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ABSTRACT: The objectives of this study were to 
evaluate the effects of stocking rate and advanc-
ing season on diet chemical composition, intake, 
digestibility, and ruminal fermentation in steers 
supplemented with distillers grains with solubles 
[0.3% of body weight (BW)] while grazing northern 
Great Plains rangelands. Angus cross beef steers 
(n = 188; 320 ± 30.3 kg initial BW) were used to 
establish targeted stocking rates, and 12 ruminal 
cannulated steers (272 ± 20.0 kg initial BW) were 
used for diet sampling while cograzing with the 
noncannulated animals on 12 pastures (n = 3 per 
treatment). Stocking rates were set to target 65%, 
50%, 35%, and 20% of an average annual above-
ground biomass remaining at the end of the grazing 
season (May–September). Five 10-d collection peri-
ods were conducted for May 13–22, June 10–19, 
July 8–17, August 5–14, and September 2–11. 
There was no difference in steer BWs or average 
daily gain during any of the collection periods or 
between stocking rate (P ≥ 0.10). Organic matter 
(OM), neutral detergent fiber, and acid detergent 
fiber of forage masticate samples were not affected 
(P ≥ 0.25) by stocking rate. Crude protein, and all 

N fractions of forage masticates also did not differ 
between stocking rate treatments (P ≥ 0.18). Forage 
OM intake (grams per kilogram of BW) increased 
cubically across the entire grazing season (P = 0.05). 
Organic matter digestibility decreased quadrati-
cally (P < 0.01) from May to September. Neutral 
detergent fiber digestibility showed a cubic effect 
(P  <  0.01) across the grazing season, increasing 
from May to June, then decreasing till September. 
Crude protein digestibility decreased linearly 
(P  <  0.01) as the season advanced. Ruminal am-
monia and volatile fatty acid (VFA) concentrations 
were affected by stocking rate × period interactions 
(P ≤ 0.02). Ruminal pH, ammonia, and VFA con-
centrations were not affected by the stocking rate (P 
> 0.13) but were impacted by the advancing season 
(P < 0.01). Ruminal pH increased quadratically (P 
≤ 0.01) with advancing season (6.3 to 6.6  ± 0.05 
from May to September, respectively). The results 
of this study demonstrate that intake, fermentation, 
and digestibility of northern Great Plains forages 
were influenced more by seasonal factors associated 
with forage maturity than stocking rate under the 
conditions of this study.
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INTRODUCTION

The mixed-grass prairies of  northern Great 
Plains are dominated by cool-season grasses, 
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including nonnative grasses (Toledo et  al., 
2014), often resulting in greater nutrient quality 
of  forage in the spring and fall of  the grazing 
season. Dietary chemical compositions of  grazed 
forage when coupled with forage intake and di-
gestion are important factors impacting livestock 
production in rangeland-based cattle produc-
tion systems. As forage matures, dietary crude 
protein (CP), digestibility, and intake often de-
cline, while dietary fiber usually increases (Olson 
et  al., 1994b; Johnson et  al., 1998; Cline et  al., 
2009, 2010). Furthermore, as the stocking rate 
increases, forage quantity becomes limiting, re-
sulting in decreased diet quality or nutrient in-
take (Cook et al., 1953; Pieper et al., 1959; Bryant 
et  al., 1970) often negatively impacting animal 
performance (Aiken, 2016). Modifying cattle 
stocking rates on pasture is a common manage-
ment tool used to achieve long-term goals of  op-
timizing forage use, livestock production, and 
agroecosystem sustainability (Hart et  al., 1988; 
Biondini et al., 1998; Derner et al., 2008).

Supplementing grazing livestock may im-
prove forage utilization and help in meeting live-
stock production goals (Bohnert and Stephenson, 
2016. Supplementation of  dried distillers grains 
with solubles (DDGS) to yearling beef  calves is 
one way to offset the potential decline in forage 
quality, replace portions of  forage, and improve 
average daily gain (ADG; McDonald et al., 2007) 
with no negative impacts on subsequent feedlot 
performance (Larson et al, 2019). Information re-
garding the impact of  stocking rate on forage mas-
ticate nutrient composition, intake, and digestion 
by cattle grazing mixed-grass prairie when supple-
mented with DDGS is lacking. Therefore, the ob-
jectives of  this study were to evaluate the effects of 
stocking rate and advancing season on diet chem-
ical composition, intake, digestibility, and ruminal 
fermentation in steers supplemented with DDGS 
while grazing northern Great Plains rangelands.

MATERIALS AND METHODS

This study was approved by the North Dakota 
State University Institutional Care and Use 
Committee prior to the initiation of the project 
(Project # A15071).

Study Area

The grazing trial was conducted approximately 
18 km northwest of Streeter, ND, at the Central 

Grasslands Research Extension Center located 
on the Missouri Coteau in south central North 
Dakota. The study site had been divided into 12 
pastures of approximately 12.9 ha each in 1989. 
Cattle grazed from May 15 to September 11, 2015. 
Total precipitation from May 1 to September 30, 
2015 equaled 35.8 cm, which is 7.0% (2.5 cm) more 
than the 64-yr average (North Dakota Agricultural 
Weather Network, 2015). During the month of 
May, this area received 55.5% (8.2  cm) of rain-
fall above the 64-yr average, while June received 
13.5% (1.4  cm) above the 64-yr average rainfall. 
July, August, and September received less precipi-
tation [28.0% (2.1 cm), 52.6 % (3.0 cm), and 44.4% 
(2.0 cm), respectively, of the 64-yr average rainfall 
(North Dakota Agricultural Weather Network, 
2015)]. The average temperature between May and 
September 2015 was 17.9 °C, which was 1.7° above 
the 64-yr average (North Dakota Agricultural 
Weather Network, 2015).

The botanical compositions of plant commu-
nities at the study site were reported by Patton and 
Nyren (2014a) and include the grasses Kentucky 
bluegrass (Poa pratensis L.), western wheatgrass 
(Pascopyrum smithii A.), sun sedge (Carex inops), 
green needlegrass (Nassella viridula), obtuse sedge 
(Carex obtusata Lilj.), and blue grama (Bouteloua 
gracilis). Patton and Nyren (2014a) also reported 
that the common forbs in the study area included 
heath aster (Symphyotrichum ericoides), common 
dandelion (Taraxacum officinale), and western 
yarrow (Achillea millefolium L.), while Western 
snowberry (Symphoricarpos occidentalis) was the 
only common shrub. Forage production and util-
ization were determined by clipping 0.25-m2 plots 
in a paired plot cage comparison method, which 
is further described by Patton et al. (2007). Long-
term peak biomass production has most recently 
been reported to average 4,454, 4,178, 3,792, and 
2,912 ± 273 kg/ha for light, moderate, heavy, and 
extreme stocking rate pastures, respectively, across 
both ecological sites evaluated (Patton and Nyren, 
2015). For more detail about plant community 
dynamics or forage production on these pastures, 
the reader is referred to the peer-reviewed articles 
by Biondini et al. (1998), Patton et al. (2007), and 
Limb et al. (2018).

