1018
Journal of Animal Science, 2021, Vol. 99, No. 6, 1-12

doi:10.1093/jas/skab112

Advance Access publication April 13, 2021
Received: 20 January 2021 and Accepted: 8 April 2021
AMERICAN SOCIETY OF ANIMAL SCIENCE Forage Based Livestock Systems

FORAGE BASED LIVESTOCK SYSTEMS

Influence of amount and frequency of protein
supplementation to steers consuming low-quality,
cool-season forage: intake, nutrient digestibility, and

ruminal fermentation

Bruno I. Cappellozza,’ David W. Bohnert,"* Maria M. Reis,t
Kendall C. Swanson,* Stephanie J. Falck,! and Reinaldo F. Cooke?®

tEastern Oregon Agricultural Research Center, Oregon State University, Burns, OR 97720, USA, *North Dakota State
University, Department of Animal Sciences, Fargo, ND 58108, USA, lEastern Oregon Agricultural Research Center, USDA-ARS,
Burns, OR 97720, USA, *Department of Animal Science, Texas A&M University, College Station, TX 77845, USA

Corresponding author: dave.bohnert@oregonstate.edu

ORCiD numbers: 0000-0002-5694-4778 (K. C. Swanson); 0000-0002-7497-3601 (R. F. Cooke).

Abstract

This experiment evaluated the influence of protein supplementation frequency (SF) and amount offered on intake, nutrient
digestibility, and ruminal fermentation by rumen-fistulated beef steers consuming low-quality [2.9% crude protein (CP);

dry matter (DM) basis], cool-season forage. Seven Angus x Hereford steers (300 + 27 kg) fitted with ruminal cannulas were
randomly assigned to 1 of 7 treatments in an incomplete 7 x 4 Latin square. Treatments, in a 2 x 3 factorial design plus a
non-supplemented control (CON), consisted of 2 levels of supplemental soybean meal, 100% (F) or 50% (H) of the estimated
rumen-degradable protein requirement, provided daily (D), once every 5 d (5D), or once every 10 d (10D). Experimental
periods were 30 d and dry matter intake (DMI) was measured from days 19 to 28. On days 21 (all supplements provided)
and 30 (only daily supplements provided; day immediately prior to supplementation for 5D and 10D treatments) ruminal
fluid was collected for ruminal pH, ammonia-N (NH,), volatile fatty acids (VFA), and determination of ruminal fermentation
variables. Forage and total DM, organic matter (OM), and nitrogen (N) intake increased with supplementation (P < 0.04).
However, a linear effect of SF x amount of supplement interaction was observed for forage and total DM, OM, and N intake
(P < 0.04), with each variable decreasing as SF decreased, but the decrease being greater with F vs. H. Apparent total tract
DM, OM, and neutral detergent fiber digestibility was not affected by supplementation or amount of supplement provided
(P 2 0.10). In contrast, N digestibility increased with supplementation and for F vs. H (P < 0.01). Digestibility of DM, OM, and
N increased linearly as SF decreased (P < 0.03). When all supplements were provided, ruminal NH,, total VFA, and molar
proportions of all individual VFA increased with supplementation (P < 0.04), whereas acetate:propionate ratio decreased

(P < 0.01). When only daily supplements were provided, none of the aforementioned fermentation parameters were
affected (P > 0.09). In summary, reducing the amount of supplemental CP provided to ruminants consuming low-quality
forages, when supplementation intervals are >5 d, can be a management tool to maintain acceptable levels of DMI, nutrient
digestibility, and ruminal fermentation while reducing supplementation cost.

