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Abstract. Turfgrass growth regulators (TGRs) are an effective means of reducing vertical
shoot growth and the production of clippings of tall fescue (Festuca arundinacea Schreb.).
Recently, using TGRs has been suggested as a way to acclimate or precondition turfgrass
to stress conditions, possibly through total nonstructural carbohydrate (TNC) accumula-
tions and altered TNC partitioning. The TNC may accumulate in response to growth
suppression associated with the TGR application. The objective of this study on tall fescue
was to determine the effect of a single trinexapac-ethyl (TE) application on tissue weight
and on TNC concentration and weight in leaves, crowns, and roots when sampled 6 to 7
weeks following TE application. This sampling time was chosen to coincide with the 28- to
56-day callback schedule that professional lawn care personnel follow when working with
tall fescue. In 1995, a high level of turfgrass maintenance was used, consisting of N
applications at 49 kg·ha–1 per month and two mowings per week, while in 1996 a moderate
level was used, consisting of N applications at 24 kg·ha–1 per month and one mowing per
week. Though TE provided reasonable inhibition of clipping growth for a 4-week period
during both years, we observed no increase in tissue weight or in TNC concentration or
weight in leaves, crowns, and roots when sampled 6 to 7 weeks after treatment. Chemical
name used: [4(cyclopropyl-ααααα-hydroxy-methylene)-3,5-dioxocyclohexanecarboxylic acid
ethyl ester] (trinexapac-ethyl).

Turfgrass growth regulators can provide a
number of important roles in the turfgrass
industry. They serve to suppress turfgrass
growth, which reduces the labor requirement
for mowing and other cultural practices. Fur-
thermore, TGRs can suppress seedhead devel-
opment, resulting in improved turfgrass qual-
ity. Recently, interest has increased in using
TGRs to acclimate or precondition turfgrasses
to stress conditions through chemical effects
on soluble carbohydrate accumulation and
partitioning. These chemicals influence TNC
levels to some degree (Cooper et al., 1988;
Han et al., 1998; Hanson and Branham, 1987;
Qian and Engelke, 1999; Spak et al., 1993;
Watschke, 1976), but these effects are not well
understood. Generally, TNC is defined as re-
serve carbohydrate that can be mobilized and
used as an energy source by the plant. It
consists primarily of reducing sugars (glucose
and fructose), nonreducing sugar (sucrose),
fructosans, and starches (White, 1973).

Nelson et al. (1986) hypothesized that re-
ducing leaf elongation rates would increase

(1996) with regard to turgor maintenance in
Kentucky bluegrass (Poa pratensis L.). Soluble
sugars, a component of TNC, are one of the
major solutes contributing to osmotic adjust-
ment in the leaves of many plant species (Mor-
gan, 1984).

The accumulation of TNC in turfgrass can
play a role in other types of stress. DiPaola and
Beard (1992) reviewed physiological effects
of temperature stress and reported a clear
association between carbohydrate reserves vs.
resistance to freezing and heat stress.

Greater understanding of the effects of
TGRs on carbohydrate accumulation may aid
in their use to help hasten acclimation to stress,
mitigate stress symptoms, and aid in recovery
after stress periods. The objective of this study
on tall fescue was to determine the effect of a
single TE application on tissue weight and
TNC concentration and weight in leaves,
crowns, and roots when sampled 6 to 7 weeks
following treatment. This sampling time was
chosen to coincide with the 28- to 56-d call-
back schedule that professional lawn care per-
sonnel follow when working with tall fescue.

Materials and Methods

Field studies were conducted in 1995 and
1996 on ‘Bonsai’ tall fescue grown on a native
soil classified as a Hanford fine sandy loam
(coarse-loamy, mixed, Thermic Haplic
Durixeralf). The research plot was seeded at a
rate of 391 kg·ha–1 on 28 Sept. 1993 at the
turfgrass research facility at the Univ. of Cali-
fornia, Riverside.

The experimental design was a random-
ized complete-block design with seven replica-
tions, and the plots were re-randomized for the
second year. No treatment carryover effects
from the 1995 study were observed nor ex-
pected during the 1996 study. Individual plots
measured 1.5 × 1.2 m. Trinexapac-ethyl was
applied according to label instructions at a rate
of 290 g·ha–1 a.i. on 17 Aug. 1995 and 16 Aug.
1996 with a backpack CO2-pressurized sprayer
calibrated to deliver 408 and 815 L·ha–1 in
1995 and 1996, respectively. Control plots
received no growth regulator.