Animals and Stocking Rate

Angus cross beef steers [n = 188; 320 ± 30.3 kg 
initial body weight (BW)] were used to establish tar-
geted grazing pressures, and 12 ruminal cannulated 
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steers (272 ± 20.0 kg initial BW) were used for diet 
sampling while cograzing with the noncannulated 
steers. A  single cannulated steer was placed into 
each of the 12 treatment pastures (n = 3 per treat-
ment). Stocking rates were set to target 65% (light, 
LT), 50% (moderate, MOD), 35% (heavy, HVY), 
and 20% (extreme, EXT) of an average annual 
above-ground biomass remaining at the end of the 
grazing season. Stocking rates were previously es-
tablished as part of a long-term grazing intensity 
study (Biondini et  al., 1998; Patton et  al., 2007; 
Patton and Nyren, 2015). Cannulated steers were 
assigned to pastures at random, each treatment 
having three pastures with an average stocking rate 
of 0.61, 0.34, 0.22, and 0.17 ha/animal unit month 
for the LT, MOD, HVY, and EXT treatments, re-
spectively. All animals were removed at the end of 
the grazing season when 6 of the 12 total pastures 
reached targeted forage utilization.

During the trial, all steers had free access 
to water and trace mineral salt blocks (95.5–
98.5% salt, 3,500  mg/kg zinc, 2,000  mg/kg iron, 
1,800  mg/kg manganese, 280–420  mg/kg copper, 
100 mg/kg iodine, and 60 mg/kg cobalt; American 
Stockman Hi-Salt with EDDI; North American 
Salt Company, Overland Park, KS). Steers were 
fed DDGS daily at sunrise at 0.3% of their BW. 
Cannulated steers were individually fed their re-
spective DDGS supplements during study periods. 
All animals were weighed on two consecutive days 
at the beginning and conclusion of the study, with 
intermediate single-day weights collected every 28 
d to determine gains as the grazing season pro-
gressed and to adjust the amount of DDGS fed. 
All steers were implanted with Revalor-G (40 mg of 
trenbolone acetate and 8 mg of estradiol; Intervet 
Inc., Millsboro, DE) 1 d before being turned out on 
pasture.

Sampling Periods

Five, 10-day collection periods were conducted 
from May 13 to 22, June 10 to 19, July 8 to 17, 
August 5 to 14, and September 2 to 11. Sampling 
periods began with the collection of diet samples 
on day 0. At sunrise, the cannulated steers were re-
strained and subjected to total ruminal evacuation. 
Ruminal digesta was physically removed from each 
cannulated steer and the rumen was then double 
rinsed with water to assure the complete removal 
of contents. Steers were then allowed to graze on 
their assigned pastures for 30–45 min. Steers were 
regathered and ruminal masticate samples were col-
lected. If  more masticates were required, grazing 

and masticate collection procedures were repeated. 
Once sampling collections were complete, original 
ruminal contents were returned to each steer. All 
masticate samples were composited within ani-
mals, placed immediately on ice, and immediately 
transported to North Dakota State University 
Department of Animal Sciences where they were 
dried to a constant weight in a forced-air oven 
(55 °C; The Grieve Corporation, Round Lake, IL) 
and ground in a Wiley Mill (Arthur H.  Thomas 
Co., Philadelphia, PA) through a 2-mm screen.

Dacron bags (Ankom, Fairport, NY; 10  × 
20 cm; 53 ± 10 μm pore size) containing approxi-
mately 5 g of dried ground masticate were placed 
in the rumen in reverse extraction order and incu-
bated ruminally for 72, 48, 36, 24, 12, 8, 4, and 0 h 
beginning at 1900 hours on day 5 of each collection 
period. All bags were heat sealed and ruminally sus-
pended in large unanchored, nylon mesh bags (38 × 
46 cm) with a nylon zipper. Blank bags were used to 
correct for the influx of dry matter (DM), neutral 
detergent fiber (NDF), and CP. Bags were removed 
on 0  h at 1900 hours of day 8 of each collection 
period. Zero-hour bags were submersed intrarumi-
nally for approximately 3  s and removed with all 
other bags at 0 h. All bags were individually rinsed 
with tap water until the rinse water was clear. Bags, 
then, were dried to a constant weight in a forced-
air oven (55  °C) for 24  h, desiccated, weighed, 
and stored.

In situ data were used to determine rates of DM, 
NDF (Mertens and Loften, 1980), and CP (Ørskov 
and McDonald, 1979; NRC, 1985; Johnson et al., 
1998) degradation. The model used for CP calcu-
lates a rapidly degraded (solubilized) fraction (frac-
tion A) and a slowly degraded fraction (fraction B). 
Rates derived from this model were calculated on 
fraction B protein, which was the slowly degraded 
fraction (NRC, 1985). Calculated rates were then 
statistically analyzed as described below.

Chromic oxide (Cr2O3) was used to estimate 
fecal output (FO). Chromic oxide (8  ± 0.02  g) 
was weighed into gelatin capsules and stored until 
intraruminally dosed on days 0–9 of each collection 
period at 0700 and 1900 hours. Rectal grab samples 
of feces were taken at 0700, 1100, 1500, and 1900 
hours on days 5–9. Fecal samples were composited 
on an equal volume basis for each animal across 
sampling time and stored frozen (−20 °C). For ana-
lysis, fecal samples were dried in a forced-air oven 
(55 °C) to a constant weight and ground in a Wiley 
Mill to pass a 2-mm screen.

Chromic oxide was used to estimate forage in-
take. Total fecal organic matter (OM) output was 
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estimated by dividing Cr2O3 concentration in feces 
by the original dose of Cr2O3. Forage FO and total 
FO were then separated by subtracting the indi-
gestible amount of DDGS from total FO. Total 
intake was determined by dividing estimated daily 
fecal OM output by in vitro OM indigestibility 
(Merchen, 1988). Total intake was then adjusted 
for DDGS intake to provide estimated forage in-
take utilizing the known quantity of DDGS intake 
and DDGS in vitro OM digestibility.

On day 6 of each collection period, each steer 
was dosed intraruminally with 200  mL of cobalt 
ethylenediamine tetraacetic acid (Co-EDTA; Uden 
et  al., 1980). Samples of whole ruminal contents 
were taken before Co-EDTA dosing at −2  h and 
before feeding DDGS at 0  h. Additional samples 
were also collected postfeeding DDGS at 4, 8, 12, 
16, and 24 h. Samples were strained through four 
layers of cheesecloth, analyzed immediately for 
pH with a combination electrode (model 2000, 
Beckman Instruments Inc., Fullerton, CA), acid-
ified with 1 mL of 7.2 N H2SO4/100 mL of ruminal 
fluid, placed immediately on ice, and later frozen at 
−20 °C for future analysis.

Laboratory Analyses

Masticate samples used for chemical compos-
ition analyses were lyophilized (Genesis 25LL, 
Virtis, Gardiner, NY). Dry matter, ash, and CP 
were determined using AOAC (2010) procedures. 
Neutral detergent fiber and acid detergent fiber 
(ADF) of diet samples were determined using 
Ankom procedures (ANKOM, Macedon, NY). 
Acid detergent insoluble N (ADIN) was calcu-
lated as N remaining in the ADF residue. Soluble 
N (SN) was extracted with 0.15 M NaCl according 
to the procedure of Waldo and Goering (1979). In 
vitro OM digestibility was determined with proced-
ures defined by Tilley and Terry (1963). Masticate 
forage and inoculum collected from each animal 
were used for in vitro determinations at a field lab 
near the study site. In situ samples were analyzed for 
DM and N (CP) using AOAC (2010) procedures. 
NDF of in situ sample residues were determined 
by Goering and Van Soest, (1970) as modified by 
Ankom Technologies.

