

and 2006 in All Plots Including 60

and 100% Evapotranspiration

When data were pooled across species and analyzed sepa-
rately by mowing height and year, coeflicients of deter-
mination (r*) between NDVI and visual quality ranged
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from 0.75 to 0.81 in 2005 and 0.40 to 0.66 in 2006 (Table
3). These are similar to results from other studies that
have indicated strong relationships between NDVI and
visual quality (Trenholm et al., 1999; Bell et al., 2002;
Fitz-Rodriguez and Choi, 2002; Keskin et al., 2008). In
our study, correlations between NDVI and visual qual-
ity were greater in 2005, probably because of greater heat
and drought stress than in 2006. Greater stress in 2005
generally expanded the range of turfgrass quality between
well-watered and irrigation-deficit plots and provided a
broader base for comparing NDVI with visual quality.
The r* between NDVI and visual quality was 8 and
65% greater in 2005 and 2006, respectively, at the high
than at the low mowing height (Table 3). This is compara-
ble to results from Bell et al. (2002), who reported greater
r* between NDVI and visual quality in turfgrasses at a
high than at a low mowing height. In our study, coeffi-
cients of variation for both NDVI and visual quality were
also less in high-mown than in low-mown plots (Table 2).
The reason for greater r* between NDVI and visual
quality at high than at low mowing heights is uncertain
(Table 3). However, it suggests that greater amounts of
green leaf area and biomass at higher mowing heights
strengthens the relationship between NDVI and visual
quality, perhaps by providing more consistent measure-
ments of NDVI and visual ratings. Presumably, higher
mowing height corresponds with greater overall green leaf
area (Fig. 4) and thus, greater chlorophyll content in the
canopy. Other researchers have reported that chlorophyll
content in a canopy is strongly related to spectral reflec-
tance (Daughtry et al., 1992; Jones et al., 2007), including
NDVI (Trenholm et al.,, 2000; Mangiafico and Guil-
lard, 2005; Stiegler et al., 2005). Saturation of NDVT has
been observed in other grasslands with increases in LAI
(Vescovo et al., 2004; Gianelle et al., 2009). Therefore, it
is possible that NDVT saturation may have occurred in our
high-mown plots (Fig. 4). An additional factor that may
weaken relationships between NDVI and visual quality
at low mowing heights is the presence of exposed soil,

Table 2. Coefficients of variation (CV) in measurements of
normalized difference vegetation index (NDVI) and visual
ratings of turfgrass quality, in high- (7.62 cm) and low- (3.81
cm) mown plots of Kentucky bluegrass (‘Apollo’) and a hybrid
bluegrass (‘Thermal Blue’) during 2005 (n = 48 per species
x mowing height) and 2006 (n = 36 per species x mowing
height); data are from 100% evapotranspiration plots.

Ccv
Mowing Visual %
Year Turfgrass height NDVI quality differencet

2005 Kentucky bluegrass High 0.065 0.102 58
Low 0.073 0115 57

% differencet —12 -11
Hybrid bluegrass High 0.075 0.134 80
Low 0105 0.153 46

% difference  -29 -12
2006 Kentucky bluegrass High 0.099 0.209 112
Low 0112  0.236 110

% difference 12 -12
Hybrid bluegrass High 0.072 0.110 54
Low 0.087 0127 46

% difference -18 -13

T Differences in CV between NDVI, measured with multispectral radiometry, and
turfgrass quality, rated visually (100 x [CV g 0,41ty = CVapul/ CVypw)-

+ Differences in CV between mowing heights of NDVI and visual quality (100 x
[CV,n — CV ., J/CV,

High Low] Low)'

because soils have different optical properties than leaves
(Avery and Berlin, 1992; Jensen, 2007).

Analyses of covariance indicated distinct relationships
(i.e., models) between visual quality and NDVI at each
mowing height (Table 3 and Fig. 5). The models varied with
each mowing height and year. In 2005, there was no interac-
tion between models at the high and low mowing heights
but they were significantly distinct from each other (P =
0.05; i.e., models had equal slopes but different intercepts). In
2006, however, the models had significant interaction (i.e.,
different slopes). As illustrated in Fig. 5, models with equal
slopes but different intercepts indicate that for the same value

Table 3. Pooled models from Kentucky bluegrass (KBG; ‘Apollo’) and a hybrid bluegrass (HBG; ‘Thermal Blue’) at each mowing
height (MH) in 2005 (n = 96 per mowing height) and 2006 (n = 72 per mowing height), 95% confidence intervals (Cl) of models
in predicting visual quality (VQ) from normalized difference vegetation index (NDVI), coefficients of determination (r?) between
VQ and NDVI in plots at high and low mowing heights (MH) in 2005 and 2006, and probability (P) values.

