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Switchgrass is a C4 perennial warm-season grass, native 
to the Great Plains and broadly adapted throughout the 
United States (Hitchcock and Chase, 1950), with potential 

to be used for wildlife habitat, erosion control, forage produc-
tion, and as a bioenergy feedstock (Keshwani and Cheng, 2009; 
Moore et al., 2004, Sanderson and Wolf, 1995). For forage–live-
stock systems, switchgrass can particularly help to fill the gap 
in forage availability during the transition period from cool- to 
warm-season temperatures in the US transition region (Beaty 
and Powell, 1976; Parrish and Fike, 2005). In North Carolina 
specifically, switchgrass’ spring growth is not as severely damaged 
by late winter cold or late spring frost and it can be utilized by 
mid-April or early-May producing an average of 322 kg of beef 
gain ha–1 by 1 June, before ‘Coastal’ bermudagrass [Cynodon 
dactylon (L.) Pers] is ready to graze (Burns et al., 1984).

Defoliation management determines presence and/or absence 
of the desired forage species affecting its productivity and per-
sistence. Wide variation in switchgrass responses have been 
reported due to environment, management, and genotype (Fike 
et al., 2006; Lemus et al., 2002). In Mississippi, increasing defo-
liation frequency from one to six times per year for switchgrass 
cv. ‘Alamo’ clipped at 5-cm stubble height, consistently resulted 
in a linear decrease for annual DM yield, and at the end of 4 yr 
of defoliation the lowest DM yield were recorded when defolia-
tion frequency occurred every 6 wk (Seepaul et al., 2014). A 
similar trend was reported by Sanderson et al. (1999) in Texas, 
where total seasonal yield of ‘Alamo’ switchgrass decreased by 
more than 50% when harvest frequency increased from one to 
four cuts per year with switchgrass defoliated at 15-cm stubble 
height. Beaty and Powell (1976) indicated that over-utilization 
of cv. ‘Pangburn’ switchgrass at the start of the growing season 
decreased the number of tillers and resulted in weed infesta-
tion. Using cv. ‘Pathfinder’ of switchgrass, Anderson et al. 
(1989) indicated that lengthy regrowth periods following severe 
defoliation, that allows apical meristems or leaf area, or both, 
to remain, are likely to enhance stand maintenance and plant 
vigor of switchgrass. However, the negative impact of frequent 
defoliation on productivity and persistence of switchgrass may 
be mitigated by higher stubble heights and may interact with 
cultivars. Clipping heights at 20-cm stubble or lower reduced 
grass stands for lowland switchgrass cultivars ‘Alamo’ and 
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AbstrAct
‘Performer’ switchgrass (Panicum virgatum L.) was released 
in 2006 by the USDA-NCSU forage program because of its 
greater digestibility compared to standard cultivars grown in 
the southeastern United States. Forages with greater digest-
ibility have potential to positively impact animal responses, 
however, defoliation management can influence its productiv-
ity and persistence. The objectives were to determine the effect 
of the factorial combination of four defoliation heights (DH) 
(clipped to 10, 20, 30, and 40-cm) and four defoliation frequen-
cies (DF) (clipped every 3, 6, 9, and 12 wk) on productivity, leaf/
stem ratio, and tiller counts. The experiment was conducted in 
2016 and 2017 at the Central Crops Research Station, Clayton, 
NC. The 16 treatments were allocated in a complete random-
ized block design replicated four times. In 2016, total dry mat-
ter (DM) yield ranged from 4.2 to 13.1 Mg ha–1 being greatest 
for the 9- and 12-wk DF at 10- and 20-cm DH and lowest for all 
DH at 3-wk defoliation frequency. In 2017, the DM yield range 
was wider ranging from 0.5 to 14.0 Mg ha–1 with lower tiller 
counts for the 10- and 20-cm DH, 3-wk DF treatments. Leaf/
stem ratio was greater for the more frequently defoliated treat-
ments in both years. ‘Performer’ switchgrass is a productive for-
age and on the basis of total DM harvested, leaf/stem ratio, and 
tiller counts, frequent defoliations such as every 3 wk to 40-cm 
stubble height, ≥6 wk to 20-cm stubble height, and ≥ 9 wk to 
10 cm stubble height, are warranted to ensure stand persistence.
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core Ideas
•	 Defoliation management resulted in a wide range of plant responses 

that varied by year, with deleterious responses more evident in the 
second year.