After thawing at room temperature, ruminal 
fluid samples were centrifuged at 20,000  × g for 
10  min. Atomic absorption spectroscopy using 
an acetylene flame was used to analyze the separ-
ated liquid for Co (Hart and Polan, 1984). This 
supernatant fluid was analyzed for ammonia con-
centration by a phenol-hypochlorite colorimetric 

procedure by Broderick and Kang (1980), as well 
as volatile fatty acid (VFA; Goetsch and Galyean, 
1983) by gas chromatography (Hewlett-Packard 
5890 Series II, Hewlett-Packard Company, 
Wilmington, DE) using metaphosphoric acid solu-
tion mixed with 2-ethylbutryic acid as an internal 
standard.

Ruminal fluid passage rate was calculated by 
regressing the natural log of Co concentration in 
ruminal fluid on time after Co dosing intrarumi-
nally. The rate of passage was then determined using 
the absolute value of the slope of the line (%/h). 
Ruminal fluid volume was estimated by dividing 
the extrapolated Co concentration at time 0 by Co 
dose. Fluid flow was then calculated by multiplying 
the dilution rate and volume. Turnover time (h) was 
calculated as 1 divided by the fractional dilution 
rate. Outflow from the rumen (L/h) was determined 
by multiplying volume (L) and dilution rate (%/h).

Statistical Analyses

Chemical composition, intake, in situ diges-
tion rates, and digestibility were analyzed using a 
repeated-measures mixed-model approach in SAS 
(SAS Inst. Inc., Cary, NY). Effects for stocking 
rate, sampling period, and stocking rate × period 
interactions were included in the model. Contrasts 
were used to determine linear, quadratic, and cubic 
responses across the grazing season (sampling 
period). Intact steer performance and forage pro-
duction data were analyzed using the mixed-model 
approach with pasture serving as the experiment 
unit and stocking rate included in the model. For 
ruminal fermentation parameters, sampling time 
was included in the model. Stocking rate × sampling 
period × sampling time interactions were not ob-
served in ruminal fermentation measurements, and 
data were averaged across sampling time. P-values 
≤0.05 were considered significantly different.

RESULTS AND DISCUSSION

There were no differences in peak forage pro-
duction, peak forage remaining, estimated total 
forage production, or estimated total remaining 
forage during the 2015 growing season between 
all stocking rates (P > 0.16, data not shown). 
Previously published data from these same research 
pastures and treatments have indicated that forage 
responses to grazing were dependent on range site, 
soil type, and precipitation (Patton et  al., 2007). 
The higher than normal amount of precipitation 
(35.8 cm) during the growing season make it highly 
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possible that forage availability was not limited to 
livestock at any of the stocking rates examined in 
this year of the study. However, lower than normal 
precipitation later in the growing season may have 
contributed to decreasing forage quality. Given 
that the growth characteristics of the cool season 
dominate the plant community of the treatment 
pastures, the precipitation pattern in this growing 
season likely impacted the results of this study.

There was no difference in steer BWs or ADG 
between stocking rates or during any of the col-
lection periods (P ≥ 0.10; data not shown) during 
this grazing season. Previous years’ data from these 
same pastures and treatments have shown year to 
year variation of the impacts of stocking rate on 
livestock gains; however, long-term averages of 
ADG indicate that, as the stocking rate increased, 
livestock gains decreased (Patton and Nyren, 
2014b). Supplementing DDGS has been shown to 
improve grazing livestock ADG (MacDonald et al., 
2007; Martinez-Perez et  al., 2013; Murillo et  al., 
2016; Larson et al., 2019). This year was the first in 
which cattle, within the greater long-term grazing 
study, were supplemented with DDGS; thus, com-
parisons between the current year’s data and that 
of previous years should be done cautiously.

Diet Composition Analyses

No stocking rate × period interactions (P ≥ 
0.29; Table 1) were observed, except for in vitro OM 
digestibility (IVOMD; P  <  0.01), which are dis-
cussed later in this section. Therefore, the main ef-
fect means are reported for stocking rate treatment 
and grazing period. Organic matter, NDF, and 
ADF of forage masticate samples were not affected 
(P ≥ 0.25) by stocking rate. Crude protein, total N, 
SN, insoluble N (IN), and ADIN of forage masti-
cates also did not differ between stocking rate treat-
ments (P ≥ 0.18). Forage availability was likely not 
limited by stocking rate during the growing season 
and likely contributed to the lack of differences in 
forage masticate fiber and nitrogen fraction content 
between grazing treatments.

Neutral detergent fiber content of masticate in-
creased cubically with advancing season (P < 0.01), 
while ADF concentration of masticate increased 
(P  <  0.01) with advancing season. Early season 
increases followed by summer decreases in forage 
quality of cool-season grasses have been previously 
detailed (Lardy et  al., 2004). Pastures in the cur-
rent study were dominated by cool-season grasses; 
while rainfall early in the growing season was above 
normal, it is likely that the below-average rainfall 

and warm temperatures later in the grazing season 
increased forage masticate fiber content as a result 
of increasing plant maturity. Increasing fiber con-
tent with advancing season has also been reported 
by Olson et  al. (1994a) for south central North 
Dakota, Johnson et  al. (1998) for western North 
Dakota, and McCollum et al. (1985) for south cen-
tral New Mexico. The impacts of supplemental 
DDGS on selective grazing behaviors of steers is 
unknown in this study; however, previous research 
has demonstrated that protein supplementation did 
not change masticate chemical composition (Caton 
et al., 1988) of steers grazing dormant New Mexico 
rangelands.

Nitrogen (%  of OM) decreased cubically 
(P < 0.01) as the season advanced. Typically, forage 
masticate N concentrations decline with increasing 
forage maturity associated with advancing season. 
Such was the case in our study and the work of oth-
ers within the region (Olson, et al., 1994a; Johnson, 
et al., 1998; Cline et al., 2009). Soluble N decreased 
(P = 0.03) in a quadratic fashion, whereas IN de-
clined cubically (P < 0.01). Nitrogen, SN, and IN de-
creased with advancing grazing season (McCollum 
et al., 1985; Caton et al., 1993) in New Mexico and 
North Dakota, respectively. Cline et al. (2009) ob-
served an increase in ADIN with the advancing 
season in western North Dakota, while, in the pre-
sent study, ADIN was not impacted by advancing 
season. Forage species between these studies, as 
well as precipitation quantity and pattern, were dif-
ferent, possibly resulting in different forage growth 
patterns potentially explaining the observed differ-
ences between the two studies.

For IVOMD, there was a stocking rate × sam-
pling period (P < 0.01). In vitro OM digestibility 
decreased from May to September (P  <  0.01; 
75.9%, 62.1%, 52.8%, and 47.6% ± 3.35%, re-
spectively). However, there were no differences 
(P  =  0.82) in IVOMD due to the stocking rate. 
The interaction was largely driven by divergence in 
IVOMD of the masticate samples from LT (48.1% 
± 5.06%) and HVY (76.0% ± 5.06%) in July com-
pared to 60.5% and 63.9% ± 5.06% digestibility 
of  MOD and EXT, respectively. This decline in 
forage digestibility is representative of  advancing 
plant maturity of  cool-season grasses. Decreasing 
IVOMD of forage masticates with the advancing 
season in North Dakota has also been reported by 
(Johnson et  al., 1998; Schauer et  al., 2004; Cline 
et al., 2010). The impacts of  supplemental DDGS 
on IVOMD of forage masticates are unknown 
within the confines of the current study. The lack 
of a nonsupplemented control in the present study 
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does not allow for any direct comparisons of the 
impacts of  DDGS on IVOMD of forage masti-
cates. Supplementing DDGS to steers consuming 
moderate-quality forage improved microbial effi-
ciency (Leupp et  al., 2009). However, at the level 
of  DDGS provided in the current study, Leupp 
et al. (2009) reported nearly identical apparent and 
true ruminal digestion values compared to non-
supplemented steers. Future research focusing on 
the impacts of  DDGS supplementation on forage 
selectivity under increasing grazing pressure and 
advancing season would certainly be warranted.