Tall fescue in the experiment was main-
tained at a high level in 1995 and at a moderate
level in 1996. Though the high level of main-
tenance is used on some tall fescue sites, it was
adjusted to a moderate level of maintenance in
1996 so that it would be more representative of
commonly used practices. The high level of
maintenance consisted of N applications ev-
ery 2 weeks for a total rate of 49 kg·ha–1 per
month with a granular fertilizer (22N–1.3P–
7.5K with ammonium and nitrate as the N
source), and two mowings per week at a 38-
mm cutting height. The moderate level of
maintenance consisted of N applications ev-
ery 2 weeks for a total rate of 24 kg·ha–1 per
month with a granular fertilizer (16N–2.6P–
6.6K with ammonium as the N source), and
one mowing per week at a 38-mm cutting
height. During both years, mowing was con-
ducted with a 53-cm-wide, walk-behind ro-
tary mower with clippings collected. Irriga-
tion scheduling was based upon reference

soluble carbohydrate levels in axillary buds.
Tillering of tall fescue is correlated with slower
leaf elongation rates (Jones et al., 1979). Rate
of accumulation of TNC is inversely related to
growth rates of grasses (McCarty, 1935). Ac-
cordingly, Spak et al. (1993) suggested that
chemically suppressing foliar and seedhead
development might increase TNC partitioning
and availability. Watschke (1976) hypoth-
esized that TNC would accumulate in response
to chemical growth suppression and could
then provide energy for growth during stress
periods. Moderate to severe drought stress in
turfgrasses normally results in some degree of
leaf firing and senescence. Subsequent plant
growth and recovery requires that new leaves
grow from meristematic regions in the crown
or along the plant stem. This growth is primar-
ily dependent upon reserve carbohydrates,
since photosynthetic area is reduced or un-
available because of leaf senescence (Booysen
and Nelson, 1975; White, 1973). The major
carbohydrate storage region in perennial
grasses is the lower part of the stem (crown,
including leaf and stem bases; stolons; corms;
and rhizomes), and accumulation of reserve
carbohydrates in these areas prior to the onset
of drought stress could be beneficial.

White et al. (1992) indicated that the pri-
mary mechanism of turgor maintenance in tall
fescue during drought stress is low basal os-
motic potential and osmotic adjustment. Simi-
lar conclusions were drawn by Perdomo et al.



Table 1. The effect of trinexapac-ethyl (TE) (one application of 290 g·ha–1 a.i.) on clipping yield of tall fescue during 1995 and 1996.

1995z 1996z

Days after treatment Cumulative Days after treatment Cumulative
TE treatment 6 13 20 27 34 yield 11 18 25 32 39 yield

---------------------- g·m–2 per 4 d ----------------------------- g·m–2
---------------------------------------------------- g·m–2 per 7 d ---------------------------- g·m–2---

+ 3.2 by 1.8 b 1.5 b 2.3 b 9.3 b 18.1 b 16.7 b 5.6 b 4.9 b 6.1 b 9.8 b 43.0 b
– 6.6 a 7.3 a 6.6 a 9.7 a 16.5 a 46.7 a 20.6 a 11.2 a 9.2 a 9.0 a 11.9 a 61.9 a
P 0.002 <0.001 <0.001 <0.001 0.001 <0.001 0.008 <0.001 <0.001 <0.001 0.002 <0.001
Yield

reduction (%)x 51 75 77 77 44 61 19 50 47 33 17 30
zA high level of turfgrass maintenance was used during 1995, a moderate level during 1996.
yMean separation within columns by Fisher’s protected LSD, P ≤ 0.05.
xPercentage of yield reduction calculated as the absolute value of: [(treated – nontreated control)/nontreated control] × 100.

evapotranspiration (ETo), utilizing data from
an on-site weather station. Irrigation applica-
tion was ≈100 ETo plus supplemental irriga-
tion when necessary to prevent visual drought
symptoms.

Plots were rated for visual turfgrass quality
using a 1 to 9 scale, where 1 = dead or com-
pletely brown turf, 5 = minimally acceptable,
and 9 = maximum tall fescue quality. Plots
were rated four times in 1995, 9 to 52 d after
treatment (DAT), and five times in 1996, 19 to
54 DAT.