•	 Greater leaf/stem ratios occurred with more frequent defoliation 
treatments.

•	 Frequent defoliations such as every 3 wk should maintain a stubble 
height of at least 40 cm, defoliation frequencies ≥6 wk to 20-cm 
stubble height, and ≥9 wk to 10 cm stubble height are warranted to 
ensure stand persistence.
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‘Kanlow’ but not for the upland-type ‘Cave-in-Rock’ (Ashworth 
et al., 2014). To date, there is limited information on defoliation 
management effects for cv. ‘Performer’ switchgrass.

‘Performer’ switchgrass was selected because of its greater 
digestibility tested versus cultivars ‘Alamo’ and ‘Cave-in-Rock’ 
(Burns et al., 2008). Information on defoliation management 
effects on productivity and persistence of ‘Performer’ switch-
grass is needed to ensure adequate utilization either under clip-
ping or grazing. In addition, identifying a range of management 
opportunities to utilize ‘Performer’ switchgrass will provide 
flexibility to farmers that seek to put livestock to graze or that 
seek to clip the forage for hay or silage (Burns et al., 1993), or 
potentially use it as a feedstock for bioenergy. The objectives 
of this experiment were to determine the effects of combining 
defoliation frequency and defoliation height on ‘Performer’ 
switchgrass’ DM yield, leaf/stem ratio, and tiller counts.

mAterIAls AnD methoDs
experimental site, plot management, and weather

The experiment was conducted in 2016 and 2017 at the 
Central Crop Research Station, Clayton, NC (35°40´ N; 
78°29´ W) using a well-established (>8 yr) ‘Performer’ switch-
grass sward. Plot management in the years prior to this trial 
consisted of annual fertilization for maintenance of switch-
grass as recommended by the North Carolina Soil Testing 
Laboratory (NC Department of Agriculture and Consumer 
Services [NCDA&CS]; Hardy et al., 2014) and a single clipping 
to ~10-cm stubble height in late September followed by residue-
burning in February. The accumulated biomass from the 2015 
growing season was clipped and removed from the plots in late 
September 2015 and herbicide triclopyr {2-[(3, 5, 6-trichloro-
2-pyridinyl)oxy] acetic acid, butoxyethyl ester; 2.13 kg a.i. ha–1; 
Remedy Ultra} was applied on early April 2016. The soil type 
was classified as Wedowee sandy loam (fine, kaolinitic, thermic 
Typic Kanhapludults). Initial characterization of the surface 
soil (0 to 15 cm deep) from samples collected in February 2016 
indicated soil pH of 6.0 and Mehlich-3 extractable P and K 
concentrations (mg kg–1) of 205 (very high) and 195 (high), 
respectively. A new set of soil samples were also collected in 
February 2017. Soil samples were tested by routine procedures 
at the NCDA&CS (Hardy et al., 2014). Nutrient analysis 
on Mehlich-3 soil extracts were performed using inductively 
coupled plasma and soil pH was determined on a 1:1 soil/water 
volume ratio (Mehlich, 1984). Fertilization in both years fol-
lowed the recommendations for growing switchgrass of the 
NCDA&CS. Fertilizer amendments were broadcasted-applied 
in a single application on mid-April in both years. In 2016, N 
was applied at a rate of 141 kg ha–1 using a granular formula-
tion of urea–ammonium sulfate blend (340 g N kg–1). In 2017, 
granular formulations of ammonium sulfate (210 g N kg–1) 
and ammonium nitrate (340 g N kg–1) were mixed to provide a 
final fertilization rate of 176 kg N ha–1. Monthly rainfall during 
2016, 2017, and the 30-yr average, and average monthly maxi-
mum and minimum temperatures are provided in (Fig. 1). The 
last freeze event in spring occurred on 3 Mar. 2016 and 23 Mar. 
2017, and the first freeze event at the end of the growing season 
occurred on 13 Nov. 2016 and 4 Nov. 2017. The experiment was 
conducted under rain-fed conditions.