Key words: beef steers, forage intake, low-quality cool-season forage, soybean meal, supplement amount, supplementation
frequency
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Abbreviations

ADF acid detergent fiber

CP crude protein

DM dry matter

DMI dry matter intake
IADF indigestible-ADF

N nitrogen

NDF neutral detergent fiber
NH, ammonia-N

oM organic matter

SF supplementation frequency
VFA volatile fatty acids
Introduction

Livestock operations using low-quality forages often require a
supplementation strategy to address nutrient deficiencies (Schillo
et al., 1992). Protein is traditionally considered the most limiting
nutrient in Western U.S. cow-calf operations (DelCurto et al.,
2000), although the costs associated with labor, feed, and fuel
may offset the beneficial effects of supplementation (Miller et al.,
2001). Ruminants have the ability to recycle N back to the rumen,;
hence, recycling of absorbed N may be one of the underlying
mechanisms supporting ruminal fermentation between times
of infrequent supplementation (Farmer et al., 2004). Decreasing
the supplementation frequency (SF) of protein to once every 6
d has been shown to reduce operation costs without adversely
affecting dry matter intake (DMI), nutrient digestibility, or
bacterial crude protein (CP) synthesis in ruminants consuming
low-quality forage (Bohnert et al., 2002a, 2002b, 2002c).

Schauer et al. (2010) reported that protein supplements
can be fed as infrequently as once every 10 d without negative
impacts on efficiency of nutrient utilization and performance of
sheep consuming low-quality forage. Furthermore, Wickersham
et al. (2008) suggested that ruminants might be able to adapt to,
and utilize more efficiently, smaller amounts of supplemental
N offered less frequently compared with a greater quantity
offered at the same SF or with greater frequency. Based on this
rationale, we hypothesized that steers consuming low-quality,
cool-season forage and supplemented at extended intervals,
would be able to adapt to reduced amounts of supplemental N by
improving efficiency of N use and minimizing potential negative
effects on nutrient utilization and ruminal fermentation. Hence,
the objective of this experiment was to evaluate the effects of
amount and SF of a CP supplement on intake, digestibility, and
ruminal fermentation parameters of beef steers consuming
low-quality, cool-season forage.

Materials and Methods

This experiment was conducted at the Oregon State University—
Eastern Oregon Agricultural Research Center (Burns Station). All
animals utilized were cared for in accordance with acceptable
practices and experimental protocols reviewed and approved by
the Oregon State University, Institutional Animal Care and Use
Committee (# 4061).

Animals and treatments

Seven Angus x Hereford steers [initial body weight (BW) = 300 =
27 kg] fitted with ruminal cannulas were randomly allotted to
1 of 7 treatments in an incomplete 7 x 4 Latin square (Cochran
and Cox, 1957) and housed in individual pens (4 x 8 m) within
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an enclosed barn with continuous lighting throughout the
study. Treatments, arranged as a 2 x 3 factorial design plus
a nonsupplemented control (CON), consisted of 2 levels of
supplemental soybean meal (SBM; Table 1) provided at 100%
(F) or 50% (H) of the daily amount estimated to meet rumen
degradable protein (RDP) requirements assuming a microbial
efficiency of 10% (NRC, 2000; Model 1). The second factor was
the frequency at which SBM was offered to the animals: daily
(D), once every 5 d (5D), or once every 10 d (10D).

Within each level of supplementation, the amount of SBM
provided was the same over a 10-d period. To minimize bias
because of potential BW changes resulting from treatment
regimens during each period, the quantity of supplement
provided during each period was based on the initial BW at the
beginning of the experiment. The SBM was added directly into
the rumen via the ruminal cannula of each steer (0700 hours)
according to the specific supplementation level and SF. Also, all
steers received 57 g/d of a trace mineralized salt mix (7.3% Ca,
7.2% P, 27.8% Na, 23.1% Cl, 1.5% K, 1.7% Mg, 0.5% S, 2,307 ppm
Mn, 3,034 ppm Fe, 1,340 ppm Cu, 3,202 ppm Zn, 32 ppm Co,
78 ppm I, 90 ppm Se, 79 IU/kg vitamin E, and 397 kIU/kg vitamin
A; Cattleman’s Choice, Performix Nutrition Systems, Nampa,
ID) directly through the rumen cannula. Steers were provided
continuous access to fresh water and chopped (4 to 8 cm;
BC-900; Newhouse Manufacturing, Redmond, OR) grass seed
straw (Chewings Fescue; Table 1). Grass seed straw was provided
daily (0710 hours) at 120% of the average intake for the previous
5 d, with feed refusals from the previous day determined before
the supplement feeding. An intramuscular injection of vitamins
A, D, and E (500,000, 50,000, and 1500 IU of vitamins A, D, and
E, respectively; Vitamin E-AD 300; AgriLabs; St. Joseph, MO) was
administered to each steer at the onset of the trial to safeguard
against deficiency.

