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Abstract

Purple threeawn (Aristida purpurea Nutt.) is a native perennial bunchgrass with limited forage value that dominates sites with
disturbed soils and persists with repeated severe grazing. Fire and nitrogen addition have been used to reduce threeawn and can
increase grazing utilization of threeawn by livestock. We evaluated effects of fire, spring urea addition, and phenological stage
on purple threeawn forage quality 1 yr postfire on two similar sites in southeastern Montana during the 2011 (site 1) and 2012
(site 2) growing seasons. Fire (no fire, summer fire, fall fire) and rate of nitrogen addition (0, 46, 80 kg N�ha�1) were arranged in
a completely randomized, fully factorial design. Samples were collected at five phenological stages throughout each growing
season. Forage quality was assessed using nutrient analyses of crude protein (CP), net energy (NEm), and total digestible
nutrients; antiquality analyses of neutral detergent fiber (NDF), acid detergent fiber, and silica; in vitro fermentation for organic
matter disappearance (IVOMD) and NDF disappearance; and gas production (asymptotic [maximum] gas production,
fractional rate of gas production, lag time, and average fermentation rate). In vegetative stages, summer and fall fire increased
CP from 6.2% to 12.1% and 13.0%, respectively, and NDF decreased from 72.1% to 69.4% and 68.2%, respectively. Summer
and fall fire reduce silica content from 7.0% to 4.1% and 4.3%, respectively. Purple threeawn IVOMD increased by 14.0% and
13.0% following summer and fall fire, respectively, compared to nonburned plots. Nitrogen addition increased CP from 7.5%
to 8.0% and 8.4%, respectively, with 46% and 80 kg N�ha�1, respectively. In vitro fermentation and gas production variables
did not change due to nitrogen addition. Fire generally improved purple threeawn forage quality to a greater extent than did
nitrogen addition. Results indicate fire can potentially improve the suitability of purple threeawn as a forage species.
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INTRODUCTION

Purple threeawn (Aristida purpurea Nutt.) is a warm-season

(C4) perennial bunchgrass native to North America. Purple

threeawn varieties are mostly found on hillsides and dry upland

areas of rangelands (Evans and Tisdale 1972), but can also be

found in pastures where it is often considered to be undesirable

for forage and wildlife habitat (Hyder et al. 1975). In the

western United States, purple threeawn has been shown to

dominate overgrazed rangelands and disturbed areas such as

old fields and roadsides (Klipple and Costello 1960; Evans and

Tisdale 1972). Purple threeawn is generally unpalatable to

grazing animals due to sharp awns and calluses that can irritate

or injure the mouth, nostrils, and eyes (Vallentine 1961). Purple

threeawn also has high fiber and low protein concentrations,

which reduce forage value relative to other rangeland grasses

(Rauzi et al. 1969; Cogswell and Kamstra 1976; Meyer and

Brown 1985; Ramirez et al. 2004). Purple threeawn reproduces
vegetatively and is also capable of producing abundant seeds,
which enter the ground quickly and have a high probability of
germination (Evans and Tisdale 1972; Fowler 1984). Seedlings
rapidly develop a deep, robust root system, making purple
threeawn very competitive and increasing purple threeawn’s
ability to withstand drought and herbivory (Evans and Tisdale
1972; Fowler 1984; Busso et al. 2001).

Purple threeawn is of poor to fair forage nutritive quality in
most regions (Dittberner and Olsen 1983; Ramirez et al. 2004).
It is generally accepted that fire improves forage quality of
grasses by removing mature, less palatable plant material, thus
increasing both crude protein and digestibility of grasses
(Norton 1982; Mbatha and Ward 2010). Fire can also
indirectly improve forage quality by creating more optimal
conditions for nitrogen mineralization through combustion of
litter, thereby increasing plant-available nitrogen (Seastedt and
Knapp 1993). Large herbivores favor burned areas with new
succulent vegetation over nonburned areas where biomass has
accumulated from previous years (Tomor and Owen-Smith
2002; Vermeire et al. 2004). Although fire effects on purple
threeawn density and competitive ability are well-documented
(Evans 1967; Trlica and Schuster 1969; Wright et al. 1978;
Russell et al. 2013), there are few data describing how fire
affects its forage quality. Improving forage quality of purple
threeawn relative to other forage species in the plant
community is paramount for improved herbivory in a targeted
grazing strategy.

Soil nitrogen availability can limit forage quality and
quantity, especially in semiarid rangelands (Wilman 1975;
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Seastedt et al. 1991). As an invasive species management tool,
nitrogen addition is predominantly prescribed for improving
the competitive abilities of desirable species (Sheley and Jacobs
1997). Alternatively, others indicated that differences between
native and invasive species performances are important across
levels of nutrient availability rather than being specific to
nutrient abundance (Ordonez and Olff 2013). Application of
ammonium nitrate has been shown to decrease threeawn cover
when it was a dominant component of rangeland (Hyder and
Bement 1972). However, mechanisms by which high levels of
soil nitrogen adversely affect threeawn are not fully elucidated.
Evaluating the effects of fire and nitrogen addition and their
interaction on purple threeawn forage quality could facilitate
development of each tool as potential prerequisite treatments
for targeted grazing and improved utilization.

When considering grazing as a tool to manage undesirable
species, the potential impacts the target plant species will have
on herbivore diet quality should be evaluated (Launchbaugh
and Walker 2006). The objectives of this research were to
evaluate fire and nitrogen and their potentially interacting
effects on purple threeawn forage quality characteristics during
the first growing season following treatment. We evaluated
three properties of purple threeawn forage quality to determine
fire and nitrogen-addition effects on animal productivity and
health. First, we evaluated crude protein (CP) and calculated
total digestible nutrients (TDN) and net energy for mainte-
nance (NEm). Secondly, we measured neutral detergent fiber
(NDF), acid detergent fiber (ADF), and silica content as
antiquality factors that can inhibit forage selection and reduce
digestibility. Finally, we conducted in vitro fermentation and
gas production tests to predict rumen degradation of purple
threeawn. We hypothesized that purple threeawn available as
forage would have: 1) greater CP, TDN, and NEm; 2) less NDF,
ADF, and silica; and 3) greater in vitro fermentation and gas
production following fire and nitrogen additions. If realized,
each of the hypothesized changes would increase forage quality.