treatments and experimental Design

The experimental variables for this study were defoliation fre-
quency (DF) and defoliation height (DH). There were 16 treat-
ments total resulting from the factorial combination of four 
levels of defoliation frequency (clipped every 3, 6, 9, and 12 wk) 
and four levels of defoliation height (10, 20, 30, and 40-cm 
stubble height). The experimental design was a randomized 
complete block design replicated four times. Treatments were 
randomly allocated to each of the four complete blocks in year 
2016 and were imposed on the same corresponding experimen-
tal units in 2017. Experimental unit size was 5-m wide × 5-m 
long and contained four originally planted-rows, although rows 
were no longer evident due to basal tillering (short rhizomes), 
that covered the entirety of the plot. Alleys between experimen-
tal units were 1-m wide.

response variables
total Dry matter yield

Total DM yield was measured by harvesting tillers within a 
centered 7.5-m2 area (3-m long × 2.5-m wide) in each experi-
mental unit that contained the two center rows of the original 
planting-pattern. Hedge trimmers were used to clip switchgrass 
tillers. The clipped forage (including all green and brown tissues 
attached to the stems) was collected and weighed fresh in the 
field; a subsample of the clipped forage (between 0.5 to 1 kg) was 
also weighed fresh in the field and dried in a forced-air oven at 
60°C to constant weight to determine DM concentration and 
DM harvested. Total DM yield was calculated by summing the 
herbage mass across clipping events within a year. The numbers 
of clipping events were 8, 4, 2, and 2 for frequencies of defolia-
tion every 3, 6, 9, and 12 wk, respectively. The first harvesting 
event of the season, for the 3-wk defoliation frequency, occurred 
when canopy height was ~40-cm tall in each year and it occurred 
on 9 May 2016 and 18 May 2017; consequently, day zero was 
fixed to 18 Apr. 2016 and 27 Apr. 2017. The last harvesting 
events occurred on 19 and 15 Oct. in 2016 and 2017, respectively.

Fig. 1. Monthly rainfall (2016, 2017, and 30-yr average) and 
temperatures (average max. and min. for 2016 and 2017) at the 
Central Crops Research Station, Clayton, NC.
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leaf/stem ratio

Two tillers were randomly selected and clipped to the cor-
responding defoliation height treatment before each harvesting 
event. The harvested tillers were hand-separated fresh into green 
leaf (blade + sheath) and green stem components. The brown 
tissue was discarded. When seed heads or immature panicles 
were observed, they were added to the leaf component. The 
components were dried separately in a forced-air oven at 60°C 
until constant weight and weights were recorded. Leaf/stem 
ratio was calculated by dividing the aggregate dry weight of 
the leaf by the aggregate weight of the stem components across 
harvests within a year.

Tiller Counts
Tiller counts were performed every 2 wk after each harvest 

event. Two 0.25-m2 quadrats were randomly located within 
each plot and the number of live tillers (i.e., green tillers and til-
lers with new visible regrowth tissue) were counted. The average 
of the two quadrats provided an estimate of tiller counts per 
experimental unit. Consequently, the number of tiller count 
events corresponded to each harvest frequency. Tiller counts 
were calculated by averaging the counted tillers across clipping 
events within a year and divided by 0.25 to express the number 
of tillers per m2.

statistical Analysis

Statistical analysis results were considered significant if 
P ≤ 0.05. An initial analysis of variance was performed using 
PROC MIXED in SAS (SAS Institute, Cary, NC) with DF, 
DH, year, and their interaction effects as fixed effects. Year was 
treated as repeated measured with covariance structure mod-
eled using autoregressive order one based on smaller AIC values. 
Block was considered random. Because of significant interaction 
effects of year with DF and year with DH, data are reported by 
year. Within year, response surface regressions were performed 
using RSREG of SAS. The complete model used was a second-
order polynomial of the form:

y = β0 + β1DF + β2DF2 + β3DH + β4DH2 + β5 (DF × DH) + ε

Where y is the response variable, β0 is the intercept, β1 and β2 
are the linear and quadratic coefficients for DF, respectively, β3 
and β4 are the linear and quadratic coefficients for DH, respec-
tively, β5 is the interaction coefficient for DF and DH, and ε 
is the experimental error term. Lack of fit of the second order 
polynomial was tested simultaneously. The GLM procedure of 
SAS was used to test the significance of coefficient estimates in 
reduced models (Freund and Littell, 2000). Terms that were not 
significant in the full model were retained in the reduced model 
only when there was a presence of higher-order terms (e.g., not 
significant linear effects of DF and DH were included in the 
reduced model when there was a significant DF × DH interac-
tion; similarly, a nonsignificant linear effect was included in the 
reduced model when there was a significant quadratic effect). 
Table 1 shows the effects (coefficient estimates) in the reduced 
model. Contour plot figures were fitted using the ggplot2 pack-
age (Wickham, 2009) in R software (R Core Team, 2016).

results AnD DIscussIon
Dry matter yield

Total DM yield ranged from 4.2 to 13.1 Mg ha–1 in 2016 
(Table 1; Fig. 2). There was a defoliation height × defoliation 
frequency interaction effect that occurred because DM yield 
increased to a greater extent with decreasing defoliation heights 
for 9- and 12-wk defoliation frequency treatments compared 
to every 3- and 6-wk defoliation frequency treatments (Fig. 2). 
Greatest total DM harvested was obtained by clipping every 
12 wk to 10-cm stubble height, followed by every 9-wk to 10-cm 
and every 12-wk to 20-cm stubble heights which were not dif-
ferent, and it was lowest for all stubble heights at 3-wk defolia-
tion frequency.

In 2017, total DM yield range was wider compared to 2016, 
and it ranged from 0.5 to 14.0 Mg ha–1 (Table 1). The defoliation 
height by defoliation frequency interaction effect in 2017 was less 
pronounced for 9- and 12-wk defoliation frequencies, and more 
pronounced for 3-wk, compared to 2016 (Table 1; Fig. 2). Similar 
to 2016, greatest total DM yield values were obtained with 
treatments defoliated every 12-wk to 10-cm stubble height and 

Table 1. Coefficient estimates for the fitted regression model: Estimated response = b0 + b1DF + b2DF2 + b3DH + b4DH2 + b5 (DF*DH)† 
or a reduced form of the model for responses reported.

Model‡
Coefficient estimate

R2 Figureb0 b1 b2 b3 b4 b5
DMY-16 –0.777 1.79 –3.96 × 10–2 6.01 × 10–2 – –2.1 × 10–2 0.80 2

0.001§ 0.043 0.116 – 0.001
DMY-17 –5.45 2.32 –4.88 × 10–2 0.163 – –2.48 × 10–2 0.82 2

0.001 0.042 0.001 – 0.001
LSR-16 1.85 –0.104 – – – – 0.63 –

0.001 – – – –
LSR-17 1.77 –0.14 4.81 × 10–3 – – – 0.80 –

0.001 0.006 – – –
TC-16 64.7 28.6 –1.07 4.16 – –0.592 0.40 3

0.001 0.022 0.001 – 0.001
TC-17 –284.2 124.5 –5.75 7.73 – –0.864 0.90 3

0.001 0.001 0.001 – 0.001
† DF = defoliation frequency; DH = defoliation height.
‡ DMY = total dry matter harvested (Mg ha–1); LSR = leaf/stem ratio; TC = tiller counts (tillers m–2).  
 Trailing digits indicate the year of evaluation; 16 (2016) and 17 (2017).
§ For each model, values in the second row indicate significance level P (|t| > tα) = α.
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followed by 20-cm stubble height. In contrast to 2016, defoliation 
heights of 10- and 20-cm stubble height defoliated every 3 wk in 
2017 resulted in the lowest DM yield values observed across the 
experiment, decreasing from approximately 4.2 Mg ha–1 in 2016 
to less than 2.8 Mg ha–1 in 2017 (Table 1). Clipping every 3 wk 
to 10- and 20-cm stubble heights was a deleterious defoliation 
regime that resulted in discontinuation of treatments by mid-
season of the second year (2017) due to loss of switchgrass plants 
and weed infestation by crabgrass (Digitaria sp.).