P value*
Year MH Pooled models KBG and HBG Cl: predicting VQ from NDVI r?t By MH By year
2005 Low NDVI = 0.063 x VQ + 0.337 +1.66 0.75 0.05%
High NDVI = 0.068 x VQ + 0.316 +1.34 0.81
2006 Low NDVI = 0.051 x VQ + 0.437 +2.75 0.40 0.041 0.02*
High NDVI = 0.064 x VQ + 0.380 +1.81 0.66 <0.0001tt
T All » were significant at P < 0.0001.
+ Determined with analysis of covariance; indicate level of significance of differences between models, either in slope or intercept.
§1n 2005, equal slopes but different intercepts between mowing heights.
In 2006, different slopes between mowing heights.
# At low mowing height, different slopes between years.
T At high mowing height, equal slopes but different intercepts between years.
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{1 the precision of the models could be improved.
Nevertheless, the widths of the 95% confidence
intervals were 17 to 30% smaller at high than at
low mowing heights, which illustrates that the
predictive strength of the models increased with
mowing height.

{ Species Effects at Each Mowing
Height in All Plots Including

60 and 100% Evapotranspiration

1 When data were pooled across years and analyzed
separately by mowing height and species, corre-
lations between NDVI and visual quality were
slightly greater in the HBG than in KBG, particu-

09 | .
KBG + HBG e
(Average) i
038 - .
3
2 e
High 2005
e 5 Low 2005
High 2006
Low 2006
0.5 T T T T T
2 3 4 5 6 7 8

Visual Quality

Figure 5. Relationships between normalized difference vegetation index
(NDVI) and visual quality on a 1-to-9 scale with 9 the greatest quality. Models
are presented for high- and low-mown treatments in Kentucky bluegrass
(KBG; ‘Apollo’) and a hybrid bluegrass (HBG; ‘Thermal Blue’) in 2005 (n = 192)
and 2006 (n = 144). Data are pooled between turfgrasses at each mowing

height and in each year.

of NDVI, mean turf quality will differ between mowing
heights and the differences in mean visual quality between
mowing heights will remain consistent with changes in
NDVI. In models with different slopes, however, the differ-
ences in mean visual quality between mowing heights will
vary as NDVI changes. In our data, this was most apparent
in 2006 at higher NDVI values (Fig. 5).

Models at the same mowing heights also varied between
years. Specifically, at the high mowing height, the models
had no interaction (i.e., equal slopes) between 2005 and
2006, but different intercepts (Fig. 5). At the low mowing
height, there was interaction between models (i.e., different
slopes) between years. This interannual variability among
models may have been related to differences in heat and
drought stress between 2005 and 2006, as indicated above.
Year-to-year variability in models of NDVI and visual
quality on the same plots has also been reported by other
researchers (Jiang et al., 2009). This variability in models
among mowing heights and years suggests that separate
models may need to be developed at each mowing height
and in each year, making NDVTI use for turfgrass visual
quality determinations more cumbersome.

The 95% confidence intervals surrounding predic-
tions of visual quality from NDVI ranged from +1.34
to 2.75 (Table 3). Thus, in general the confidence inter-
vals overlapped between high and low mowing heights
and between years, which indicates these models are not
precise enough for practical detection of differences in
quality with NDVI. Further research, perhaps with mul-
tiple evaluators, may be required to determine whether

larly at the low mowing height (Table 4). Analysis
of covariance also revealed separate mathemati-
cal models that defined the relationships between
NDVI and visual quality between species. There
was no interaction in the models between KBG
and HBG mowed at the same heights, but the
models were distinct between species (i.e., models
had similar slopes but different intercepts between
species) (Table 4 and Fig. 6).

Greater correlations between NDVI and visual
quality in HBG than in KBG, and different models between
the two turfgrasses mowed at the same heights, both indi-
cated a species effect on reflectance. Other researchers have
reported distinct relationships between spectral reflectance
and visual quality among different turfgrass cultivars and spe-
cies (Bell et al., 2002; Jiang and Carrow, 2005, 2007; Keskin
et al., 2008), which may be related to differences in canopy
architecture, leaf shininess or color, green LAI, and biomass,
etc., among cultivars or species. In our study, the HBG was
generally noticeably lighter in color than the KBG, which
may have affected visual quality ratings and NDVI.