Sampling

Experimental periods lasted 30 d and a minimum of 3 d, but
no more than 5 d, were allowed between periods where steers
were removed from individual pens and placed in a common
outdoor pen (22 x 34 m). Between periods, steers were provided
ad libitum access to the same grass seed straw used during
experimental periods. Intake was measured from days 19 to
28 of each experimental period with subsamples of straw and
SBM (~150 g/d as-fed) obtained daily during this time. Orts were
measured and subsampled (5% of total daily refusal; as-fed
basis) from days 20 to 29. Samples of grass seed straw, orts, and
SBM were dried at 55 °C for 48 hr, reweighed for calculation of
DM, ground in a Wiley mill (1-mm screen), and composited by
source for grass seed straw and SBM and by steer for orts. In
addition, fecal grab samples (100 g) were collected at 0800, 1600,
and 2400 hours from days 21 through 30, composited by steer
and stored (-20 °C) until further analysis. Fecal samples were

Table 1. Nutrient content of the feedstuffs used in the present
experiment

Item Grass seed straw! Soybean meal

Nutrient composition, %DM

oM 92.6 92.2
CP 29 514
NDF 79.5 15.0
ADF 46.7 4.8
IADF 24.7 1.6

!Chewings fescue.
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dried in a forced-air oven at 55 °C for 96 hr and ground in a Wiley
mill (1-mm screen).

On days 11 (day when all animals were supplemented,
except for CON) and 20 (day when only D supplements
were provided; day prior to supplementation for the 5D
and 10D treatments), treatment effects on ruminal DM and
indigestible-ADF (IADF) fill were determined by manually
removing reticulorumen contents 4 hr after feeding. Total
rumen contents were weighed, manually mixed, and
subsampled in triplicate (~400 g/triplicate). The remaining
rumen contents were replaced immediately into the animal.
Ruminal samples were weighed, dried in a forced-air oven at
55 °C for 96 hr, reweighed in order to calculate DM, ground
to pass a 1-mm screen in Wiley mill, and composited within
period and day by steer.

Ground samples were analyzed for DM and organic matter
(OM; AOAC, 1996), N (Leco TruMac CN Leco Corp., St. Joseph, MI),
NDF (Robertson and Van Soest, 1981), and ADF (Goering and Van
Soest, 1970) using procedures modified for use in an Ankom 200
fiber analyzer (Ankom Co., Fairport, NY). Moreover, samples were
analyzed for IADF as described by Bohnert et al. (2002c). Digesta
kinetics techniques described by Van Soest (1982) were used to
determine IADF passage by dividing IADF intake by the quantity
of IADF in the rumen 4 hr after feeding. Diet digestibility was
determined using IADF fecal concentration in conjunction
with nutrient concentration of grass seed straw, orts, and SBM
(Merchen, 1988).