Productivity and persistence of ‘Performer’ switchgrass was 
affected not only by treatments, but also as a function of the 
duration (time) to which treatments were imposed, highlighting 
the basis for measuring treatment effects and plant responses 
over extended periods longer than a single growing season. 
Before treatments were imposed in 2016, the plots were defoli-
ated once a year with maintenance fertilization for over an 8-yr 
period; consequently, it is likely that greater DM yield in 2016 
for treatments 10- and 20-cm stubble height, 3-wk defoliation 
frequency occurred at the expense of previously stored organic 
reserves, e.g., total non-structural carbohydrates in the root and 
rhizome structures, as a function of the less intensive defolia-
tion management regime prior to this experiment. However, in 
the second year of defoliation, potentially lower storage reserves 
carried-over from 2016 needed to sustain active regrowth 
(Anderson et al., 1989), in combination with lack of basal foli-
age (Beaty and Powell, 1976; Neiland and Curtis, 1956) for 
light interception and photosynthesis, resulted in greater weed 
infestation, limited regrowth of ‘Performer’ switchgrass, and 
ultimately, the discontinuation of the frequently-clipped and 
lower stubble height treatments in 2017. Treatments 10- and 
20-cm stubble height, 3-wk defoliation frequency were clipped 
eight times in 2016 and only four times in 2017.

Total DM yield values for the 9- and 12-wk defoliation fre-
quency in combination with 10- and 20-cm stubble heights 
in our study are similar to previous DM yield reports for 
‘Performer’ switchgrass in North Carolina (Burns et al., 2008). 
Lower total herbage mass due to multiple cuttings within a 
season has been also reported for other cultivars of switchgrass 
such as ‘Alamo’ (Sanderson et al., 1999; Seepaul et al., 2014) with 
the magnitude of the reduction dependent on the number of 

clippings. Based on the change of total DM yield values observed 
in 2016 and in 2017, intense defoliation regimes as every 3-wk 
to 40-cm stubble height and every 6 wk to 20-cm stubble height 
maintain similar yields with no negative effects on productivity 
and persistence. Burns et al. (2008) reported that the digest-
ibility of ‘Performer’ was at least four percent points greater 
than cultivars ‘Alamo’ and ‘Cave in Rock’ when defoliated up to 
three times per year, although DM yield was slightly lower for 
‘Performer’. Therefore, in spite of potential lower DM yield of 
‘Performer’, and even lower yield with multiple cuttings such as 
in treatments defoliated every 3 and 6 wk, the greater digestibil-
ity of ‘Performer’ compared to ‘Alamo’ and ‘Cave in Rock’ in a 
multiple-cutting system has potential to allow the farmer greater 
flexibility for deciding whether to use the harvested herbage as 
forage to feed livestock or as a bioenergy feedstock.

leaf/stem ratio

The leaf/stem ratio ranged from 0.6 to 1.5 in 2016 and it was 
impacted by defoliation frequency only (Table 1). The leaf/
stem ratio decreased linearly from 1.5 for the 3-wk defoliation 
frequency treatment to 0.6 for the 12-wk defoliation frequency 
treatment. In 2017, there was a similar pattern with linear and 
quadratic effects of defoliation frequency ranging from 0.8 
to 1.4 (Table 1). In general, greater leaf/stem ratio occurred 
for plants with shorter regrowth period (e.g., defoliated every 
3 wk) or more frequent defoliation regimes. Switchgrass forage 
samples with greater leaf/stem ratios have been associated with 
greater overall digestibility due to greater digestibility of the leaf 
component (Burns et al., 2011).

Similar leaf/stem ratio pattern for ‘Blackwell’ switchgrass 
was reported by Griffin and Jung (1983) in Pennsylvania who 
reported that leaves accounted for 71% of plant dry weight by 
June (vegetative state) and 38% by August (reproductive state). In 
Iowa, Lemus et al. (2002) reported leaf/stem ratios ranging from 
0.39 to 0.79 for 20 populations of switchgrass including ‘Alamo’ 
and ‘Kanlow’ cultivars from a single clipping to 7.5-cm stubble 
height by the end of growing season. The leaf component has 
greater nutritive value (i.e., higher crude protein and digestibility, 
combined with lower lignin and neutral detergent fiber con-
centrations) than stems in switchgrass. Burns and Fisher (2013) 