Correlations between NDVTI and visual quality were
greater at high than at low mowing heights in both spe-
cies (Table 4). This is the same general pattern of greater
correlations at high than at low mowing heights that was
discussed earlier, and indicates the pattern was consistent
across both species. Analysis of covariance also revealed
separate relationships between NDVI and visual quality
at each mowing height and within each species. In both
species there was significant interaction in the models
between high and low mowing heights, and the patterns
between the models at both mowing heights were simi-
lar in each species (Fig. 6 and Table 4). Therefore, clear
mowing height effects were observed on the relationship
between NDVI and visual quality in each species.

The 95% confidence intervals surrounding predic-
tions of visual quality from NDVI ranged from $1.42 to
2.44 (Table 4). Thus, as was observed earlier when spe-
cies were combined at each mowing height and com-
pared across years, the overlap in the confidence intervals
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Table 4. Pooled models from 2005 and 2006 at each mowing height in each turfgrass (n = 84 per species x mowing height
[MH]), 95% confidence intervals (Cl) in predicting visual quality (VQ) from normalized difference vegetation index (NDVI), coef-
ficients of determination (r?) between VQ and NDVI in high- and low-mown plots in Kentucky bluegrass (KBG; ‘Apollo’) and a
hybrid bluegrass (HBG; ‘Thermal Blue’), and probability (P) values.

Species MH Pooled model 2005-2006

Cl: predicting VQ from NDVI r’t

P valuet
By year

By MH

KBG NDVI = 0.055 x VQ + 0.413
NDVI = 0.065 x VQ + 0.363
NDVI = 0.062 x VQ + 0.345

NDVI = 0.071 x VQ + 0.302

Low
High
Low
High

HBG

+2.44 0.03%
+1.72
+1.72

+1.42

0.56
0.73
0.67
0.75

0.041 <0.0001*

<0.00011f

T All * were significant at P < 0.0001.

+ Determined with analysis of covariance; indicate level of significance of differences between models, either in slope or intercept.

§In KBG, different slopes between mowing heights.

T1n HBG, different slopes between mowing heights.

# At low mowing height, equal slopes but different intercepts between species.
T At high mowing height, equal slopes but different intercepts between species.

1.0

between KBG and HBG or between mowing
heights within each species indicates the models
are not precise enough for practical detection of
differences in quality with NDVI.

In summary, NDVI was generally greater at the
high than at the low mowing height in our study,
possibly a reflection of greater green leaf area and
biomass at the high mowing height. Other fac-
tors that affect NDVI, such as canopy architecture,
internal leaf properties, or plant stress, may also have
contributed differences in NDVI between mow-
ing heights. Variability was significantly reduced
in mathematical models describing relationships
between NDVI and visual quality when NDVI

0.9 -

0.8 A

NDVI

0.7 A

06 A

Kentucky Bluegrass High 2005-2006

Kentucky Bluegrass Low (Average)

Hybrid Bluegrass High d
——— Hpybrid Bluegrass Low -

and visual quality were measured discriminately 2

among mowing heights and species. This indicates
that when using NDVT to evaluate turfgrass quality
among plots, all plots should be of the same species
and maintained at the same height. Furthermore,
relationships between NDVI and visual quality
were also different between years for the same treat-
ment combinations. Differences between years may
have been caused by greater stress in the first year,
which expanded the range of visual quality among
plots and provided a broader base for comparing NDVI
with visual quality. Nevertheless, it suggests that separate
models may need to be developed in each year, making
NDVT use for turfgrass quality determinations more cum-
bersome. The 95% confidence intervals surrounding pre-
dictions of visual quality from NDVI ranged from +1.34 to
2.75 (on a 1-to-9 scale), indicating these models are not pre-
cise enough for practical detection of differences between
treatments. Further research is needed to investigate spe-
cific factors that may confound relationships between
spectral reflectance and visual quality at different mowing
heights and between cultivars or species, such as differences
in green leaf area and biomass, leaf properties, and canopy
architecture, and to determine whether precision of models
such as those in this study can be improved.

Visual Quality

Figure 6. Relationships between normalized difference vegetation index
(NDVI) and visual quality on a 1-to-9 scale with 9 the greatest quality. Models
are presented for high- (7.62 cm) and low- (3.81 cm) mown treatments in
Kentucky bluegrass (‘Apollo’) and a hybrid bluegrass (‘Thermal Blue’). Data
are pooled between 2005 and 2006 at each mowing height and in each
turfgrass (n = 168).