Clipping yields from 0.52 m2 were col-
lected weekly from each plot utilizing the
same mower used for routine mowing. During
this time, the mower was equipped with a
yield-box attachment. Clipping yields were
from 4-d growth in 1995 and 7-d growth in
1996. They were dried for 48 h in a forced-air
oven maintained at 60 ºC and weighed. Clip-
ping yield data are reported as g·m–2 per 4 d for
1995 and g·m–2 per 7 d for 1996. Cumulative
clipping yield was calculated as the sum of
clipping yields from all collection dates within
a year. Percentage yield reduction was calcu-
lated for each collection date and cumulative
clipping yield as the absolute value of: [(treated
– nontreated control)/nontreated control] ×
100.

Cores were extracted on 28 Sept. 1995 (42
DAT) and 4 Oct. 1996 (49 DAT) to measure
TNC in leaves, crowns, and roots. Four cores
were extracted from each plot to a 15.0-cm
depth using a 10.2-cm-diameter cup cutter.
The cores were cut at the soil-thatch line,
pooled into soil and crown cores, sealed in
Ziploc® (Dow Brands L.P., Indianapolis)
freezer bags, frozen, and stored at –24 ºC for
later analysis. After thawing the soil cores,
roots were washed free of soil, sealed in Ziploc®

freezer bags, frozen, and stored at –24 ºC for
later heat killing and drying. After thawing the
crown cores, soil was removed by washing,
and any remaining roots were removed and
added to the appropriate bag containing roots.
Crown and leaf parts were separated by iden-
tifying the oldest green leaf collar and excising
the leaf one-third the distance from the crown
to the oldest leaf collar (Spak et al., 1993).
Thus, crown parts included a small portion of
leaf sheath that was normally not green. All
tissue with the appearance of a leaf, regardless
of color, was saved and added to the leaf parts.
Remaining plant tissue that was too decom-
posed to be identified as leaf or crown parts
was discarded. Crown and leaf parts were

individually sealed in freezer bags, frozen, and
stored at –24 ºC for later heat killing and
drying.

All tissue was heat-killed for 1 h in a
forced-air oven maintained at 100 ºC and then
dried for 48 to 60 h in the same oven main-
tained at 70 ºC (George et al., 1989). Dried
tissue was weighed and is reported as g·cm–2

for leaf and crown tissue and as g·cm–3 for root
tissue. Within 1 week after weighing, the tis-
sue was ground in a Wiley-Mill to pass through
a 0.425-mm sieve, stored in coin envelopes,
and mailed to the Univ. of California Division
of Agricultural and Natural Resources analyti-
cal laboratory (Davis) for TNC analysis.

One procedure measured sucrose and glu-
cose and the second procedure measured fruc-
tose resulting from hydrolysis of short-chain
fructosans. First, a 250-mg tissue sample was
mixed with water and heated at 90 ºC for 1 min
to yield free sugars and to gelatinize starch
present in the tissue. The gelatinized starch
was hydrolyzed with amyloglucosidase (4%
w/v) in a 0.2 M sodium acetate buffer solution
(pH 4.9), and incubated at 50 ºC for 24 h, to
yield free glucose. Sucrose and glucose in the
supernatant were quantified using high perfor-
mance liquid chromatography (HPLC). The
HPLC unit was equipped with an ion ex-
change column (Fast Carbohydrate Column,
lead ionic form, Bio-Rad Laboratories, Her-
cules, Calif.) heated to 75 ºC and a guard
column (Carbo-P, Bio-Rad Laboratories). Wa-
ter was used as eluent at a flow rate of 0.8
mL·min–1. Sucrose and glucose were quanti-
fied with a refractive index detector (RID-6A,
Shimadzu Scientific Instruments, Inc., Co-
lumbia, Md.).

A modified acid hydrolysis procedure
(Smith and Grotelueschen, 1966) yielded fruc-
tose molecules from short-chain fructosans
(Smith, 1968). A second 250-mg tissue sample
was hydrolyzed with 0.45 N H2SO4 at 105 ºC
for 15 min. The solution was cooled and 0.45
N NaOH was added to neutralize the acid. The
supernatant was then filtered and fructose con-
tent was quantified using HPLC as described
above. Because the hydrolysis procedure
yielded fructose from sucrose, one-half of the
sucrose concentration measured in the
amyloglucosidase hydrolysis procedure was
subtracted from the fructose concentration re-
sulting from acid hydrolysis. The resultant
adjusted fructose concentration was derived
solely from fructosan molecules. Total non-
structural carbohydrate data represent the sum

of glucose, sucrose, and adjusted fructose de-
terminations. Data are expressed both as TNC
concentration (mg·g–1 DW) and as TNC weight
per unit upper surface area of the crown cores
for leaves and crowns and as per unit volume
of the soil cores for roots.