On days 21 (day when all supplemented treatments
received supplement) and 30 (day when only D supplements
were offered), each steer was intra-ruminally pulse-dosed
with 5 g of Co-EDTA in a 200-mL aqueous solution at 0700
hours (Uden et al., 1980). The Co marker was administered
throughout the rumen by injecting through a stainless-steel
probe with a perforated tip. Ruminal fluid (~100 mL) was
collected by suction strainer (Raun and Burroughs, 1962)
immediately prior to dosing (0 hr) and at 3, 6, 9, 12, 18, and
24 hr after dosing. Ruminal pH was measured immediately
after each collection (Orion SA 520, American Instrument
Exchange Inc., Haverhill, MA). Following the collection, 20 mL
of the ruminal fluid were immediately stored (-20 °C) for later
analysis of Co concentration and an additional 5 mL acidified
with 1 mL of 25% (w/v) meta-phosphoric acid and stored
(-20 °C) for subsequent analysis of ruminal ammonia N (NH,).
Frozen (-20 °C) ruminal samples were prepared for analysis
by thawing, centrifuging (15,000 x g for 10 min at room
temperature for volatile fatty acids (VFA) and NH,; 2,000 x
g for 30 min at 4 °C for Co), and collecting the supernatant.
Ruminal NH, was analyzed by a modification (sodium
salicylate substituted for phenol) of the procedure described
by Broderick and Kang (1980), while VFA were analyzed as
previously described by Harmon et al. (1985). Ruminal Co
concentrations were analyzed by atomic absorption using
an air-acetylene flame (Model 351 AA/AE Spectrophotometer,
Instrumentation Laboratory, Inc., Lexington, MA). Ruminal
liquid fill and liquid dilution rate were estimated by regression
of the natural logarithm of Co concentration against sampling
time as previously described by Warner and Stacy (1968).

Blood samples were collected daily, 4 hr after feeding,
on days 21 through 30 for determination of plasma-urea N
(PUN). Samples were obtained via jugular venipuncture into
commercial blood collection tubes (Vacutainer, 10-mL; Becton
Dickinson, Franklin Lakes, NJ) containing 158 USP units of
freeze-dried sodium heparin. All blood samples were placed
immediately on ice for transport to the lab, subsequently
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centrifuged (2,500 x g for 30 min; 4 °C) for plasma harvest
and stored at -80 °C on the same day of collection. Plasma
urea-N concentrations were determined using a quantitative
colorimetric kit (#B7551; Pointe Scientific, Inc., Canton, MI).
The intra- and interassay CV were, respectively, 5.27% and
9.61%.

Statistical analysis

Data were analyzed as an incomplete 7 x 4 Latin square using
the PROC MIXED procedure of SAS (version 9.4; SAS Inst.,
Cary, NC) and Satterthwaite approximation to determine the
denominator df for the tests of fixed effects. The model included
treatment and period as independent variables. Steer was used
as a random variable. Because the treatment structure consisted
of a 2 x 3 factorial plus a negative control, orthogonal contrasts
were used to partition-specific treatment effects. Contrast
statements included were: (1) CON vs. protein supplementation,
(2) F vs. H of estimated RDP requirement, (3) linear effect of SF,
(4) quadratic effect of SF, (5) linear effect of SF x CP level, and
(6) quadratic effect of SF x CP level. Daily DMI, ruminal pH, NH,,
VFA, and PUN data, collected at the fixed times, were analyzed
using the repeated statement with the PROC MIXED procedure
of SAS (version 9.4; SAS Inst.). The model statement contained
the effects of treatment, hour (pH, NH,, and VFA) or day (DMI
and PUN), as well as the resultant interaction, and period as an
independent variable. Steer was used as the random variable.
The specified term for the repeated statement was hour or day,
whereas steer(period x treatment) was included as the subject.
The covariance structure used was first-order autoregressive,
which provided the smallest Akaike information criterion, and
hence the best fit for the variables analyzed. The same contrasts
denoted above were used to partition treatment sums of
squares. All results are reported as least square means, whereas
significance was set at P < 0.05 and tendencies were denoted if
0.05 <P <0.10.