Acknowledgments

We appreciate financial support from the Kansas Turfgrass
Foundation and the Kansas Agricultural Experiment Station.
We also thank Drs. Leigh Murray and George Milliken for
their help with statistical analysis and Dr. Alan Zuk for his tech-
nical assistance.

References

Allen, R.G., L.S. Pereira, D. Raes, and M. Smith. 1998. Crop evapo-
transpiration— Guidelines for computing crop water require-
ments. FAO Irrigation and Drainage Pap. 56. FAO, Rome.

Asrar, G., M. Fuchs, E.T. Kanemasu, and J.L. Hatfield. 1984. Esti-
mating absorbed photosynthetic radiation and leaf area index
from spectral reflectance in wheat. Agron. J. 76:300-306.

Avery, T.E., and G.L. Berlin. 1992. Fundamentals of remote sens-
ing and airphoto interpretation. 5th ed. Prentice Hall, Upper
Saddle River, NJ.

CROP SCIENCE, VOL. 51, JANUARY—FEBRUARY 2011

WWW.CROPS.ORG

331



Bell, G.E., D.L. Martin, S.G. Wiese, D.D. Dobson, M.W. Smith,
M.L. Stone, and J.B. Solie. 2002. Vehicle-mounted optical
sensing: An objective means for evaluating turf quality. Crop
Sci. 42:197-201.

Bremer, D J., and J.M. Ham. 2005. Measurement and partitioning
of in situ carbon dioxide fluxes in turfgrasses using a pres-
surized chamber. Agron. J. 97:627—-632 [erratum: 98(5):1375].

Bremer, D J., and J.M. Ham. 2010. Net carbon fluxes over burned
and unburned native tallgrass prairie. Rangeland Ecol.
Manag. 63:72-81.

Chang, J., S.A. Clay, D.E. Clay, D. Aaron, D. Helder, and K.
Dalsted. 2005. Clouds influence precision and accuracy of
ground-based spectroradiometers. Commun. Soil Sci. Plant
Anal. 36:1799-1807.

Chen, W,, J. Li, Y. Zhang, F. Zhou, K. Koehler, S. Leblanc, R.. Fra-
ser, I. Olthof, Y. Zhang, and J. Wang. 2009. Relating biomass
and leaf area index to non-destructive measurements in order
to monitor changes in arctic vegetation. Arctic 62:281-294.

Cochran, W.G., and G.M. Cox. 1992. Factorial experiments with main
effects confounded: Split-plot designs. p. 305-307. In Experimen-
tal designs. 2nd ed. John Wiley & Sons, Hoboken, NJ.

Daughtry, C.S.T., K.P. Gallo, N.S. Goward, S.D. Prince, and W.P.
Kautas. 1992. Spectral estimates of absorbed radiation and
phytomass production in corn and soybean canopies. Remote
Sens. Environ. 39:141-152.

Fan, L., Y. Gao, H. Brueck, and C. Bernhofer. 2009. Investigating
the relationship between NDVI and LAI in semi-arid grass-
land in Inner Mongolia using in-situ measurements. Theor.
Appl. Climatol. 95:151-156.

Fitz-Rodriguez, E., and C.Y. Choi. 2002. Monitoring turfgrass qual-
ity using multispectral radiometry. Trans. ASAE 45:865—867.

Gianelle, D., L. Vescovo, B. Marcolla, G. Manca, and A. Cescatti.
2009. Ecosystem carbon fluxes and canopy spectral reflectance
of a mountain meadow. Int. J. Remote Sens. 30:435—449.

Horst, G.L., M.C. Engelke, and W. Meyers. 1984. Assessment of
visual evaluation techniques. Agron. J. 76:619-622.

Jensen, J.R. 2007. Remote sensing of the environment; an earth
resource perspective. 2nd ed. Pearson Prentice Hall, Upper
Saddle River, NJ.

Jiang, Y., and R.N. Carrow. 2007. Broadband spectral reflectance
models of turfgrass species and cultivars to drought stress.
Crop Sci. 47:1611-1618.

Jiang, Y., H. Liu, and V. Cline. 2009. Correlations of leaf relative
water content, canopy temperature, and spectral reflectance
in perennial ryegrass under water deficit conditions. Hort-
Science 44:459—-462.

Jiang, YW, and R.IN. Carrow. 2005. Assessment of narrow-band
canopy spectral reflectance and turfgrass performance under
drought stress. HortScience 40:242-245.

Jones, C., N. Maness, M. Stone, and R. Jayasekara. 2007. Chlo-
rophyll estimation using multispectral reflectance and height
sensing. Trans. ASAE 50:1867-1872.