Analysis of variance (ANOVA) was per-
formed at each maintenance level for clipping
yield and turfgrass quality on each measure-
ment date, and on cumulative clipping yield.
Also, a repeated measures ANOVA was per-
formed for turfgrass quality to test TE treat-
ment, date, and TE treatment × date effects at
each maintenance level. The TNC data were
analyzed at each maintenance level for each
plant part with a randomized complete-block
design, and also as a split-plot design, with TE
treatment as the main plot factor and plant part
as the subplot factor. A combined ANOVA
tested main effects of maintenance level, TE
treatment, and plant part plus all interaction
effects for TNC data, and Fisher’s protected
least significant difference (LSD) test was used
for mean separations.

Results and Discussion

Trinexapac-ethyl effects on clipping yield
and turfgrass quality. Clipping yields were
significantly reduced by TE treatment from 6
to 34 DAT under the high turfgrass mainte-
nance level (1995) and from 11 to 39 DAT
under the moderate turfgrass maintenance level
(1996) (Table 1). Reductions in clipping yield
ranged from 44% to 77% at various dates
during 1995 and from 17% to 50% during
1996, totaling 61% in 1995 but only 30% in
1996.

Factors influencing turfgrass growth and
vigor, such as environment and level of
turfgrass maintenance, can influence the re-
sponse of turfgrasses to TGRs. However, we
believe the greater growth suppression during
1995 was related to greater TE activity. Two
observations (daily growth rates and turfgrass
quality ratings) support this hypothesis. Aver-
age daily growth rates were calculated for
1995 as: (cumulative yield)/20 d and for 1996
as: (cumulative yield)/35 d. The average daily
growth rate of the nontreated control was 2.3
g·m–2 during 1995 and 1.8 g·m–2 during 1996
vs. 0.9 and 1.2 g·m–2 in 1995 and 1996, respec-
tively, for the TE-treated plots. Thus, the aver-
age daily growth rate of the nontreated control
was higher in 1995 than in 1996 and was
consistent with the higher level of turfgrass



Table 3. The effect of trinexapac-ethyl (TE) (one application of 290 g·ha–1 a.i.) and plant part on tissue weight
and on TNC concentration and weight of tall fescue during 1995 and 1996.

1995z 1996z

TE treatment Tissue wt TNC concn TNC wt Tissue wt TNC concn TNC wt

Leaves
-- mg·cm–2

-------------- mg·g–1
---------- µg·cm–2

-------- mg·cm–2
----------- mg·g–1

------------- µg·cm–2

+ 48.5 ay  37.1 a 1,795 a 41.5 a 41.8 a 1728 a
– 46.0 a 42.8 a 1,962 a 39.6 a 44.5 a 1768 a

Crowns
-- mg·cm–2

-------------- mg·g–1
---------- µg·cm–2

-------- mg·cm–2
----------- mg·g–1

------------- µg·cm–2

+ 3.7 a 54.7 a 204 a 3.0 a 93.2 b 285 a
– 3.4 a 63.3 a 215 a 2.9 a 100.0 a 290 a

Roots
-- mg·cm–3

-------------- mg·g–1
---------- µg·cm–3

-------- mg·cm–3
----------- mg·g–1

------------- µg·cm–3

+ 0.5 a 29.3 a 13 a 0.4 a 41.9 a 15 b
– 0.5 a 32.4 a 18 a 0.4 a 45.8 a 17 a

Px

TE treatment (T) 0.122 0.116 0.288 0.199 0.041 0.854
Plant part (P) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
T × P 0.079 0.662 0.182 0.088 0.758 0.963

zA high level of turfgrass maintenance was used during 1995, a moderate level during 1996.
yMean separation within columns and plant parts by Fisher’s protected LSD, P ≤ 0.05. ANOVA was based
on a randomized complete-block design.
xANOVA based on a split-plot design; TE treatment = main plot; plant part = subplot.

maintenance used during 1995. In contrast, the
average daily growth rate of the TE-treated tall
fescue was higher in 1996 than in 1995. This
would not have been true had TE activity been
similar during both years. The second support-
ing observation is that turfgrass quality ratings
were significantly reduced by TE treatment on
two rating dates and overall in 1995, but there
was no reduction in 1996 (Table 2). The reduc-
tion in 1995 was due to phytotoxicity, prob-
ably associated with a greater amount of TE
activity. Note that turfgrass quality ratings
were acceptable in both years.