METHODS

Data were collected on US Department of Interior, Bureau of
Land Management property near Terry, Montana (lat 468690N,
long 105830W). The area is comprised of level, upland plains
with an average elevation of 687 m above sea level. Research
sites are sandy ecological sites with the Degrand soil series (a
fine-loamy over sandy or sandy-skeletal, mixed, superactive,
frigid Aridic Argiustolls; USDA, NRCS, 2010). The climate is
semiarid with an average annual precipitation of 297 mm, and
with less than 250 mm of rainfall occurring in 1 out of every 7
yr. Spring and fall are cool, with average daily maxima of 208C
and 88C. Summers are typically hot and dry, with daily
maximum temperatures averaging 298C (WRCC 2012). Aver-
age precipitation is 140 mm from April through June, and 100
mm from July through September (WRCC 2012).

Purple Threeawn Collection and Preparation
This experiment was repeated over 2 consecutive yr on two
separate study sites located within 3 km of each other. Three
species comprised 89% of the species composition: 58% purple
threeawn, 23% crested wheatgrass (Agropyron cristatum [L.]

Gaertn.), and 8% needle and thread (Hesperostipa comata
[Trin. & Rupr.] Barkworth) (Strong et al. 2013). Within each
study site, fire and nitrogen amendment treatments were
randomly assigned to 27 plots (20 3 20 m) separated by 10-
m alleys in a factorial design with three fire and three nitrogen
treatments and three replications for each treatment combina-
tion. Fire treatments were: 1) summer fire, 2) fall fire, and 3) no
fire. Summer is the primary wildfire season in the region and
fall is often selected for prescribed fire. Nitrogen addition
treatments were: 1) 0 kg N � ha�1, 2) 46 kg N � ha�1, and 3) 80
kg N � ha�1.

Summer fire treatments were applied on 12 August 2010
(28–328C, 8–11 km � h�1 winds, and 36–42% relative humidity)
and 7 September 2011 (29–318C, 5–13 km � h�1 winds, and 15–
20% relative humidity) following purple threeawn summer
senescence. Fall fire treatments were applied 18 October 2010
(17–188C, 8–13 km � h�1 winds, and 35–37% relative humidity)
and 31 October 2011 (16–208C, 13–30 km � h�1 winds, and 28–
34% relative humidity) following the season’s first killing frost
(,�28C). Fuel load at each site was approximately 2 000
kg � ha�1 (Strong et al. 2013). Nitrogen was broadcast onto
plots as urea granules on 26 April 2011 and 5 April 2012 to
coincide with cool spring temperatures and predicted precip-
itation to minimize volatilization and maximize incorporation
into soil. Plants were sampled approximately every 2 wk, based
on developmental stage, from June through August 2011 at site
1 and May through July 2012 at site 2 by randomly hand-
clipping approximately 70 g of purple threeawn from each plot.

Plants were clipped above the crown (approximately 3 cm
from soil surface) to minimize soil and litter contamination of
the samples, but included live and dead material. Average plant
phenology was described for each experimental plot to allow a
qualitative description of plant condition and its relation to
forage quality throughout the growing season. Phenological
sampling stages were: 1) vegetative, 2) boot, 3) flowering, 4)
maturity, and 5) senescence. Samples were promptly transport-
ed in a cooler with ice to the Fort Keogh Livestock and Range
Research Laboratory (LARRL) and frozen at �48C. Frozen
samples were lyophilized for 72 h and ground (Thomas-Wiley
Laboratory Mill, Model 4, Arthur H Thomas Company,
Philadelphia, PA) to pass a 2-mm sieve.

Ground samples for each experimental plot along with grass
hay and alfalfa standards were analyzed for dry matter (DM),
organic matter (OM), in vitro organic matter disappearance
(IVOMD), NDF (Goering and Van Soest 1970), in vitro neutral
detergent fiber disappearance (IVNDFD), gas production
(Menke et al. 1979), and silica content (Galyean, 1997).
Approximately 10 g of ground sample from each treatment plot
were packaged and sent to an independent commercial
laboratory for analyses of CP (combustion method), ADF
(Ankom filter bag technique), TDN, and NEm.

Animals and Management
The Fort Keogh Livestock and Range Research Laboratory
(LARRL) Institutional Animal Care and Use Committee
approved all animal handling and experimental procedures
used in this study (IACUC No. 021308-1).

Rumen liquor for IVOMD, IVNDFD, and gas production
was collected from two ruminally-cannulated beef cows (8 and
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5 yr of age). Cows were fed a standard hay diet and allowed ad
libitum access to water for 14 d prior to the first in vitro
experiment and between all subsequent experiments. Rumen
liquor was collected from the interface between the mat and
liquid layer. Extrusa samples were placed into a collection
Dewar (Nalgene 4150-200- StevenJo & Steph, Rochester, NY)
that had been previously warmed to 398C for 12 h. Rumen
liquor samples were transported to the lab immediately after
collection and strained through four layers of cheese cloth into a
4-L beaker which was continuously under CO2 bubbling. Each
donor animal provided approximately 350 mL of rumen liquor
at each collection. A 250 mL sample of rumen liquor from each
cow was measured and then samples were combined to make a
500-mL sample. Rumen liquor was then combined with 1 000
mL of McDougal’s buffer (Tilley and Terry 1963), and placed in
a prewarmed 398C water bath under continuous CO2 bubbling.
This mix will subsequently be referred to as inoculum.