Results

Nutrient intake and digestibility

Treatment x day interactions (P < 0.09) were observed for
forage and total DMI over the 10-d supplementation period,;
however, after considering the nature of the interactions, we
concluded that discussing treatment means (Table 2) while
providing the daily forage and total DMI data (Figure 1) would
add in interpretation and discussion of the observed response.
Supplemental SBM increased forage and total DM and OM
intake, as well as intake of NDF, IADF, and N compared to
nonsupplemented cohorts (P < 0.04; Table 2). Interestingly, we
noted, for each of the aforementioned variables, an interaction
between the linear effect of SF and the amount of supplement
provided (P < 0.04; Table 2). For each variable, as SF decreased
from daily to once every 10 d, intake decreased roughly by 15%
for the F treatments, whereas little to no change was observed
for H treatments. This response is primarily attributed to the
observed reduction in forage DMI 2 d following supplementation
for the F10D treatment (Figure 1).

Apparent gastrointestinal tract DM digestibility tended to
be greater (P = 0.10) and N digestibility increased (P < 0.01) for
supplemented steers, whereas OM and NDF digestibility were
not altered by supplemental CP (P > 0.64; Table 2). Offering the F
amount of supplement improved N digestibility 29% compared
with the H treatments (Table 2); however, no difference (P > 0.52)
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Figure 1. Daily forage (A) and total (B) DMI variation in steers consuming low-quality, cool-season forage and receiving or not (CON) SBM daily (D), once every 5 d (5D),
or once every 10 d (10D) in differing amounts [F = 100% of estimated rumen degradable protein (RDP) requirement and H = 50% of F]. This experiment was designed as
a2 x 3 + 1 factorial design, composed by 2 supplementation amounts (F or H), 3 supplementation frequencies (D, 5D, or 10D), and a nonsupplemented control. Columns
for each treatment represent, left to right, forage DMI from days 1 through 10 of the supplementation period; S = supplementation. A treatment x day interaction for

daily forage DMI (P = 0.09; SEM = 1.12) and total DMI (P < 0.01; SEM = 1.13).

was observed in DM, OM, or NDF digestibility due to amount of
supplement provided. Changing SF altered digestibility of DM,
OM, and N, so that DM and OM increased quadratically, and
N linearly increased, as the time between supplementation
events increased (P < 0.05; Table 2). No SF x amount interactions
were observed for DM, OM, NDF, and N digestibility (P > 0.33;
Table 2).

Treatment x day interactions (P < 0.01) were observed for
PUN over the 10-d supplementation period; however, after
considering the nature of the interactions, we concluded that
discussing treatment means (Table 2) while providing the
daily PUN data (Figure 2) would add in interpretation of the
observed response. In agreement with N intake and digestibility
data, PUN increased with supplementation (6.0 vs. 11.0 mg/dL,;
P < 0.01), being 21% greater for F vs. H (P < 0.01), and tended to
increase quadratically as SF decreased (P = 0.07). No interaction
was observed for SF x supplement amount (P > 0.16).

Rumen fill and passage rate

Ruminal IADF fill was not altered for supplemented vs. CON
steers (P > 0.20), but we did note that IADF fill was greater for F
vs. H-supplemented animals on the day all supplements were
provided and when only daily supplements were provided (P
< 0.02; Table 3). Similarly, ruminal IADF passage rate was not
affected by treatments on the day all supplemented steers were

provided supplement (P > 0.31), but increased as a result of CP
supplementation on the day that only daily supplements were
provided (P = 0.03).

Compared with nonsupplemented controls, ruminal liquid
fill increased with supplementation (P < 0.01) on the day all
supplements were provided (Table 3). We also noted a linear
effect of SF x supplement amount interaction (P = 0.03), in
which liquid fill increased by 37% as supplementation interval
increased from daily to 10 d for F treatments but only 14% for H
treatments. Conversely, no supplementation or SF effects were
observed for liquid fill on the day that only daily supplements
were provided (P = 0.10).

In contrast to fill, ruminal liquid dilution rate was similar
(P > 0.62) between supplemented and nonsupplemented steers
when all supplements were provided, but dilution rate was
greater for supplemented steers on the day when only daily
supplements were provided (P = 0.03; Table 3). However, on
the day all supplements were provided, ruminal dilution rate
linearly decreased by 56% for the steers receiving F supplement
as SF decreased from D to 10D, while H treatments decreased
<6% (P < 0.01; SF x amount interaction) for the same time frame.