Intake and FO

Forage DM intake (DMI), OM intake (OMI), 
and FO were unchanged (Table 2; P ≥ 0.31) across 
stocking rate treatment, and stocking rate × sea-
sonal period interactions (P ≥ 0.07) were observed. 
Therefore, the main effects of the period will be dis-
cussed. As detailed earlier, there were no differences 
in forage production or estimated forage remaining 
across the stocking rate in this year of the study. 
This fact coupled with the supplemental DDGS 
may explain why forage DMI, OMI, and fecal DM 
output (FO) were similar across the stocking rates 
evaluated in this study.

Forage DMI (g/kg of BW) increased from 
May to June, then remained constant from June to 
September, resulting in a quadratic increase across 
the entire grazing season (P < 0.01). Forage OMI 
(g/kg of BW) increased cubically across the entire 
grazing season (P = 0.05). Olson et al. (1994a) also 
observed an increase in OMI (g/kg BW) from late 
June to late August. Other researchers in the nor-
thern Great Plains observed that OMI (g/kg BW) 
remained constant across the season (Adams et al., 
1987; Silcox, 1991; Hirschfeld, 1992; Cline et  al., 
2010). Additionally, forage intake has also been ob-
served to decline across the season as forage matures 
(Johnson et al., 1998; Cline et al., 2009). Typically, 
intake will peak alongside the early stages of forage 
growth and will decline steadily the remainder of 
the season (Kartchner, 1980; Hirschfeld et  al., 
1996). Forage OMI intake in the current study 
are similar to other data supplementing DDGS to 
grazing cattle (McDonald et al., 2007). Total OMI 
from the current study (20.9 g/kg BW) when com-
pared with the 20.8  g/kg BW (Cline et  al., 2009) 
appear to show that OMI (g/kg BW) was similar 
assuming that the DDGS intake of 2.2 g/kg (OM 
basis; average across June–September) supplied 
in the current study replaced forage OMI on an 
equal forage:DDGS basis. While this comparison is 

highly subjective and influenced by location, time, 
and class of cattle, the relative relationship between 
the data warrants continued research.

Fecal output (g/kg of BW) increased quadrati-
cally (P = 0.03) across the grazing season. Similar 
observations were reported by other studies (Olson 
et  al., 1994a; Johnson et  al., 1998). Fecal output 
also closely reflected changes in DMI and OMI 
early in the season but continued to increase later 
in the season as forage matured. These data also 
agree with OM digestibility data presented later in 
this manuscript. The lowest FO values coincided 
with the highest IVOMD values of grazed diets. 
This pattern was also observed in other studies 
in the northern Great Plains (Olson et al., 1994a; 
Hirschfeld et al., 1996; Johnson et al., 1998) and was 
also the case in southwestern blue grama rangeland 
(McCollum and Gaylean, 1985). Increasing the 
supply of DDGS to grazing livestock did not result 
in any differences in fecal OM output (Martinez-
Perez et  al., 2013). Combined with the masticate 
nutrient content data presented earlier, these data 
appear to indicate that the advancing season re-
sulted in lower forage digestibility and, subse-
quently, greater FO as a result of increased plant 
maturity.

Digestibility

There were no stocking rates or stocking rate × 
grazing period interactions with respect to apparent 
total tract nutrient digestibility values (Table 2; P 
≥ 0.21). Therefore, grazing period main effects are 
discussed. As discussed earlier, forage availability, 
selective grazing, and DDGS supplementation 
likely impacted total tract diet digestibility between 
stocking rates. Had forage become limiting, we 
would have anticipated lower forage digestibility 
with increasing stocking rate; however, this was not 
the case in the current study.

Organic matter digestibility (%  of  DM) 
showed a quadratic decline (P  <  0.01) from 
May to September. Organic matter digestibility 
decreasing with advancing season agrees with a 
number of  studies on North Dakota rangelands 
(Olson et al., 1994b; Johnson et al., 1998; Cline 
et  al., 2009, 2010). Organic matter digestibility 
data were initially lower in the present study than 
that observed in other portions of  North Dakota 
(Caton et al., 1993; Johnson et al., 1998). As the 
grazing season progressed, our data and that of 
Caton et al. (1993) became more closely related, 
while OM digestibility values reported by Johnson 
et al. (1998) remained higher than those observed 
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in the current study. It is likely that plant com-
position and the presence of  warm season and 
cool-season grasses resulted in the greater values 
reported by Johnson et al. (1998) when compared 
to the current study. Organic matter digestibility 
values of  the present study were also higher 
than those observed in steers supplemented with 
DDGS in New Mexico (Martinez-Perez et  al., 
2013; however, geographic location, plant spe-
cies, and precipitation need to be considered in 
this comparison. The addition of  DDGS has 
been shown to improve OM digestibility of  lower 
quality forages. Leupp et al. (2009) showed a 3% 
improvement in total tract diet OM digestibility 
with a supplementation of  0.3% DDGS to steers 
fed bromegrass hay. The hay provided by Leupp 
et al. (2009) was similar in nutrient content to the 
lowest quality forage (September) in the current 
study. However, DDGS supplementation (0–0.6% 
BW) had a less pronounced effect in grazing steers 
(Martinez-Perez et al., 2013).

Neutral detergent fiber digestibility (% of OM) 
showed a cubic effect (P < 0.01) across the grazing 
season, increasing from May to June, then decreas-
ing till September. This was also the case for ADF 
digestibility (% of OM). Neutral detergent fiber di-
gestibility and ADF digestibility in May was 49.3% 
and 44.9 % OM, respectively. This increase and then 
decrease may have been due to precipitation late 
in the season, extending range plant growth and 
increasing forage digestibility. The greatest digest-
ibility values for NDF and ADF were observed in 
June, with 63.2% and 57.5%, respectively. Other re-
searchers working with smooth brome pasture also 
observed the greatest total tract fiber digestibility 
in June (Caton et al., 1993). Data from Caton et al. 
(1993) also showed a decrease from June to July 
while remaining fairly constant through August. 
Supplementation of DDGS has been shown to 
improve NDF digestibility (Leupp et  al., 2009; 
Martinez-Perez et al., 2013). Data from the current 
study indicated that NDF digestibility decreased 
with advancing season regardless of the fact that 
DDGS was supplemented. This may indicate that 
DDGS supplied was not sufficient to improve fiber 
digestibility with declining forage quality as the 
season advanced.

Crude protein digestibility (%  of OM) de-
creased linearly (P < 0.01) as the season advanced. 
The highest values of CP digestibility were observed 
in May (75.2 % of OM) with the lowest values of 
CP digestibility at the end of the grazing season in 
September (45.2 % of OM). Johnson et al. (1998) 
also reported a similar decline in CP digestibility 

across the season, and Caton et al. (1993) observed 
a decline in total tract N digestibility throughout 
the grazing season. Other researchers have sug-
gested that the decline in CP digestibility resulted 
from increases in ADIN as forages mature (Caton 
et  al., 1993; Johnson et  al., 1998). However, our 
data do not support this conclusion, but the de-
cline in digestible CP may have been due to declines 
in SN across the grazing season, in turn, reducing 
available CP.

Ruminal Fill and Fluid Kinetics

Ruminal fill was not impacted by stocking rate 
(Table 3; P = 0.53); however, ruminal DM fill (g/
kg of BW) increased linearly (P < 0.01) from May 
to September (11.3 to 21.8 ± 1.13 g/kg of BW, re-
spectively). Other studies have reported similar 
increases in ruminal fill with advancing forage ma-
turity (McCollum and Galyean, 1985; Johnson 
et al., 1998).