In Vitro Substrate Fermentation and Gas Production
IVOMD was measured using the Tilly and Terry laboratory
technique (Tilly and Terry 1963). Previously weighed in vitro
tubes containing 0.5 g substrate (six tubes per treatment plot)
were placed in a 398C water bath, then filled with 30 mL
inoculum using a Brinkman dispenser (5–25-mL bottle-top
dispenser; Brinkman Instruments, Westbury, NY), flushed with
CO2, and tightly sealed with plastic screw caps. Tubes were
randomly placed in metal racks, inserted into an incubator
(398C), and manually agitated. In vitro racks were agitated
every 2 h for the first 12 h, then every 4 h for the second 12 h,
and every 6 h throughout the last 24 h until being removed at
48 h. The plastic screw caps were loosened to release gases and
tubes were frozen at �48C for 24 h. The frozen samples were
lyophilized for 72 h before removal from the tubes for OM and
NDF disappearance assessment procedures.

Gas production was measured using the technique described
by Menke et al. (1979). In vitro gas production syringes (100
mL) containing 0.25 g of substrate (3 syringes per treatment
plot) were filled with 20 mL of inoculum that was under
continuous CO2 bubbling using a Brinkman dispenser (5–25
mL bottle top dispenser; Brinkman Instruments). Excess air
was released before sealing and placing syringes into two 60-
syringe water baths maintained at 398C. Gas measurements
were recorded at 0, 2, 4, 6, 8, 10, 12, 14, 16, 24, 30, 36, 48, 54,
60, 72, and 96 h by measuring gas displacement. If gas
displacement exceeded 90 mL, gas was released until syringes
indicated 80 mL of displacement (to ensure plungers were not
blown out of the syringes), then measurement of subsequent
gas displacement resumed for the remainder of the data
collection period.

Calculations and Statistical Analyses
In vitro gas production variables were derived using GraphPad
Prism1 (GraphPad Software, Inc. 2003), from the exponential
equation G¼A{1�exp[�K(t�Lag)]} where G (mL � g�1 OM)
represents total gas production, A (mL � g�1 OM) represents the
asymptotic (maximum) gas production (AGP), K (h�1) is the
fractional fermentation rate, Lag (time in h) is the initial delay

in the onset of gas production after introduction of the
inoculum, and t (h) is the gas reading time (France et al.
2000). The average fermentation rate (AFR; mL gas � h�1),
defined as the average gas production rate between the start of
incubation and the time at which the cumulative gas
production was half of its asymptotic value, was calculated
as AFR¼A3K/[2(ln 2þK3Lag)].

Data were tested with analysis of variance using the MIXED
procedure of SAS (Littell et al. 1996) with phenological stage
within a year as a repeated measure and plot as the
experimental unit. The models for each response variable
included the effects of phenological stage, fire treatment,
nitrogen addition rate, and their interactions. Year of study
was the random effect. Significant interactions (P�0.05) were
followed by pair-wise tests of simple effects at a¼0.05.

RESULTS

Climatic Conditions
Early growing-season temperatures (April through July) were
1.48C cooler during 2011 and 1.78C warmer during 2012 than
the recorded 63-yr average. Growing-season precipitation (April
through June) following nitrogen additions was 227% (317
mm) and 79% (110 mm) of the 63-yr average (140 mm), with
2011 being the wettest spring on record and 2012 very dry. Fall
through spring precipitation (October through June) following
fires was 190% (374 mm) and 76% (150 mm) of the 63-yr
average during the first and second study years, respectively.

Phenological Stage
Changes in nutritional and antiquality variables with pheno-
logical progression of purple threeawn were apparent in this
study (Table 1). Net energy for maintenance and TDN
decreased with advancing phenological stage. Acid detergent
fiber increased with advancing phenology. The pattern of
change in silica content with advancing phenology was not as
clear. The boot and senescence stages yielded increased silica
content compared to the flowering and maturity stages and the
vegetative stage was similar to all but the boot stage.

Gas production and in vitro fermentation measurements
generally decreased with advancing phenology of purple
threeawn plants (Table 1). Asymptotic gas production was
greater in the vegetative and boot stages compared to all other
stages and was greater during the maturity stage than the
senescence stage, with no difference for either compared to the
flowering stage. Lag time decreased with advancing phenology
with the exception of the senescence stage, which was less than
the vegetative stage and greater than the boot, flowering, and
maturity stages. In vitro OM disappearance decreased from the
boot stage through senescence, with the vegetative stage
producing intermediate values to those of the boot and
senescence stages.

Fire
Fire and nitrogen did not interact (P . 0.10) in their effects on
any of the measured variables. Net energy for maintenance and
TDN each varied by fire treatment (Table 2) and CP varied by
the interacting effects of fire treatment and phenological stage1Available at http://www.graphpad.com/scientific-software/prism/
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(P , 0.01; Fig. 1A). Fire increased NEm and TDN, with fall fire
showing the greatest improvement. Crude protein concentra-
tions were greater with fire compared to controls in all
phenological stages. Fall fire increased CP more than summer
fire in the vegetative stage. However, summer fire increased CP
more than fall fire within the flowering stage. No differences in
CP were detected between summer and fall fire for the boot,
maturity, or senescence stages.

Silica and ADF were reduced by summer fire and further
reduced by fall fire (Table 2). Silica content was about 1.5 and
1.6 times greater for nonburned than summer- and fall-burned
plants. NDF varied with interacting effects of fire treatment
and phenological stage (P , 0.05; Fig. 1B). Fall and summer fire
similarly reduced NDF in the vegetative stage compared to the
control. Fire did not affect NDF during the boot, flowering, or
maturity stages. Fall fire increased NDF during the senescence
stage compared to summer fire. However, neither fall nor
summer fire differed from the control.