Fig. 2. Total dry matter yield (Mg ha–1) in 2016 and 2017 of ‘Performer’ switchgrass as a function of defoliation frequency and defoliation 
height. Surface contours were generated using models in Table 1 (model DMH-16 for 2016 and model DMH-17 for 2017).
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reported values of 792 and 643 g kg–1 for digestibility, 151 and 
80 g kg–1 for crude protein, and 643 and 720 g kg–1 for neutral 
detergent fiber, for the leaf and stem components, respectively, for 
‘Alamo’ switchgrass. A similar trend was also reported by Griffin 
and Jung (1983). Consequently, if the switchgrass canopy is to be 
managed for grazing, leaf yield would be more important than 
total forage yield (Redfearn et al., 1997). Designing a defoliation 
management plan for ‘Performer’ switchgrass that encourages 
greater proportion of leaves while not compromising stand per-
sistence, e.g., with frequency of defoliation every 3 wk to 40-cm 
stubble height or every 6 wk to 20-cm stubble height, may result 
in acceptable total herbage mass with a more favorable nutritional 
profile to support livestock production.

tiller counts

In 2016, number of tillers per m2 ranged from 136 to 236. 
There was a defoliation frequency by defoliation height inter-
action (Table 1; Fig. 3). As defoliation height increased from 
10- to 40-cm stubble height, the number of tillers increased for 
both 3-wk and 6-wk defoliation frequencies; however, this trend 
was reversed for 9- and 12-wk defoliation frequency treatments, 
where tiller numbers decreased as defoliation height increased 
from 10- to 40-cm stubble height (Fig. 3). Lowest tiller numbers 
(less than 180 tillers m–2) occurred in 2016 for extreme defolia-
tion treatments, that is, the 10-cm stubble height 3-wk defolia-
tion frequency treatment and for the 30- and 40-cm stubble 
heights and 12-wk defoliation frequency treatment. Lower tiller 
counts in the former treatment are most likely a function of the 
combined effect of slower plant regrowth from basal shoots, 
limited basal foliage remaining after defoliation to provide 
photosynthate, and removal of stem apices (Anderson et al., 
1989; Neiland and Curtis, 1956); and for the latter treatment, 
lower tiller counts are a function of suppressed tillering at the 
onset of reproductive growth, as has been noted also in smooth 
brome (Bromus inermis Leyss.) (Eastin et al., 1964) and timothy 
(Phleum pretense L.) (Langer, 1956).

In 2017, the range in tiller numbers was wider compared 
to 2016, ranging from 88 to 370. There was a defoliation fre-
quency by defoliation height interaction that occurred because 
the number of tillers increased more rapidly with increasing 
defoliation height from 10- to 40-cm stubble height at 3-wk 

defoliation frequency treatments compared to 9- and 12-wk 
defoliation frequency (Table 1; Fig. 3). Beaty and Powell (1976) 
reported lower tiller numbers at lower defoliation heights 
and suggested that infrequent defoliation increases number 
of tillers and herbage mass production. A similar trend, was 
reported for ‘Kanlow’ switchgrass (Burns et al., 2011). We 
found similar results compared to those reported by the previ-
ously cited authors for the 9- and 12-wk defoliation frequency 
10- and 20-cm defoliation height treatments only. Sanderson 
et al. (1999) reported no difference in tiller density among four 
harvest frequencies (1 to 4 clipping per year) with 15-cm stubble 
height for ‘Alamo’ switchgrass. Increased tiller density in 
response to defoliation may be a positive indicator of plant vigor 
where physiological and morphological plant responses interact 
to restore carbohydrate shortage resulting from plant defolia-
tion (Chapman and Lemaire, 1993). Frequent defoliation every 
3-wk to 10- and 20-cm stubble height resulted in lower number 
of tillers and resulted in loss of stands by mid-season of 2017.