Trinexapac-ethyl, plant part, and mainte-
nance level effects on tissue weight and TNC
concentration and weight. A single applica-
tion of trinexapac-ethyl at 290 g·ha–1 a.i. under
a high (1995) or moderate (1996) turfgrass
maintenance level did not increase tissue weight
or TNC concentration and weight in leaves,
crowns, or roots when sampled 42 DAT in
1995 and 49 DAT in 1996 (Table 3). Crowns
contained the highest TNC concentration,
whereas leaves had the highest tissue and TNC
weight (data not shown).

Results of a combined ANOVA over both
turfgrass maintenance levels showed that the
maintenance level × TE treatment interaction
was nonsignificant for tissue weight or TNC
concentration and weight (data not shown).
Thus, the effects of TE treatment on these
variables were consistent regardless of turfgrass
maintenance level. Other results from the com-
bined ANOVA showed that turfgrass mainte-
nance level significantly affected TNC con-
centration and tissue weight, but not TNC
weight. The TNC concentration was signifi-
cantly higher in crowns and roots during 1996
and tissue weight was significantly higher in
leaves and roots during 1995.

In summary, one application of TE at the
label rate of 290 g·ha–1 a.i. should have in-
creased TNC weight because of growth sup-
pression, and have inhibited leaf growth by
50% over a 4-week period. Clipping yields
taken 6 to 27 DAT under the high turfgrass
maintenance level (1995) and 11 to 25 DAT
under the moderate turfgrass maintenance level
(1996), indicated yield reductions of 71% dur-
ing 1995 and 34% during 1996 (data not
shown). Thus, the amount of growth inhibition
exceeded product label expectations in 1995
and was below expectations in 1996. Ideally,
to test the hypothesis, the amount of growth
inhibition should have been adequate during

both years. Although TE provided reasonable
growth inhibition for a 4-week period, it did
not increase tissue weight or TNC concentra-
tion and weight in leaves, crowns, and roots
when sampled 42 DAT in 1995 and 49 DAT in
1996. Our data are indirectly supported by
other reports involving TGR-treated cool-sea-
son turfgrass species (Cooper et al., 1988; Han
et al., 1998; Spak et al., 1993). These reports
indicated that the increase of carbohydrates
in certain plant parts was short-lived, rela-
tively soon after TGR application (2 to 4
weeks). Following this initial period, TGR
application(s) reduced or had no effect on
carbohydrate levels in certain plant parts.

Professional lawn care personnel who are
maintaining tall fescue on a 28- to 56-d call-
back schedule and desire to precondition tall
fescue to stress conditions by the accumula-
tion of TNC in plant parts may need to con-
sider a TE application every 28 d or more
often. Research is needed to test this schedule
at various rates of TE and to take samples for
TNC analysis at various times during the study.
If the callback schedule is >35 to 42 d, rates of
TE higher than 290 g·ha–1 may need to be used
at each visit. Research is also needed to test if
TE-induced accumulations of TNC actually
result in stress reduction, especially under
field conditions.

Table 2. The effect of trinexapac-ethyl (TE)(one application of 290 g·ha–1 a.i.) on visual turfgrass quality ratingsz of tall fescue during 1995 and 1996.

1995y 1996y

Days after treatment Days after treatment
TE treatment 9 16 31 52 Overall 19 26 33 40 54 Overall
+ 6.8 ax 5.5 b 5.9 b 7.4 a 6.4 b 6.5 a 6.4 a 6.4 a 6.4 a 6.4 a 6.4 a
– 6.8 a 6.5 a 6.5 a 7.5 a 6.8 a 6.4 a 6.5 a 6.3 a 6.3 a 6.3 a 6.4 a

Pw

TE treatment (T) 1.000 0.001 <0.001 0.374 <0.001 0.788 0.457 0.604 0.200 0.407 0.429
Date (D) <0.001 0.031
T × D <0.001 0.513

zVisual turfgrass quality ratings were on a 1 to 9 scale, where 1 = dead or completely brown turf; 5 = minimally acceptable; and 9 = maximum tall fescue quality.
yA high level of turfgrass maintenance was used during 1995, a moderate level during 1996.
xMean separation within columns by Fisher’s protected LSD, P ≤ 0.05.
wRandomized complete-block design for individual dates and a repeated measures design for the overall effect, with date as the repeated measures factor.
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