Fire increased AGP about 15%, with no difference between
summer and fall fire (Table 2). Similarly, summer and fall fire
reduced lag time by about 0.5 h. Fire effects on K (P , 0.01)
and AFR (P , 0.01) varied by fire treatment and phenological
stage, with increases due to fire during all phenological stages
(Fig. 2A, B). Values of K did not differ between summer and fall
fire treatments during the vegetative, boot, or senescence stages.
However, summer fire increased K in the flowering and
maturity stages compared to fall fire. Fall fire increased AFR
within the vegetative stage compared to summer fire and the
opposite was observed in the maturity stage. Average fermen-
tation rate did not differ between fall and summer fire in the
boot, flowering, or senescence stages. Fire increased IVOMD at
least 7.8% relative to controls, with no difference between
summer and fall fire (Table 2). Fire effects on IVNDFD varied
by fire treatment and phenological stage (P , 0.01; Fig. 2C).
Fall and summer fire increased IVNDFD in the vegetative,
boot, and flowering stages compared to controls. Only summer
fire increased IVNDFD in the maturity stage compared to
controls and all treatments were similar at senescence. Summer
and fall fire effects on IVNDFD were similar to each other at
each phenological stage.

Nitrogen Addition
Nitrogen addition affected all nutrient and antiquality variables
of purple threeawn (Table 3). Crude protein increased with

increasing nitrogen rate. Both 46 and 80 kg N � ha-1 rates
similarly reduced NDF and silica relative to controls. Addition
of 80 kg N � ha-1 increased NEm and TDN and reduced ADF.
Nitrogen addition effects were not detected for any gas
production measurement (AGP; P . 0.53, lag time; P . 0.26,
K; P . 0.14, and AFR; P . 0.46). Nitrogen addition effects
were also not detected for IVOMD (P . 0.96) or IVNDFD
(P . 0.75).

DISCUSSION

Effects of fire on forage quality varied across phenological
stages and seasons of fire, whereas the effects of nitrogen
addition varied by rate of application. As expected, forage
quality of purple threeawn tended to be greater during the early
part of the growing season, with or without fire. Fire generally
improved forage quality to a greater extent than did nitrogen
addition. Of particular importance in fire’s effect on forage
quality is the improvement relative to standard measurements
of forage quality in common forage grasses (Rauzi et al. 1969;
Cogswell and Kamstra 1976; NRC 2000; Waterman and
Vermeire 2011). For example, fire increased CP and TDN from
deficient to meeting NRC requirements for beef cattle (NRC
2000). Additionally, these results are the first indication we are
aware of that fire can reduce silica content in a plant.

Table 1. Least squares means 6 standard error definition (SEc) for purple threeawn samples collected at different phenological stages 1 yr posttreatment
in 2011 and 2012. (n¼54).

Measurement1

Phenological stage

SEc P valueVegetative Boot Flowering Maturity Senescence

NEm (Mcal � kg�1) 1.14 a2 1.08 b 1.06 b 1.03 c 1.00 c 0.01 , 0.01

TDN (% DM) 53.89 a 51.65 b 51.01 b 49.67 c 48.52 c 0.61 , 0.01

ADF (% DM) 42.67 c 44.64 b 45.20 b 46.38 a 47.37 a 0.54 , 0.01

Silica (% DM) 5.2 bc 5.8 a 4.9 c 5.1 c 5.6 ab 0.2 , 0.01

AGP (mL � g�1 OM) 67.0 a 65.7 a 61.9 bc 62.8 b 60.3 c 0.8 , 0.01

Lag (h) 2.13 a 1.50 c 1.33 c 0.68 d 1.90 b 0.10 , 0.01

IVOMD (% OM) 59.5 bc 68.8 a 61.1 b 58.8 c 47.4 d 0.9 , 0.01
1NEm indicates net energy for maintenance; SEc, standard error of the comparison; TDN, total digestible nutrients; DM, dry matter; ADF, acid detergent fiber; AGP, asymptotic gas production; OM,

organic matter; Lag, lag time; and IVOMD, in vitro organic matter disappearance.
2Means within rows with a common letter do not differ (P . 0.05).

Table 2. Least squares means 6 standard error definition (SEc) for purple
threeawn samples collected throughout the growing season from two sites
1 yr following fire treatments (n¼54).

Measurement1

Burn treatment

SEc P valueNo fire Summer fire Fall fire

NEm (Mcal � kg�1) 0.97 c2 1.09 b 1.12 a 0.01 , 0.01

TDN (% DM) 47.50 c 52.02 b 53.34 a 0.47 , 0.01

ADF (% DM) 48.28 a 44.32 b 43.16 c 0.41 , 0.01

Silica (% DM) 7.0 a 4.7 b 4.3 c 0.2 , 0.01

AGP (mL � g�1 OM) 57.7 b 66.4 a 66.5 a 0.6 , 0.01

Lag (h) 1.84 a 1.36 b 1.33 b 0.08 , 0.01

IVOMD (% OM) 53.6 b 62.3 a 61.4 a 0.9 , 0.01
1NEm indicates net energy for maintenance; TDN, total digestible nutrients; SEc, standard error of

the comparison; DM, dry matter; ADF, acid detergent fiber; AGP, asymptotic gas production;
OM, organic matter; Lag, lag time; and IVOMD, in vitro organic matter disappearance.

2Means within rows with a common letter do not differ (P . 0.05).
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In semiarid grasslands, precipitation is the most limiting

factor to plant productivity (Gutierrez and Whitford 1987;

Huxman et al. 2004). In rangeland management planning, it is

difficult to predict the posttreatment precipitation. However,

the fire and nitrogen addition effects observed on purple

threeawn forage quality between very wet and dry growing

seasons indicate results are applicable within a broad range of

years with less extreme levels of precipitation.