Rumen fermentation characteristics

On the day when all supplements were provided, no time
by treatment interaction was noted for ruminal pH (P > 0.05);
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Figure 2. Daily plasma urea-N (PUN) concentration in beef steers consuming low-quality, cool-season forage and receiving or not (CON) SBM daily (D), once every
5 d (5D), or once every 10 d (10D) in differing amounts [F = 100% of estimated rumen degradable protein (RDP) requirement and H = 50% of F]. This experiment was
designed as a 2 x 3 + 1 factorial design, composed by 2 supplementation amounts (F or H), 3 supplementation frequencies (D, 5D, or 10D), and a nonsupplemented
control. Columns for each treatment represent, from left to right, PUN 4 hr after feeding from days 1 through 10 of the DMI measurement period; S = supplementation.

A treatment x day interaction was detected (P < 0.01; SEM = 2.29).

therefore, only treatment means will be discussed. Ruminal pH
tended to decrease (P = 0.06; Table 4) with supplementation vs.
CON cohorts, while F steers also had a reduced ruminal pH vs. H
(P = 0.03). Moreover, as the supplementation interval increased
from daily to once every 10 d, ruminal pH decreased (P < 0.01).

On the day when all supplements were provided, a treatment
x time interaction was detected for ruminal NH, (P > 0.01);
however, after considering the nature of the interaction we
believe discussing treatment means while providing the time
x treatment figure would add in interpretation of the data.
Ruminal ammonia (mM) was greater (P < 0.01) for supplemented
vs. nonsupplemented cohorts on the day all supplements were
provided (Table 4; Figure 3). Moreover, as SF decreased from D to
10D, ruminal ammonia increased 9.0 mM for F but only 4.9 mM
for H treatments (P = 0.02).

With the exception of isobutyrate (P = 0.03), no treatment x
hour interactions were observed (P > 0.05) for any of the VFA
evaluated in the current study on the day all supplements were
provided. As with ruminal NH,, we concluded that discussing
isobutyrate treatment means would facilitate interpretation
and discussion of the data while still providing an effective
understanding of the overall treatment effects. Total VFA and
molar proportions of propionate, butyrate, isobutyrate, and
isovalerate were greater (P < 0.04) for supplemented animals,
while acetate and acetate:propionate ratio decreased (P < 0.01;
Table 4). In addition, total VFA and molar proportions of
propionate and valerate linearly increased (P < 0.02), whereas
acetate:propionate ratio linearly decreased (P < 0.01) as SF
decreased. As the amount of supplement fed increased, the
molar proportion of propionate also increased (P = 0.01),
decreasing the acetate:propionate ratio (P = 0.01). We also noted
a tendency for an interaction for acetate linearly decreasing as
SF decreased, the reduction being greater for F vs. H (7 vs. 4%,
respectively; P = 0.06). Conversely, butyrate linearly increased as
SF decreased, resulting in a 25% and 9% increase for F and H,
respectively (P < 0.01).

On the day that only daily supplements were provided, no
treatment x hour interactions (P > 0.16) were noted for pH, NH,,
total VFA, or molar proportions of the individual VFA (Table 5).

Ruminal pH was not altered by supplementation amount or
frequency (P > 0.34), whereas ruminal NH, concentration tended
(P = 0.09) to decrease less as SF decreased from D to 10D for H
compared with F (27 and 60%, respectively; Table 5).