conclusIons
Defoliation management treatments imposed to ‘Performer’ 

switchgrass resulted in a wide range of plant responses that 
varied by year, with deleterious responses more evident in the 
second year. Long-term productivity of ‘Performer’ switchgrass 
stands will be favored by less frequent clipping events (9 and 
12 wk) and lower defoliation heights (10- and 20-cm stubble 
heights). More frequent defoliation result in greater leaf/stem 
ratio and lower DM yields, but stubble height is more critical 
to ensure stand persistence and prevent weed infestation. Based 
on the change of total DM yield values observed between 2016 
and 2017, defoliation as frequent as every 3 wk to 40-cm stubble 
height and every 6 wk to 20-cm stubble height maintained 
similar yields with no negative effects on productivity and per-
sistence. Therefore, ‘Performer’ switchgrass is a productive for-
age and on the basis of total DM harvested, leaf/stem ratio, and 
tiller counts, frequent defoliations such as every 3 wk to 40-cm 
stubble height, ≥6 wk to 20-cm stubble height, and ≥9 wk to 
10-cm stubble height, are warranted to ensure stand persistence.

Fig. 3. Tiller counts (tillers m–2) as a function of defoliation frequency and defoliation height in 2016 and 2017. Surface contours were 
generated using models in Table 1 (model TC-16 for 2016 and model TC-17 for 2017).



1472 Agronomy Journa l  •  Volume 110, Issue 4 •  2018

AcknowleDgments

Financial support was in part provided by the USDA-NRCS 
Conservation Innovation grant (39-3A75-14-251). The authors would 
like to express their appreciation to Dr. Francesco Tiezzi, Dr. Alan J. 
Franzluebbers, and Dr. Matthew H. Poore for their advice and recom-
mendations throughout the study. Also, the authors thank Stephanie 
Sosinski, Izamar Gonzales, Diego Contreras, Dr. Juan Jose Romero, 
and the personnel at Central Crops Research Station, Clayton, NC, 
for their technical support with field activities.

references

Anderson, B., A.G. Matches, and C.J. Nelson. 1989. Carbohydrate 
reserves and tillering of switchgrass following clipping. Agron. 
J. 81:13–16. doi:10.2134/agronj1989.00021962008100010003x

Ashworth, A.J., P.D. Keyser, E.D. Holcomb, and C.A. Harper. 2014. 
Yield and stand persistence of switchgrass as affected by cut-
ting height and variety. Forage Grazinglands doi:10.1094/
FG-2013-0043-RS

Beaty, E.R., and J.D. Powell. 1976. Response of switchgrass (Panicum 
virgatum) to clipping frequency. J. Range Manage. 29:132–135. 
doi:10.2307/3897409

Burns, J.C., and D.S. Fisher. 2013. Steer performance and pasture pro-
ductivity among five perennial warm-season grasses. Agron. J. 
105:113–123. doi:10.2134/agronj2012.0142

Burns, J.C., D.S. Fisher, and K.R. Pond. 2011. Steer performance, 
intake, and digesta kinetics of switchgrass at three forage masses. 
Agron. J. 103:337–350. doi:10.2134/agronj2010.0357

Burns, J.C., D.S. Fisher, and K.R. Pond. 1993. Ensiling characteris-
tics and utilization of switchgrass preserved as silage. Postharvest 
Biol. Technol. 3:349–359. doi:10.1016/0925-5214(93)90015-U

Burns, J.C., E.B. Godshak, and D.H. Timothy. 2008. Registration 
of ‘Performer’ switchgrass. J. Plant Reg. 2:29–30. doi:10.3198/
jpr2007.02.0093crc

Burns, J.C., R.D. Mochrie, and D.H. Timothy. 1984. Steer perfor-
mance from two perennial Pennisetum species, switchgrass, and 
a fescue-‘Coastal’ bermudagrass system. Agron. J. 76:795–800. 
doi:10.2134/agronj1984.00021962007600050020x

Chapman, D.F., and G. Lemaire. 1993. Morphogenetic and structural 
determinants of plant regrowth after defoliation. In: M.J. Baker 
et al., editors, Proceedings of the 17th International Grassland 
Congress, Palmerston North, New Zealand. 8–21 Feb. 1993. 
Keeling and Mundy, Palmerston, New Zealand. p. 91–104.