Plant Phenology
As the growing season progresses in semiarid grasslands, forage

quality tends to decline with increasing temperatures, less

precipitation, and an increasing proportion of senesced plant

tissue (Grings et al. 2004; Waterman et al. 2007; Mbatha and

Ward 2010). Greater NEm and TDN values in the early

phenological stages are evidence that purple threeawn adheres

to this trend. The seasonal trend in ADF concentration

indicates that the proportion of more digestible plant tissue is

reduced with advancing phenology in purple threeawn. Acid

detergent fiber concentration remained greater than most

common forage species throughout the growing season (Hart

et al. 1983; Shewmaker et al. 1989; Jefferson et al. 2004). The

fluctuation in silica concentration with phenology might be due

to the large proportion of standing dead litter in nonburned

Figure 1. Least squares means 6 standard error of the mean for fire treatment 3 phenological stage for (A) crude protein (CP, % dry matter [DM]); and
(B) neutral detergent fiber (NDF, % organic matter [OM]) for purple threeawn samples collected in the growing season of the year following the fire
treatments. Means with a common letter do not differ (P . 0.05).
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Figure 2. Least squares means 6 standard error of the mean for fire treatment 3 phenological stage for (A) fractional rate of gas production (K; h�1); (B)
average fermentation rate (AFR; mL � h�1); and (C) in vitro neutral detergent fiber disappearance (NDFD; % organic matter [OM]) for purple threeawn
samples collected in the growing season of the year following the fire treatments. Means with a common letter do not differ (P . 0.05).
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plants throughout the growing season. As a chemically inert
mineral, silica can be less prone to reductions by weathering
than other structural components such as hemicellulose,
cellulose, and lignin (Shewmaker et al. 1989). Similar to most
rangeland forage species (Kirby and Parman 1986; Olson et al.
1994), purple threeawn digestibility tends to decline with
advancing phenology as indicated by our results for AGP,
IVOMD, and lag time.

Fire
Improvements in CP, NEm, and TDN following fire were clear.
Postfire levels of CP throughout the growing season are
comparable to common rangeland grass of high forage quality
(Rauzi et al. 1969; Cogswell and Kamstra 1976; NRC 2000;
Waterman and Vermeire 2011), indicating that fire could
increase threeawn consumption by grazers. Both CP and TDN
following fire exceed diet nutrient density requirements for beef
cows, whereas both were deficient in nonburned plots (NRC
2000). Increased nutrient concentrations in postfire grass might
be attributed to a number of factors. For example, ash leaching
into the soil following fire might be one direct cause for
increases in certain nutrients (Frost and Robertson 1987).
However, in a grassland setting, these increases have been
considered negligible (Boerner 1982; Van de Vijver et al. 1999),
are predominantly minerals, and would not account for our
increase in CP and NEm. In tallgrass prairie, fire-enhanced
nutrient content has been attributed to increased mineralization
near the soil surface due to increased soil surface temperature
(Knapp and Seastedt 1986). Mineralization also depends on
adequate soil moisture (Hayes and Seastedt 1989). However,
summer fire effects on soil moisture and temperature have been
shown to be minor and vary among years in northern mixed
prairie (Vermeire et al. 2011). It would be challenging to draw
any conclusion regarding mineralization from this study, given
the extreme temperature and moisture differences between
study years. Enhanced CP, NEm, and TDN were most likely due
to the increased proportion of young plant tissue in burned
plots (Van de Vijver et al. 1999; Mbatha and Ward 2010).
Nonburned plots contained nearly 50% of previous year’s
biomass, whereas burned plots contained very little (Dufek
2013). Differences between fall and summer fire treatments for

NEm and TDN were small, but consistently greater with the fall

fire. Given the longer chance for regrowth during the growing

season of the fire, summer fire treatments might have contained

a slightly higher proportion of less nutritious, standing dead

tissue than fall plots.

Fire consistently reduced NDF, ADF, and silica concentration

in purple threeawn. A direct effect of fire is the removal of older

plant material, leaving mostly young tissue during the

following growing season. Consequently, young growth con-

tains less cell wall constituents such as NDF, ADF, and silica

(Griffin and Jung 1983; Shewmaker et al. 1989). This is also

evident in the fire-phenological stage interaction for NDF, with

postfire regrowth in the early stages showing the lowest NDF

concentrations relative to later stages. The NDF concentrations

in the vegetative and boot stages and mean ADF values

following fire are comparable to many common forage species

of fair to high forage quality (Hart et al. 1983; Jefferson et al.

2004). It is also interesting to note the reduction, due to fire,

from what is considered near dangerous levels of silica for

cattle health (over 6%) to levels of acceptable tolerance (Parker

1957; Smith et al. 1971). Examining long-term fire and grazing

data, Melzer et al. (2010) observed no fire effects on

concentration of silica taken up by plants, but indicated that

fire might promote silica storage in plants by indirect effects

that increase productivity. Our results clearly contrast with

those of Melzer et al. (2010), with fire reducing silica

concentration by about one-third of the nonburned values.

Fire effects on in vitro fermentation are consistent with

previous work on postfire digestibility. Fire reduced the

proportion of previous years’ growth relative to nonburned

plants, leaving more young leaves. Digestibility tends to be

greater in young, green leaves compared to older, more mature

leaves (Norton 1982; Mbatha and Ward 2010). Studies

examining postfire gas production for single grass species are

lacking. However, Brown et al. (2002) found a strong

relationship between gas production and fermentation patterns

in grass silage. Our findings confirm this with increased gas

production as well as increased in vitro OM and NDF

disappearance in postfire purple threeawn.

Nitrogen Addition
Consistent improvements in CP, NEm, TDN and reductions in

NDF, ADF, and silica due to nitrogen addition were evident in

this study. Similar studies involving forage quality response to

nitrogen addition support our results of increasing CP, NEm,

and TDN (Allen et al. 1976; Mitchell et al. 1994; Cohen et al.