Total VFA concentration did not differ among CON and
supplemented cohorts on the day that only D supplements were
provided (P = 0.80; Table 5); however, it did decrease quadratically
as SF decreased, with D and 10D treatments presenting the
greatest total VFA concentrations (P = 0.02). Molar proportions
of acetate, propionate butyrate, valerate, isovalerate, and
acetate:propionate ratio were not affected by supplementation
(P = 0.11; Table 5), while isobutyrate tended to increase with
CP supplementation (P = 0.09). Interactions (linear effect of SF
and quantity of supplement) were noted for acetate (P = 0.01)
and butyrate (P = 0.05). Briefly, acetate increased and butyrate
decreased as SF decreased, but to a greater extent with F vs.
H. The branch chain VFA isobutyrate, valerate, and isovalerate
linearly decreased (P < 0.01) as SF decreased for supplemented
treatments.

Discussion

Nutrient intake and digestibility

Economical nutritional strategies that promote or maintain
nutrient intake and ruminal function of ruminants consuming
low-quality forages are warranted. Such strategies might
include the reduced frequency by which protein supplements
are offered (Farmer et al., 2004) and/or providing reduced
amounts of these supplements to the animals. Based on this
rationale, we conducted a series of experiments to evaluate
nutrient intake and ruminal response of steers consuming
low-quality, cool-season forage while receiving differing
amounts of a supplement as infrequently as once every 10
d. The present experiment compared intake, digestibility, and
ruminal fermentation parameters in rumen-fistulated steers
receiving SBM supplements at 3 SF and 2 amounts, while an
experiment reported in a companion paper (Cappellozza et al.,
2021) evaluated performance of pregnant beef cows in the last
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Table 3. Ruminal liquid and particulate dynamics in beef steers consuming low-quality, cool-season forage and receiving or not (CON) SBM daily (D), once every 5 d (5D), or once every 10 d (10D) in

different amounts [F

50% of F)*

100% of estimated rumen degradable protein (RDP) requirement and H =

Contrasts?

Treatments

Q vs. Amount

SFL SFQ L vs. Amount

CON vs. Supp Fvs.H

SEM

FD F5D F10D HD H5D H10D

CON

Item

All supplements provided?

0.25
0.48
0.17
0.04

0.77
0.58
0.03
<0.01

0.63
0.38
0.06
0.05

0.30
0.44
<0.01
<0.01

<0.01
0.31
0.60
0.50

0.20
0.50

<0.01

10.7 9.9 9.5 8.9 8.9 0.45

10.2

9.0
1.92

255

IADF fill, g/kg BW

0.126
12.5

1.99

314

2.18

289

2.02
276

1.87
360

1.97
274

2.03
262

IADF passage rate, %

Liquid fill, mL/kg BW

0.62

4.0 7.2 7.0 6.8 0.65

8.7

9.2

7.5

Liquid dilution rate, %/h
Only daily supplements provided®

0.75
0.52
0.10
0.27

0.88
0.38
0.58
0.26

0.55
0.52
0.98
0.71

0.34
0.92
0.64
0.12

0.02
0.90
0.71
0.11

0.85
0.03
0.82
0.03

10.9 10.1 10.2 9.5 9.1 9.0 0.58

9.7

IADF fill, g/kg BW

0.144

20.4

1.97
247

1.91
278

1.86
249

1.77

284

2.01
244

1.92

264

1.54
256

IADF passage rate, %

Liquid fill, mL/kg BW

10.3 9.0 9.6 8.6 9.2 0.65

10.8

7.9

Liquid dilution rate, %/h

'This experiment was designed as a 2 x 3 + 1 factorial design, composed by 2 supplementation amounts (F or H), 3 supplementation frequencies (D, 5D, or 10D), and a nonsupplemented control.
2CON vs. Supp, nonsupplemented treatment vs. protein supplemented treatments; F vs. H, 100% of estimated RDP requirement vs. 50% of estimated RDP requirement; SF L, linear effect of SF;

SF Q, quadratic effect of SF; L vs. amount, linear effect of SF x supplementation amount; Q vs. amount, quadratic effect of SF x supplementation amount.

*Rumen samplings were performed on a day all supplements were provided and on the day when only D supplements were provided (day immediately prior to supplementation for the 5D and

10D treatments).
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trimester of gestation, as well as intake and efficiency of N use
in wethers utilizing the same treatments described herein.