Keskin, M., Y.J. Han, R.B. Dodd, and A. Khalilian. 2008. Reflec-
tance-based sensor to predict visual quality ratings of turfgrass
plots. Appl. Eng. Agric. 24:855-860.

Knipling, E.B. 1970. Physical and physiological basis for the reflec-
tance of visible and near-infrared radiation from vegetation.
Remote Sens. Environ. 1:155-159.

Kraft, R.-W., and S.J. Keeley. 2005. Evaluation of improved Poa
pratensis cultivars for transition zone fairway use. Int. Turf.
Soc. Res. J. 10:368-372.

Kutner, M.H., CJ. Nachtsheim, and J. Neter. 2004. Simultaneous
inferences and other topics in regression analysis. p. 168—170.
In Applied linear regression models. 4th ed. McGraw-Hill
Irwin, New York.

Lee, H. 2008. Measurement of turfgrass quality, leaf area index,
and aboveground biomass with multi-spectral radiometry.
M.S. thesis. Kansas State Univ., Manhattan.

Loomis, R.S., and D.J. Connor. 1992a. Leaf area and light inter-
ception. p. 36-38. In Crop ecology: Productivity and man-
agement in agricultural systems. Cambridge Univ. Press,
Cambridge, UK.

Loomis, R.S., and D.J. Connor. 1992b. Canopy photosynthesis. p.
271-275. In Crop ecology: Productivity and management in
agricultural systems. Cambridge Univ. Press, Cambridge, UK.

Mangiafico, S.S., and K. Guillard. 2005. Turfgrass reflectance
measurements, chlorophyll, and soil nitrate desorbed from
anion exchange membranes. Crop Sci. 45:259-265.

Maskova, Z., F. Zemek, and J. Kvet. 2008. Normalized difference
vegetation index (NDVI) in the management of mountain
meadows. Boreal Environ. Res. 13:417-432.

Milliken, G.A., and D.E. Johnson. 2002. Analysis of messy data.
Vol. III: Analysis of covariance. Chapman & Hall/CRC,
Boca Raton, FL.

Mutanga, O., and A. Skidmore. 2004. Narrow band vegetation
indices overcome the saturation problem in biomass estima-
tion. Int. J. Remote Sens. 25:3999-4014.

Parish, R.L., and J.D. Fry. 1997. Mower effects on turfgrass qual-
ity. Appl. Eng. Agric. 13:715-717.

Richie, W., R. Green, G. Klein, and J. Hartin. 2002. Tall fescue
performance influenced by irrigation scheduling, cultivar,
and mowing height. Crop Sci. 42:2011-2017.

Salaiz, T., G. Horst, and R. Shearman. 1995. Mowing height and
vertical mowing frequency-effects on putting green quality.
Crop Sci. 35:1422-1425.

Stiegler, J., G. Bell, N. Maness, and M. Smith. 2005. Spectral
detection of pigment concentrations in creeping bentgrass
golf greens. Int. Turf. Soc. Res. J. 10:818-825.

Su, K., D.J. Bremer, SJ. Keeley, and ]J.D. Fry. 2009. Mowing and
drought effects on a hybrid bluegrass compared with Ken-
tucky bluegrass. Int. Turf. Soc. Rec. J. 11:871-882.

Taiz, L., and E. Zeiger. 2002. Photosynthesis: Physiological and
ecological considerations. p. 172—174. In Plant physiology. 3rd
ed. Sinauer Assoc., Sunderland, MA.

Trenholm, L.E., R.N. Carrow, and R.R. Duncan. 1999. Rela-
tionship of multispectral radiometry data to qualitative data
in turfgrass research. Crop Sci. 39:763-769.

Trenholm, L.E., M.J. Schlossberg, G. Lee, and W. Parks. 2000. An
evaluation of multi-spectral responses on selected turfgrass
species. Int. J. Remote Sens. 21:709-721.

Turgeon, A. 1991. Turfgrass management. Prentice Hall, Engle-
wood Cliffs, NJ.

Vescovo, L., R. Zorer, C. Belli, A. Cescatti, and D. Gianelle.
2004. Use of vegetation indexes to predict biomass and LAI
of Trentino grasslands. Grassl. Sci. Eur. 9:811-813.

332 WWW.CROPS.ORG

CROP SCIENCE, VOL. 51, JANUARY—FEBRUARY 2011




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1000
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (DJS standard print-production joboptions; for use with Adobe Distiller v7.x; djs rev. 1.0)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [792.000 1224.000]
>> setpagedevice