2004; Mbatha and Ward 2010). Decreases in NDF, ADF, and

silica content with nitrogen addition might be an indication of

nitrogen limiting productivity in purple threeawn-dominated

sites. As plant productivity increases, so does the proportion of

young leaves, thus decreasing the proportion of less digestible

plant tissue components (Norton 1982) such as NDF, ADF, and

silica. On the contrary, this is not reflected in our gas

production or in vitro fermentation results. Although differ-

ences in nutrient concentrations and antiquality factors are

statistically significant, the biological differences might not be

great enough to translate into increased animal productivity

with nitrogen addition.

Table 3. Least squares means 6 standard error of the comparison (SEc)
for purple threeawn samples collected in the growing season following
nitrogen addition treatments (n¼54).

Nitrogen addition (kg N � ha�1)

Measurement1 0 46 80 SEc P value

CP (% DM) 7.5 c2 8.0 b 8.4 a 0.2 , 0.01

NEm (Mcal � kg�1) 1.04 b 1.05 b 1.09 a 0.01 , 0.01

TDN (% DM) 50.24 b 50.65 b 51.95 a 0.47 , 0.01

NDF (% OM) 72.9 a 71.72 b 71.13 b 0.54 , 0.01

ADF (% DM) 45.8 a 45.5 a 44.4 b 0.4 , 0.01

Silica (% DM) 5.9 a 5.2 b 5.0 b 0.2 , 0.01
1CP indicates crude protein; DM, dry matter; NEm, net energy for maintenance; TDN, total

digestible nutrients; NDF, neutral detergent fiber; OM, organic matter; and ADF, acid detergent
fiber.

2Means within a row with a common letter do not differ (P . 0.05).
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IMPLICATIONS

Forage quality of purple threeawn one growing season
following fire treatment showed marked improvement com-
pared to nonburned plots, whereas nitrogen addition effects
were not as substantial. In terms of potential effects on animal
production and health, postfire purple threeawn forage quality
is comparable to that of many commonly utilized rangeland
forages. Of particular interest was the fact that fire reduced
silica content. High silica content is a recognized problem in
purple threeawn, and our evidence is the first we are aware of
that indicates that fire can reduce silica content. Justifying
nitrogen addition as a prerequisite treatment to grazing would
be difficult based in limited response in our results and the costs
of nitrogen. Results indicate fire and nitrogen addition each
improve multiple purple threeawn forage quality factors
throughout the growing season. However, because of animal
avoidance of purple threeawn following seed head emergence,
encouraging grazing utilization of purple threeawn would
likely require early-season grazing to avoid the flowering stage
or delay flowering. Prescribed fire shows strong potential as a
prerequisite treatment for increasing the suitability of purple
threeawn as a forage species.

ACKNOWLEDGMENTS

The authors would like to thank Whisper Kelly, Susan Reil, Brook Shipp,

Dustin Strong, Morgan Russell, and the entire staff at the USDA–ARS Fort

Keogh Livestock and Range Research Laboratory for their tireless help in

data collection, animal care, equipment maintenance, and treatment

implementation. Drs. Gary Clambey and Kevin Sedivec provided valuable

feedback on earlier versions of this manuscript. Major funding and

logistical support was provided by the Bureau of Land Management.

Additional funding was provided by the Agricultural Experiment Station

(AES) Dean’s Fellowship. We would also like to thank the Jens and Tibbets

families as well as the Bureau of Land Management for their cooperation in

establishing and maintaining our research plots in Terry, Montana.

LITERATURE CITED

ALLEN, L. J., L. H. HARBES, R. R. SCHALLES, C. E. OWENSBY, AND E. F. SMITH. 1976. Range
burning and fertilizing in relation to nutritive value of bluestem grass. Journal of

Range Management 29:306–308.

BOERNER, R. E. J. 1982. Fire and nutrient cycling in temperate ecosystems. Bioscience

32:187–191.

BROWN, V. E., C. RYMER, R. E. AGNEW, AND D. I. GIVENS. 2002. Relationship between in
vitro gas production profiles of forages and in vivo rumen fermentation patterns in
beef steers fed those forages. Animal Feed Science and Technology 98:13–24.

BUSSO, C. A., D. D. BRISKE, AND V. OLALDE-PORTUGAL. 2001. Root traits associated with
nutrient exploitation following defoliation in three coexisting perennial grasses in a
semi-arid savanna. Oikos 93:332–342.

COGSWELL, C., AND L. D. KAMSTRA. 1976. Stage of maturity and its effects upon chemical
composition of four native range species. Journal of Range Management

29:460–463.

COHEN, R. D. H., S. B. M. WRIGHT, L. R. THOMAS, W. P. MCCAUGHEY, AND M. D. HOWARD.
2004. Current and residual effects of nitrogen fertilizer applied to grass pasture
on production of beef cattle in central Saskatchewan. Canadian Journal of Animal

Science 84:91–104.

DITTBERNER, P. L., AND M. R. OLSEN. 1983. The plant information network (PIN) data
base: Colorado, Montana, North Dakota, Utah, and Wyoming. Washington, DC,

USA: US Department of the Interior, Fish and Wildlife Service. FWS-OBS-83-86.
786 p.

DUFEK, N. A. 2013. An assessment of integrated weed management strategies for
purple threeawn dominated rangelands [thesis]. Fargo, ND, USA: North Dakota
State University. 70 p.

EVANS, G. R. 1967. Ecology of Aristida longiseta in north central Idaho [thesis].
Moscow, ID, USA: University of Idaho. 69 p.

EVANS, G. R., AND E. W. TISDALE. 1972. Ecological characteristics of Aristida longiseta

and Agropyron spicatum in west-central Idaho. Ecology 53:137–142.
FOWLER, N. L. 1984. Patchiness in patterns of growth and survival of two grasses.