Fluid dilution rate (FDR) was affected by 
stocking rate × grazing period interaction (P < 0.01). 
Fluid dilution rate (%/h) changed in a cubic fashion 
(P = 0.03) with advancing forage maturity but was 
unaltered by the stocking rate (P  =  0.47). These 
data do not support previous research in south cen-
tral North Dakota (Olson et al., 1994b) and other 
studies in New Mexico (McCollum et  al., 1985; 
Funk et al., 1987). Increasing rates of supplemental 
DDGS has been shown to improve FDR in steers 
fed moderate-quality forage (Leupp et  al., 2009) 
and may explain discrepancies between the current 
and previous studies.

In Situ Disappearance

No stocking rate × advancing season inter-
actions were present for in situ disappearance data 
(Table 3; P ≥ 0.13). Rate of DM disappearance was 
not affected (P ≥ 0.50) by stocking rate but decreased 
quadratically (P  =  0.05) with advancing season 
(11.7%, 9.7%, 9.1%, 7.1%, and 8.5% ± 0.75%/h for 
May, June, July, August, and September, respect-
ively). The rate of masticate NDF disappearance 
was not affected by stocking rate or advancing 
season (P ≥ 0.18) and averaged 4.6% ± 0.34%/h. 
The rate of masticate CP disappearance was not 
affected by stocking rate or advancing season (P 
≥ 0.17) and averaged 5.4% ± 0.53%/h across both 
stocking rate and advancing season.

Contrary to the current study, the rate of 
NDF disappearance decreased with the advanc-
ing season (Johnson et  al., 1998) or increased 
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with the advancing season (Olson et  al., 1994a). 
Furthermore, the rate of CP disappearance also in-
creased with advancing season (Olson et al., 1994a) 
and in the early portion but not the latter por-
tion of the grazing season (Johnson et  al., 1998). 
It is possible that the DDGS provided in the cur-
rent study may have influenced our results. Dried 
distillers grains with solubles have been shown to 
improve the rate of DM disappearance of moder-
ate-quality forages but not NDF or ADF rate of 
disappearance (Leupp et  al., 2009). However, the 
rate of DDGS supplementation (0.9% of BW) pro-
vided by Leupp et al. (2009) was threefold greater 
than that of the current study.

Fermentation

Ruminal ammonia, total VFA, acetate:propi-
onate, acetate, propionate, and butyrate were af-
fected by stocking rate × period interactions (P ≤ 
0.02; Table  4). Ruminal pH, ammonia, and VFA 
concentrations were not affected by the stocking 
rate (P > 0.13) but were impacted by the advancing 
season (P < 0.01).

Ruminal pH increased quadratically (P ≤ 0.01) 
with advancing season (6.3 to 6.6 ± 0.05 from May 
to September, respectively). These data coincide 
with other research with cool-season pasture in 
North Dakota (Caton et al., 1993) and research on 
tall fescue rangeland in Nevada (McCracken et al., 
1993). Ruminal ammonia and total VFA increased 
(quadratic P < 0.01; and cubic P < 0.01, respect-
ively) with advancing season consistently across 
stocking rate and ranged from 4.8 to 7.1 ± 0.31 mM 
and 145.3 to 176.8 ± 4.48 mM, respectively. Ruminal 
ammonia concentrations in our study were greater 
than the suggested 5 mg/dL (Satter and Slyter, 1974) 
and 1–2 mg/dL (Petersen, 1987) concentrations for 
optimal microbial growth and fiber digestion (8.2, 
11.4, 12.1, 10.8, and 8.3 mg/dL for May, June, July, 
August, and September, respectively). Similar ob-
servations were noted in Caton et al. (1993) where 
increases across season were reported in ammonia 
and total VFA. However, McCracken et al. (1993) 
and Park et al. (1994) both reported ruminal am-
monia decreased across the season. However, these 
studies occurred in locations with vastly different 
climatic conditions, which likely impact these 
results.

Acetate proportions increased cubically 
(P  <  0.01) as season progressed, while propi-
onate proportions decreased cubically (P  <  0.01) 
across season. As a result of the increasing acetate 
and decreasing propionate proportions, the ratio T
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between the two increased quadratically (P < 0.01) 
with advancing season and ranged from 2.3 to 2.9 
from May to September, respectively. McCracken 
et al. (1993) observed no change in total VFA, while 
other studies have reported a decrease in total VFA 
values (McCollum et al., 1985; Adams et al., 1987; 
Park et al., 1994). Other studies observed increased 
acetate proportions at the beginning of the season 
but decreased as the season progressed, resulting in 
an overall decrease in acetate from the beginning to 
the end of the grazing season (Caton et  al., 1993; 
McCracken et  al., 1993). Caton et  al. (1993) and 
McCracken et al. (1993) both observed increases in 
propionate proportions as forage matured. However, 
in the case of Caton et al. (1993), mid-season propi-
onate values were at their greatest, while McCracken 
et  al. (1993) reported that mid-season propionate 
quantities were at their lowest. In the present study, 
our greatest concentrations of propionate were ob-
served in May (18.2/100 mol), while our lowest con-
centrations were observed in July (14.9/100  mol). 
McCracken et al.’s (1993) acetate:propionate propor-
tions decreased across the season but reported the 
highest ratio mid-season. Butyrate proportions de-
creased cubically (P < 0.01) with advancing season 
across the stocking rate. Other studies observed no 
change in butyrate proportions with the advancing 
season (Caton et al., 1993; McCracken et al., 1993; 
Park et  al., 1994). The impacts of DDGS to these 
findings in the current study likely compound effects 
observed in direct comparison; however, with the 
positive response seen in our study, perhaps DDGS 
provide additional benefits to the ruminant animal 
through greater energy via VFAs.

In conclusion, the results of  this study dem-
onstrate that forage intake, fermentation, and di-
gestibility in beef  cattle grazing in the northern 
Great Plains and supplemented with DDGS were 
influenced more by seasonal factors than stocking 
rate. The results of  this study further demonstrate 
that forages grazed by beef  cattle in northern 
Great Plains rangelands increase in fiber and de-
crease in N as the season advances. The stocking 
rates evaluated had little impact on grazed forage 
nutrient composition and intake of  steers sup-
plemented with DDGS grazing northern Great 
Plains rangelands when forage availability was 
not limited. It is further possible that supple-
mental protein and energy provided by DDGS 
may have mitigated the impact of  stocking rate 
through forage substitution or improved forage 
digestibility if  forage had become limiting. 
However, further research would be required to 
fully evaluate this response.T

ab
le

 4
. E

ff
ec

ts
 o

f 
st

oc
ki

ng
 r

at
e 

an
d 

ad
va

nc
in

g 
se

as
on

 o
n 

ru
m

in
al

 p
H

, a
m

m
on

ia
, a

nd
 V

FA
 c

on
ce

nt
ra

ti
on

s 
in

 s
te

er
s 

gr
az

in
g 

m
ix

ed
-g

ra
ss

 p
ra

ir
ie

T
re

at
m

en
ta

 
P

er
io

db
P

-v
al

ue
c

C
on

tr
as

ts
d

It
em

LT
M

O
D

H
V

Y
E

X
T

SE
M

e
M

A
Y

JU
N

JU
L

A
U

G
SE

P
SE

M
f

T
re

at
m

en
t

P
er

io
d

Tr
ea

tm
en

t 
×

 P
er

io
d

L
Q

C

pH
6.