Eastin, J.D., M.R. Teel, and R. Langston. 1964. Growth and develop-
ment of six varieties of smooth bromegrass with observation on 
season variation of fructosan and growth regulators. Crop Sci. 
4:555–559. doi:10.2135/cropsci1964.0011183X0004000600
01x

Fike, J.H., D.H. Parrish, D.D. Wolf, J.A. Balasko, J.T. Green, Jr., M. 
Rasnake, and J.H. Reynolds. 2006. Long-term yield potential of 
switchgrass for bio-fuel systems. Biomass Bioenergy 30:198–206. 
doi:10.1016/j.biombioe.2005.10.006

Freund, R.J., and R.C. Littell. 2000. SAS system for regression. 3rd ed. 
SAS Inst. Cary, NC

Griffin, J.L., and G.A. Jung. 1983. Leaf and stem forage quality of big 
bluestem and switchgrass. Agron. J. 75:723–726. doi:10.2134/
agronj1983.00021962007500050002x

Hardy, D.H., M.R. Tucker, and C.E. Stokes. 2014. Crop fertilization 
based on North Carolina soil tests. North Carolina Department 
of Agriculture and Consumer Services, Agronomic Division. 
Circular no. 1, Raleigh. http://www.ncagr.gov/agronomi/pubs.
htm (accessed 4 Apr. 2018). 

Hitchcock, A.S., and A. Chase. 1950. Manual of the grasses of the 
United States. USDA Misc. Publ. No. 200. U.S. Gov. Print. 
Office, Washington, DC. 

Keshwani, D.R., and J.J. Cheng. 2009. Switchgrass for bioethanol and 
other value-added applications: A review. Bioresour. Technol. 
100:1515–1523. doi:10.1016/j.biortech.2008.09.035

Langer, R.H.M. 1956. Growth and nutrition of timothy (Phleum pre-
tense). I. The life history of individual tillers. Ann. Appl. Biol. 
44:166–187. doi:10.1111/j.1744-7348.1956.tb06856.x

Lemus, R., E.C. Brummer, K.J. Moore, N.E. Molstad, C.L. Burras, 
and M.F. Barker. 2002. Biomass yield and quality of 20 switch-
grass populations in southern Iowa, USA. Biomass Bioenergy 
23:433–442. doi:10.1016/S0961-9534(02)00073-9

Mehlich, A. 1984. Mehlich 3 soil test extractant: A modification of 
Mehlich 2 extractant. Commun. Soil Sci. Plant Anal. 15:1409–
1416. doi:10.1080/00103628409367568

Moore, K.J., T.A. White, R.L. Hintz, P.K. Patrick, and E.C. Brum-
mer. 2004. Sequential grazing of cool- and warm-season pastures. 
Agron. J. 96:1103–1111. doi:10.2134/agronj2004.1103

Neiland, B.M., and J.T. Curtis. 1956. Differential responses to clip-
ping of six prairie grasses in Wisconsin. Ecology 37:355–365. 
doi:10.2307/1933146

Parrish, D.J., and J.H. Fike. 2005. The biology and agronomy of 
switchgrass for biofuels. Crit. Rev. Plant Sci. 24:423–459. 
doi:10.1080/07352680500316433

R Core Team. 2016. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing. Vienna, 
Austria. 

Redfearn, D.D., K.J. Moore, K.P. Vogel, S.S. Waller, and R.B. Mitch-
ell. 1997. Canopy architecture and morphology of switchgrass 
populations differing in forage yield. Agron. J. 89:262–269. 
doi:10.2134/agronj1997.00021962008900020018x

Sanderson, M.A., J.C. Read, and R.L. Roderick. 1999. Harvest man-
agement of switchgrass for biomass feedstock and forage produc-
tion. Agron. J. 91:5–10. doi:10.2134/agronj1999.000219620091
00010002x

Sanderson, M.A., and D.D. Wolf. 1995. Switchgrass biomass composi-
tion during morphological development in diverse environments. 
Crop Sci. 35:1432–1438. doi:10.2135/cropsci1995.0011183X00
3500050029x

Seepaul, R., B. Macoon, K.J. Reddy, and W.B. Evans. 2014. Harvest 
frequency and nitrogen effects on yield, chemical characteris-
tics, and nutrient removal of switchgrass. Agron. J. doi:10.2134/
agronj14.0129

Wickham, H. 2009. ggplot2: Elegant graphics for data analysis. 
Springer-Verlag New York. 