Oecologia 62:424–428
FRANCE, J., J. DIJKSTRA, M. S. DHANOA, S. LOPEZ, AND A. BANNINK. 2000. Estimating the

extent of degradation of ruminant feeds from a description of their gas production
profiles observed in vitro: derivation of models and other mathematical
considerations. British Journal of Nutrition 83:143–150.

FROST, P. G. H., AND F. ROBERTSON. 1987. The ecological effects of fire in savannas. In:

B. H. Walker (ED.). Determinants of tropical savannas. Oxford, UK: IRL Press. p.
93–140.

GALYEAN, M. L. 1997. Laboratory procedures in animal nutrition research. Amarillo,
TX, USA: West Texas A&M University. Division of Agriculture and Texas A&M
Research and Extension Center. 193 p.

GOERING, K., AND P. J. VAN SOEST. 1970. Forage fiber analysis (apparatus, reagents,
procedures and some applications). Agriculture Handbook No. 379. Washington,
DC, USA: Agricultural Research Service, US Department of Agriculture. 20 p.

GRIFFIN, J. L., AND G. A. JUNG. 1983. Leaf and stem forage quality of big bluestem and
switchgrass. Agronomy Journal 75:723–726.

GRINGS, E. E., R. E. SHORT, M. R. HAFERKAMP, AND R. K. HEITSCHMIDT. 2004. Late summer
protein supplementation for yearling cattle. Journal of Range Management

57:358–364.
GUTIERREZ, G. R., AND W. G. WHITFORD. 1987. Chihuahuan Desert annuals: importance of

water and nitrogen. Ecology 68:2032–2045.
HART, R. H., O. M. ABDALLA, D. H. CLARK, M. B. MARSHALL, M. H. HAMID, J. A. HAGER, AND

J. W. WAGGONER. 1983. Quality of forages and cattle diets on the Wyoming High
Plains. Journal of Range Management 36:46–51.

HAYES, D. C., AND T. R. SEASTEDT. 1989. Nitrogen dynamics of soil water in burned and
non-burned tallgrass prairie. Soil Biology and Biochemstry 21:1003–1007.

HUXMAN, T. E., J. M. CABLE, D. D. IGNACE, A. J. EILTS, N. ENGLISH, J. WELTZIN, AND D. G.
WILLIAMS. 2004. Response of net ecosystem gas exchange to a simulated
precipitation pulse in a semiarid grassland: the role of native versus non-native
grasses and soil texture. Oecologia 141:295–305.

HYDER, D. N., AND R. E. BEMENT. 1972. Controlling red threeawn on abandoned cropland
with ammonium nitrate. Journal of Range Management 25:443–446.

HYDER, D. N., R. E. BEMENT, E. E. REMMENGA, AND D. F. HERVEY. 1975. Ecological
responses of native plants and guidelines for management of shortgrass range.
Technical Bulletin No. 1503. Washington, DC, USA: US Department of
Agriculture, Agricultural Research Service. 87 p.

JEFFERSON, P. G., W. P. MCCAUGHEY, K. MAY, J. WOOSAREE, AND L. MACFARLANE. 2004.
Forage quality of seeded native grasses in the fall season on the Canadian Prairie
Provinces. Canadian Journal of Plant Science 84:503–509.

KIRBY, D. R., AND M. PARMAN. 1986. Botanical composition and diet quality of cattle
under a short duration grazing system. Journal of Range Management 39:509–
512.

KLIPPLE, G. E., AND D. F. COSTELLO. 1960. Vegetation and cattle responses to different
intensities of grazing on shortgrass ranges of the central Great Plains. Technical
Bulletin No. 1216. Washington, DC, USA: US Department of Agriculture,
Agricultural Research Service. 82 p.

KNAPP, A. K., AND T. R. SEASTEDT. 1986. Detritus accumulation limits productivity of
tallgrass prairie. Bioscience 36:662–668.

LAUNCHBAUGH, K. L., AND J. W. WALKER. 2006. Targeted grazing—a new paradigm for
livestock management. In: K. Launchbaugh, J. W. Walker, and R. J. Daines (EDS.).
Targeted grazing: a natural approach to vegetation management and landscape
enhancement. Centennial, CO, USA: American Sheep Industry Association. p. 2–
8.

LITTELL, R. C., G. A. MILLIKEN, W. W. STROUP, AND R. D. WOLFINGER. 1996. SAS system for
mixed models. Cary, NC, USA: SAS Institute Inc. 633 p.

67(3) May 2014 305



MBATHA, K. R., AND D. WARD. 2010. The effects of grazing, fire, nitrogen and water
availability on nutritional quality of grass in semi-arid savanna, South Africa.
Journal of Arid Environments 74:1294–1301.

MELZER, S. E., A. K. KNAPP, K. P. KIRKMAN, M. D. SMITH, J. M. BLAIR, AND E. F. KELLY. 2010.
Fire and grazing impacts on silica production and storage in grass dominated
ecosystems. Biogeochemistry 97:263–278.

MENKE K. H., L. RAAB, A. SALEWSKI, H. STEINGASS, D. FRITZ, AND W. SCHNEIDER. 1979. The
estimation of the digestibility and metabolizable energy content of ruminant
feeding stuffs from the gas production when they are incubated with rumen
liquor. Journal of Agricultural Science 93:217–222.

MEYER, M. W., AND R. D. BROWN. 1985. Seasonal trends in the chemical composition of
ten range plants in south Texas. Journal of Range Management 38:154–157.

MITCHELL, R. B., R. A. MASTER, S. S. WALLER, K. J. MOORE, AND L. E. MOSER. 1994. Big
bluestem production and forage quality responses to burning date and fertilizer in
tallgrass prairies. Journal of Production Agriculture 73:355–359.

NORTON, B. W. 1982. Differences between species in forage quality. In: J. B. Hacker
(ED.). Nutritional limits to animal production from pastures. Farnham Royal, UK:
Commonwealth Agriculture Bureau. 548 p.