5
6.

5
6.

5
6.

5
0.

07
6.

3
6.

5
6.

5
6.

6
6.

6
0.

05
0.

99
<

0.
01

0.
18

<
0.

01
<

0.
01

0.
79

A
m

m
on

ia
, m

M
5.

8
5.

7
5.

3
7.

1
0.

5
4.

8
6.

7
7.

1
6.

4
4.

9
0.

31
0.

13
<

0.
01

0.
01

0.
94

<
0.

01
0.

28

To
ta

l V
FA

, m
M

16
2.

1
15

9.
4

15
7.

7
16

2.
2

7.
26

16
3.

2
16

4.
4

14
5.

3
15

2.
1

17
6.

8
4.

48
0.

96
<

0.
01

0.
02

0.
12

<
0.

01
<

0.
01

A
ce

ta
te

:p
ro

pi
on

at
e

2.
7

2.
7

2.
7

2.
7

0.
05

2.
3

2.
7

2.
9

2.
9

2.
9

0.
03

0.
98

<
0.

01
<

0.
01

<
0.

01
<

0.
01

0.
85

 
m

ol
/1

00
 m

ol
 

 
 

 
 

 

A
ce

ta
te

44
.4

44
.7

44
.9

43
.6

0.
52

42
.2

42
.9

42
.8

47
.3

46
.8

0.
42

0.
38

<
0.

01
<

0.
01

<
0.

01
0.

10
<

0.
01

P
ro

pi
on

at
e

16
.4

16
.5

16
.6

16
.2

0.
62

18
.2

16
.1

14
.9

16
.3

16
.5

0.
17

0.
72

<
0.

01
0.

01
<

0.
01

<
0.

01
<

0.
01

B
ut

yr
at

e
17

.9
17

.5
17

.6
18

.2
0.

61
19

.9
18

.5
18

.1
18

.5
17

.0
0.

39
0.

86
<

0.
01

<
0.

01
<

0.
01

<
0.

01
<

0.
01

a S
to

ck
in

g 
ra

te
 t

re
at

m
en

ts
 w

er
e 

LT
 =

 li
gh

t,
 M

O
D

 =
 m

od
er

at
e,

 H
V

Y
 =

 h
ea

vy
, a

nd
 E

X
T

 =
 e

xt
re

m
e.

b G
ra

zi
ng

 p
er

io
d 

co
lle

ct
io

ns
 w

er
e 

M
A

Y
 =

 M
ay

 1
1–

22
, J

U
N

 =
 J

un
e 

10
–1

9,
 J

U
L

 =
 J

ul
y 

8–
17

, A
U

G
 =

 A
ug

us
t 

5–
14

, a
nd

 S
E

P
 =

 S
ep

te
m

be
r 

2–
11

.
c O

bs
er

ve
d 

si
gn

ifi
ca

nc
e 

le
ve

l o
f 

th
e 

F
-t

es
t 

fo
r 

tr
ea

tm
en

t 
ef

fe
ct

s 
of

 it
em

s 
co

ns
id

er
ed

 s
ig

ni
fic

an
t,

 P
 <

 0
.0

5.
d C

on
tr

as
ts

 fo
r 

pe
ri

od
 m

ai
n 

ef
fe

ct
s;

 L
 =

 li
ne

ar
, Q

 =
 q

ua
dr

at
ic

, a
nd

 C
 =

 c
ub

ic
.

e M
os

t 
co

ns
er

va
ti

ve
 S

E
M

 v
al

ue
s 

w
er

e 
us

ed
, n

 =
 1

05
.

f M
os

t 
co

ns
er

va
ti

ve
 S

E
M

 v
al

ue
s 

w
er

e 
us

ed
, n

 =
 8

4.



12 Chilcoat et al.

Translate basic science to industry innovation

LITERATURE CITED

Adams, D. C., R. C. Cochran, and P. O. Currie. 1987. Forage 
maturity effects on rumen fermentation, fluid flow, and 
intake in grazing steers. J. Range Manage. 40:404–408. 
doi:10.2307/3899597.

Aiken,  G.  E. 2016. Invited review: grazing management op-
tions in meeting objectives of grazing experiments. Prof. 
Anim. Sci. 32:1–9. doi:10.15232/pas.2015-01406.

AOAC. 2010. Official methods of analysis. 18th ed. Assoc. Off. 
Anal. Chem., Arlington, VA.

Biondini,  M.  E., B.  D.  Patton, and P.  E.  Nyren. 1998. 
Grazing intensity and ecosystem processes in a nor-
thern mixed-grass prairie, USA. Ecol. Appl. 8:469–479. 
doi:10.1890/1051-0761(1998)008[0469:GIAEPI]2.0.CO;2.

Bohnert, D. W., and M. B. Stephenson. 2016. Supplementation 
and sustainable grazing systems. J. Anim. Sci. 94(S6):15–
25. doi:10.2527/jas2016-0520.

Broderick, G. A., and J. H. Kang. 1980. Automated simultan-
eous determination of ammonia and total amino acids in 
ruminal fluid and in vitro media. J. Dairy Sci. 63:64–75. 
doi:10.3168/jds.S0022-0302(80)82888-8.

Bryant, T. T., R. E. Blaser, R. L. Hammes, and J. P. Fontenot. 
1970. Symposium on pasture methods for maximum pro-
duction in beef cattle: Effect of grazing management 
on animal and area output. J. Anim. Sci. 30:153–158. 
doi:10.2527/jas1970.301153x.

Caton,  J. S., D. O. Erickson, D. A. Carey, and D. L. Ulmer. 
1993. Influence of Aspergillus oryzae fermentation extract 
on forage intake, site of digestion, in situ degradability, 
and duodenal amino acid flow in steers grazing cool-sea-
son pasture. J. Anim. Sci. 71:779–787. doi:10.2527/1993.
713779x.

Caton, J. S., A. S. Freeman, and M. L. Galyean. 1988. Influence 
of protein supplementation on forage intake, in situ forage 
disappearance, ruminal fermentation and digesta passage 
rates in steers grazing dormant blue gramma rangeland. J. 
Anim. Sci. 66:2262–2271. doi:10.2527/jas1988.6692262x.

Cline, H. J., B. W. Neville, G. P. Lardy, and J. S. Caton. 2009. 
Influence of advancing season on dietary composition, 
intake, site of digestion, and microbial efficiency in beef 
steers grazing season-long or twice-over rotation native 
range pastures in western North Dakota. J. Anim. Sci. 
88:2812–2824. doi:10.2527/jas.2007-0833.

Cline, H. J., B. W. Neville, G. P. Lardy, and J. S. Caton. 2010. 
Influence of advancing season on dietary composition, 
intake, site of digestion, and microbial efficiency in beef 
steers grazing season-long or twice-over rotation native 
range pastures in western North Dakota. J. Anim. Sci. 
88:2812–2824. doi:10.2527/jas.2009-2658.

Cook, C. W., L. A. Stoddart, and L. E. Harris. 1953. Effects of 
grazing intensity upon the nutritive value of range forage. 
J. Range Manage. 6:51–54. doi:10.2307/3894188.

Derner, J. D., R. H. Hart, M. A. Smith, and J. W. Waggoner Jr. 
2008. Long-term cattle gain responses to stocking rate and 
grazing systems in northern mixed-grass prairie. Livestock 
Sci. 117:60–69. doi:10.2527/jas.2007-0833.

Funk, M. A., M. L. Galyean, M. E. Branine, and L. J. Krysl. 
1987. Steers grazing blue grama rangeland throughout the 
growing season. I.  Dietary composition, intake, digesta 
kinetics and ruminal fermentation. J. Anim. Sci. 65:1342–
1353. doi:10.2527/jas1987.6551342x.

Goering, H. K., and P. J. Van Soest. 1970. Forage fiber ana-
lysis. Agriculture Handbook Number 379. Agricultural 
Research Service, U.S. Department of Agriculture, 
Denver, CO.

Goetsch, A. L., and M. L. Galyean. 1983. Influence of feeding 
frequency on passage of fluid and particulate markers in 
steers fed a concentrate diet. Can. J. Anim. Sci. 63:727–
730. doi:10.4141/cjas83-084.

Hart, S. P., and C. E. Polan. 1984. Simultaneous extraction and 
determination of ytterbium and cobalt ethylenediamine-
tetra-acetate complex in feces. J. Dairy Sci. 67:888–892. 
doi:10.3168/jds.S0022-0302(84)81383-1.

Hart, R. H., M. J. Samuel, P. S. Test, and M. A. Smith. 1988. 
Cattle, vegetation, and economic responses to grazing sys-
tems and grazing pressure. J. Range Manage. 41:282–286. 
doi:10.2307/3899379.

Hirschfeld, D. J. 1992. Influence of season long and short-du-
ration grazing management on intake, composition, and 
in situ degradability of cattle diets in the northern Great 
Plains (M. S. thesis). North Dakota State Univ., Fargo, ND.

Hirschfeld. D.  J., D.  R.  Kirby, J.  S.  Caton, S.  S.  Silcox, and 
K. C. Olson. 1996. Influence of grazing management on 
intake and composition of cattle diets. J. Range Mange. 
49:257–263. doi:10.2307/4002888.

Johnson,  J.  A., J.  S.  Caton, W.  Poland, D.  R.  Kirby, and 
D.  V.  Dhuyvetter. 1998. Influence of season on dietary 
composition, intake, and digestion by beef steers grazing 
mixed-grass prairie in the northern Great Plains. J. Anim. 
Sci. 76:1682–1690. doi:10.2527/1998.7661682x.

Kartchner,  R.  J. 1980. Effects of protein and energy supple-
mentation of cows grazing native winter range forage 
on intake and digestibility. J. Anim. Sci. 51:432–438. 
doi:10.2527/jas1980.512432x.

Lardy,  G.  P., D.  C.  Adams, T.  J.  Klopfenstein, and 
H.  H.  Patterson. 2004. Building beef cow nutri-
tional programs with the 1996 NRC beef cattle re-
quirements model. J. Anim. Sci. 82(E. Suppl.):83–92. 
doi:10.2527/2004.8213_supplE83x.

Larson, Q. P., R. J. Maddock, and B. W. Neville. 2019. Effects 
of distillers dried grains with solubles supplementation on 
yearling heifers grazing Northern Great Plains rangeland: 
impacts on subsequent feedlot performance and meat 
quality. Transl. Anim. Sci. 3:1153–1161. doi:10.1093/tas/
txz118.

Leupp,  J. L., G. P. Lardy, K. K. Karges, M. L. Gibson, and 
J.  S.  Caton. 2009. Effects of increasing levels of corn 
distillers dried grains with solubles to steers offered 
moderate-quality forage. J. Anim. Sci. 87:4064–4072. 
doi:10.2527/jas.2008-1711.

Limb, R. F., T. J. Hovick, J. E. Norland, and J. M. Volk. 2018. 
Grassland plant community spatial patterns driven by 
herbivory intensity. Agric. Ecosyst. Environ. 257:113–119. 
doi:10.1016/j.agee.2018.01.030.

MacDonald,  J.  C., T.  J.  Klopfenstein, G.  E.  Erickson, and 
W. A. Griffin. 2007. Effects of dried distillers grains and 
equivalent undegradable intake protein or ether extract 
on performance and forage intake of heifers grazing 
smooth bromegrass pastures. J. Anim. Sci. 85:2614–2624. 
doi:10.2527/jas.2006-560.

Martínez-Pérez,  M.  F., D.  Calderón-Mendoza, A.  Islas, 
A. M. Encinias, F. Loya-Olguín, and S. A. Soto-Navarro. 
2013. Effect of corn dry distiller grains plus solubles 

https://doi.org/10.2307/3899597
https://doi.org/10.15232/pas.2015-01406
https://doi.org/10.1890/1051-0761(1998)008[0469:GIAEPI]2.0.CO;2
https://doi.org/10.2527/jas2016-0520
https://doi.org/10.3168/jds.S0022-0302(80)82888-8
https://doi.org/10.2527/jas1970.301153x
https://doi.org/10.2527/1993.713779x
https://doi.org/10.2527/1993.713779x
https://doi.org/10.2527/jas1988.6692262x
https://doi.org/10.2527/jas.2007-0833
https://doi.org/10.2527/jas.2009-2658
https://doi.org/10.2307/3894188
https://doi.org/10.2527/jas.2007-0833
https://doi.org/10.2527/jas1987.6551342x
https://doi.org/10.4141/cjas83-084
https://doi.org/10.3168/jds.S0022-0302(84)81383-1
https://doi.org/10.2307/3899379
https://doi.org/10.2307/4002888
https://doi.org/10.2527/1998.7661682x
https://doi.org/10.2527/jas1980.512432x
https://doi.org/10.2527/2004.8213_supplE83x
https://doi.org/10.1093/tas/txz118
https://doi.org/10.1093/tas/txz118
https://doi.org/10.2527/jas.2008-1711
https://doi.org/10.1016/j.agee.2018.01.030
https://doi.org/10.2527/jas.2006-560


13Forage digestibility and advancing season

Translate basic science to industry innovation

supplementation level on performance and digestion char-
acteristics of steers grazing native range during forage 
growing season. J. Anim. Sci. 91:1350–1361. doi:10.2527/
jas.2012-5251.

McCollum, F. T., and M. L. Galyean. 1985. Cattle grazing blue 
grama rangeland II. Seasonal forage intake and digesta kin-
etics. J. Range Manage. 38:543–546. doi:10.2307/3899749.

McCollum, F. T., M. L. Galyean, L. J. Kyrsl, and J. D. Wallace. 
1985. Cattle grazing blue grama rangeland I.  Seasonal 
diets and rumen fermentation. J. Range Manage. 38:539–
543. doi:10.2307/3899748.

McCracken, B. A., L. J. Krysl, K. K. Park, D. W. Holcombe, 
and M.  B.  Judkins. 1993. Steers grazing endophyte-free 
tall fescue: seasonal changes in nutrient quality, forage 
intake, digesta kinetics, ruminal fermentation, and serum 
hormones and metabolites. J. Anim. Sci. 71:1588–1595. 
doi:10.2527/1993.7161588x.

Merchen, N. R. 1988. Ruminal fermentation. In: D. C. Church, 
editor, The ruminant animal: digestive physiology and nu-
trition. Prentice Hall, Englewood Cliffs, NJ. p. 172–201.

Mertens, D. R., and J. R. Loften. 1980. The effect of starch 
on forage fiber digestion kinetics in vitro. J. Dairy Sci. 
63:1437–1446. doi:10.3168/jds.S0022-0302(80)83101-8.

Murillo, M., E. Herrera, O. Ruiz, O. Reyes, F. O. Carrete, and 
H.  Gutierrez. 2016. Effects of supplemental corn dried 
distillers grains with solubles fed to beef steers grazing na-
tive rangelands during the forage dormant season. Asian-
Australas. J. Anim. Sci. 29:666–673. doi:10.5713/ajas.15.0435.