[NRC] NATIONAL RESEARCH COUNCIL. 2000. Nutrient requirements of beef cattle. 7th
revised ed.: Washington, DC, USA: National Academic Press. 234 p.

OLSON, K. C., J. S. CATON, D. R. KIRBY, AND P. L. NORTON. 1994. Influence of yeast culture
supplementation and advancing season on steers grazing mixed grass prairie in
the northern Great Plains. 1. Dietary composition, intake, and in situ nutrient
disappearance. Journal of Animal Science 72:2149–2157.

ORDONEZ, A., AND H. OLFF. 2013. Do alien plant species profit more from high resource
supply than natives? A trait-based analysis. Global Ecology and Biogeography

22:648–658.
PARKER, K. G. 1957. ‘‘Water-belly’’ (utolithiasis) in range steers in relation to some

characteristics of rangeland. Journal of Range Management 10:105–111.
RAMIREZ, R. G., G. F. W. HAENLEIN, C. G. GARCIA-CASTILLO, AND M. A. NUNEZ-GONZALEZ.

2004. Protein, lignin and mineral contents and in situ dry matter digestibility of
native Mexican grasses consumed by range goats. Small Ruminant Research

52:261–269.
RAUZI, F. L., I. PAINTER, AND A. K. DOBRENZ. 1969. Mineral and protein contents of blue

grama and western wheatgrass. Journal of Range Management 22:47–49.
RUSSELL, M. L., L. T. VERMEIRE, N. A. DUFEK, AND D. J. STRONG. 2013. Fire, defoliation, and

competing species alter Aristida purpurea biomass, tiller, and axillary bud
production. Rangeland Ecology & Management 66:290–296.

SEASTEDT, T. R., J. M. BRIGGS, AND D. J. GIBSON. 1991. Controls of nitrogen limitation in
tallgrass prairie. Oecologia 87:72–79.

SEASTEDT, T. R., AND A. K. KNAPP. 1993. Consequences of nonequilibrium resource
availability across multiple time scales: the transient maxima hypothesis.
American Naturalist 141:621–633.

SHELEY, R. L., AND J. S. JACOBS. 1997. Response of spotted knapweed and grass to
picloram and fertilizer combinations. Journal of Range Management 50:263–
267.

SHEWMAKER, G. E., H. F. MAYLAND, R. C. ROSENAU, AND K. H. ASAY. 1989. Silicon in C-3
grasses effects on forage quality and sheep preference. Journal of Range

Management 42:122–127.
SMITH, G. S., A. B. NELSON, AND E. J. A. BOGGINO. 1971. Digestibility of forages in vitro as

affected by content of silica. Journal of Animal Science 33:466–471.
STRONG, D. J., L. T. VERMEIRE, AND A. C. GANGULI. 2013. Fire and nitrogen effects on

purple threeawn (Aristida purpurea) abundance in northern mixed-grass prairie
old fields. Rangeland Ecology & Management 66:553–560.

TILLEY, J. M. A., AND R. A. TERRY. 1963. A two-stage technique for the in vitro digestion
of forage crops. Journal of British Grassland Society 18:104–111.

TOMOR, B. M., AND N. OWEN-SMITH. 2002. Comparative use of grass regrowth following
burns by four ungulate species in Nylsvlei Nature Reserve, South Africa. African

Journal of Ecology 40:201–204.
TRLICA, M. J., JR, AND J. L. SCHUSTER. 1969. Effects of fire on grasses of the Texas High

Plains. Journal of Range Management 22:329–333.
[USDA, NRCS] US DEPARTMENT OF AGRICULTURE, NATURAL RESOURCES CONSERVATION SERVICE.

2010. Official soil series description. Available at: https://soilseries.sc.egov.usda.
gov/osdname_look.aspx. Accessed 30 November 2010.

VALLENTINE, J. F. 1961. Important Utah range grasses. Extension Circular 281. Logan,
UT, USA: Utah State University. 48 p.

VAN DE VIJVER, C. A. D. M., P. POOT, AND H. H. T. PRINS. 1999. Causes of increased
nutrient concentrations in post-fire regrowth in an East African savanna. Plant

and Soil 214:173–185.
VERMEIRE, L. T., J. L. CROWDER, AND D. B. WESTER. 2011. Plant community and soil

environment response to summer fire in the northern Great Plains. Rangeland

Ecology & Management 64:37–46.
VERMEIRE, L. T., R. B. MITCHELL, S. D. FUHLENDORF, AND R. L. GILLEN. 2004. Patch burning

effects on grazing distribution. Journal of Range Management 57:248–252.
WATERMAN, R. C., E. E. GRINGS, T. E. GEARY, A. J. ROBERTS, L. J. ALEXANDER, AND M. D.

MACNEIL. 2007. Influence of seasonal forage quality on glucose kinetics of young
beef cows. Journal of Animal Science 85:2582–2595.

WATERMAN, R. C., AND L. T. VERMEIRE. 2011. Grazing deferment effects on forage diet
quality and ewe performance following summer rangeland fire. Rangeland

Ecology & Management 64:18–27.
WILMAN, D. 1975. Nitrogen and Italian ryegrass. 2. Growth up to 14 weeks: nitrogen,

phosphorus and potassium content and yield. Journal of British Grassland

Society 30:243–249.
[WRCC] WESTERN REGIONAL CLIMATE CENTER. 2012. Western US climate historical

summaries. Available at: http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?mt8165.
Accessed 29 September 2012.

WRIGHT, H. A., A. W. BAILEY, AND R. P. THOMPSON. 1978. The role and use of fire in the
Great Plains: a-state-of-the-art-review. In: Proceeding of the North Dakota Wildlife
Society’s Prairie Prescribed Burning Symposium and Workshop; 25–28 April
1978; Jamestown, ND, USA. ND, USA: North Dakota Wildlife Society. p. VIII1-
VIII29.

306 Rangeland Ecology & Management