North Dakota Agricultural Weather Network. 2015. Streeter, 
North Dakota. NDAWN Center, Fargo, ND.

NRC. 1985. Ruminant nitrogen usage. National Academy 
Press, Washington, DC.

Olson, K. C., J. S. Caton, D. R. Kirby, and P. L. Norton. 1994a. 
Influence of yeast culture supplementation and advancing 
season on steers grazing mixed-grass prairie in the nor-
thern Great Plains: I. Dietary composition, intake, and in 
situ nutrient disappearance. J. Anim. Sci. 72:2149–2157. 
doi:10.2527/1994.7282149x.

Olson, K. C., J. S. Caton, D. R. Kirby, and P. L. Norton. 1994b. 
Influence of yeast culture supplementation and advanc-
ing season on steers grazing mixed-grass prairie in the 
northern Great Plains: II. Ruminal fermentation, site of 
digestion, and microbial efficiency. J. Anim. Sci. 72:2158–
2170. doi:10.2527/1994.7282158x.

Ørskov, E. R., and I. McDonald. 1979. The estimation of pro-
tein degradability in the rumen from incubation measure-
ments weighted according to rate of passage. J. Agric. Sci. 
92:499–503. doi:10.1017/S0021859600063048.

Park, K. K., L. J. Krysl, B. A. McCracken, M. B. Judkins, and 
D. W. Holcombe. 1994. Steers grazing intermediate wheat-
grass at various stages of maturity: effects on nutrient 
quality, forage intake, digesta kinetics, ruminal fermenta-
tion, and serum hormones and metabolites. J. Anim. Sci. 
72:478–486. doi:10.2527/1994.722478x.

Patton,  B.  D., X.  Dong, P.  E.  Nyren, and A.  Nyren. 2007. 
Effects of grazing intensity, precipitation, and tempera-
ture on forage production. Rangeland Ecol. Manag. 
60:656–665. doi:10.2111/07-008R2.1.

Patton,  B.  D., and A.  Nyren. 2014a. Long-term grazing in-
tensity research in the Missouri Coteau region of North 
Dakota: effects on plant production and composition. 
North Dakota State University, Central Grasslands 
Research Extension Center Annual Report. Available 
from https://www.ag.ndsu.edu/CentralGrasslandsREC/
cgrec-annual-reports-1/2014-annual-report/grazing-inten-
sity-plant-2104 [accessed August 20, 2020].

Patton, B., and A. Nyren. 2014b. Long-term grazing intensity 
research in the Missouri Coteau region of North Dakota: 
livestock responses and economics. North Dakota State 
University, Central Grasslands Research Extension Center 
Annual Report. Available from https://www.ag.ndsu.edu/
CentralGrasslandsREC/cgrec-annual-reports-1/2014-an-
nual-report/grazing-intensity-livestock-2014 [accessed 
August 20, 2020].

Patton,  B., and A.  Nyren. 2015. Long-term grazing intensity 
research in the Missouri Coteau region of North Dakota: 
effects on plant production and composition—final report. 
North Dakota State University, Central Grasslands Research 
Extension Center Annual Report. Available from https://
www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annu-
al-reports-1/2015-annual-report/long-term-grazing-intensi-
ty-plants [accessed August 20, 2020].

Peterson,  M.  K. 1987. Nitrogen supplementation of grazing 
livestock. In: Proc. 1st Grazing Livest. Nutr. Conf., 
Jackson, WY. p. 115–121.

Pieper, R. D., C. W. Cook, and L. E. Harris. 1959. Effect of 
intensity of grazing upon nutrient content of the diet. J. 
Anim. Sci. 18:1031–1037. doi:10.2527/jas1959.1831031x.

Satter, L. D., and L. L. Slyter. 1974. Effect of ammonia con-
centration of rumen microbial protein production in vitro. 
Br. J. Nutr. 32:199–208. doi:10.1079/bjn19740073.

Schauer, C. S., G. P. Lardy, W. D. Slanger, M. L. Bauer, and 
K.  K.  Sedivec. 2004. Self-limiting supplements fed to 
cattle grazing native mixed-grass prairie in the northern 
Great Plains. J. Anim. Sci. 82:298–306. doi:10.2527/2004
.821298x.

Silcox,  S.  C. 1991. Cattle diets in the northern Great Plains: 
seasonal influences on composition, intake, and in situ 
degradability (M.S.  thesis). North Dakota State Univ., 
Fargo, ND.

Tilley, A. M. J., and R. A. Terry. 1963. A two-stage technique 
for the in vitro digestibility of forage crops. Grass Forage 
Sci. 18:104. doi:10.1111/j.1365–2494.1963.tb00335.x.

Toledo,  D., M.  Sanderson, K.  Spaeth, J.  Hendrickson, and 
J. Printz. 2014. Extent of Kentucky bluegrass and its ef-
fects on native plant species diversity and ecosystem ser-
vices in the northern Great Plains of the United States. 
Invasive Plant Sci. Manag. 7:543–552. doi:10.1614/
IPSM-D-14-00029.1.

Udén, P., P. E. Colucci, and P. J. Van Soest. 1980. Investigation 
of chromium, cerium and cobalt as markers in digesta. 
Rate of passage studies. J. Sci. Food Agric. 31:625–632. 
doi:10.1002/jsfa.2740310702.

Waldo, D. R., and H. K. Goering. 1979. Insolubility of pro-
teins in ruminant feeds by four methods. J. Anim. Sci. 
49:1560–1568. doi:10.2527/jas1979.4961560x.

https://doi.org/10.2527/jas.2012-5251
https://doi.org/10.2527/jas.2012-5251
https://doi.org/10.2307/3899749
https://doi.org/10.2307/3899748
https://doi.org/10.2527/1993.7161588x
https://doi.org/10.3168/jds.S0022-0302(80)83101-8
https://doi.org/10.5713/ajas.15.0435
https://doi.org/10.2527/1994.7282149x
https://doi.org/10.2527/1994.7282158x
https://doi.org/10.1017/S0021859600063048
https://doi.org/10.2527/1994.722478x
https://doi.org/10.2111/07-008R2.1
https://www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annual-reports-1/2014-annual-report/grazing-intensity-plant-2104
https://www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annual-reports-1/2014-annual-report/grazing-intensity-plant-2104
https://www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annual-reports-1/2014-annual-report/grazing-intensity-plant-2104
https://www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annual-reports-1/2014-annual-report/grazing-intensity-livestock-2014
https://www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annual-reports-1/2014-annual-report/grazing-intensity-livestock-2014
https://www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annual-reports-1/2014-annual-report/grazing-intensity-livestock-2014
https://www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annual-reports-1/2015-annual-report/long-term-grazing-intensity-plants
https://www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annual-reports-1/2015-annual-report/long-term-grazing-intensity-plants
https://www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annual-reports-1/2015-annual-report/long-term-grazing-intensity-plants
https://www.ag.ndsu.edu/CentralGrasslandsREC/cgrec-annual-reports-1/2015-annual-report/long-term-grazing-intensity-plants
https://doi.org/10.2527/jas1959.1831031x
https://doi.org/10.1079/bjn19740073
https://doi.org/10.2527/2004.821298x
https://doi.org/10.2527/2004.821298x
https://doi.org/10.1111/j.1365–2494.1963.tb00335.x
https://doi.org/10.1614/IPSM-D-14-00029.1
https://doi.org/10.1614/IPSM-D-14-00029.1
https://doi.org/10.1002/jsfa.2740310702
https://doi.org/10.2527/jas1979.4961560x