The observed improvement on intake of DM and other
nutrients is comparable to other work demonstrating that
increasing supplemental CP to ruminants consuming low-
quality forage often increases forage and overall DMI (DelCurto
et al, 1990; Koster et al. 1996; Wickersham et al., 2008).
Furthermore, research from our group (Bohnert et al., 2002a;
Bohnert et al., 2002b) and others (Beaty et al., 1994; Schauer et al.,
2010) reported that forage DMI is decreased as SF is decreased.
Bohnert et al. (2002a) and Schauer et al. (2010) noted that as
the amount of supplement offered at each supplementation
event increased, a corresponding reduction in forage DMI was
observed on the day(s) following supplementation. Others have
reported no influence of decreasing SF on forage DMI (Huston
et al., 1999; Krehbiel et al., 1998; Wickersham et al., 2008). DMI
was not affected when ewes consuming wheat straw were
supplemented with cottonseed meal daily or once every 7 d
(Huston et al., 1999). Krehbiel et al. (1998) and Wickersham
et al. (2008) also reported no change in forage DMI in ruminants
offered supplemental CP daily or once every 3 d. It is not clear
the reason for these conflicting results. A possible explanation
not evaluated in the current study is timing of supplementation.
Work with grazing dairy cows has suggested that when a
supplement is provided during the day (a.m. vs. p.m.), it can alter
grazing behavior and marginal milk production (Sheahan et al.,
2013); nevertheless, Barton et al. (1992) noted no effect of timing
of supplementation on DMI or nutrient digestibility by steers
grazing dormant intermediate wheatgrass. Interestingly, when
we calculated the supplemental N intake per supplementation
event for each of the studies, as well as the current one and our
companion paper (Cappellozza et al., 2021), the data suggest
that when supplemental N was offered at a supplementation
rate > 0.6 g/lkg BW in cattle and > 1.0 g/kg BW in sheep, forage
DMI is depressed. As an example, in the current study, N intake
at each supplementation event for D, 5D, and 10D was 0.06, 0.30,
and 0.60 g/kg BW for H treatments and 0.11, 0.55, and 1.10 g/kg
for F treatments, respectively. Moreover, these data corroborate
with the linear SF x supplement amount interaction observed
for forage and total DML

The low N digestibility for the nonsupplemented treatment
(3.6%) is indicative of the high fiber and low CP of the forage
used in the current study (Table 1). This should result in a
significant proportion of N in the feces being metabolic fecal
N. Supporting this statement, Ferrell et al. (1999) calculated
metabolic fecal N from lambs consuming low-quality forage
(4.3% CP, 74% NDF) and estimated that 90% to 105% of observed
fecal N loss was attributed to metabolic fecal N. Based on these
results, the authors suggested that caution should be used when
trying to interpret apparent N digestibility when ruminants are
consuming low-quality forage (Ferrell et al., 1999). The lack of a
more pronounced supplementation effect on DM, OM, and NDF
digestibility, although comparable results have been noted by
other researchers (Schauer et al., 2005; Sawyer et al., 2012), was
unexpected given that greater nutrient digestibility following a
CPsupplementation hasbeen demonstrated in numerous studies
with ruminants consuming low-quality forage (Bohnert et al.,
2002a; Bohnert et al., 2002b; Currier et al., 2004a; Wickersham
et al,, 2008). We used a low-quality, cool-season forage in the
current study and it should be noted that Bohnert et al. (2011)
compared protein supplementation of cool-season and warm-
season forages and reported that supplementation allowed for
a greater increase in apparent digestibility of DM and OM for
the warm-season forage compared with the cool-season forage,
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Table 4. Ruminal fermentation characteristics in beef steers consuming low-quality, cool-season forage and receiving or not (CON) SBM daily (D), once every 5 d (5D), or once every 10 d (10D) in
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50% of F] on a day when all supplements were offered*

100% of estimated RDP requirement and H =

different amounts [F

| Journal of Animal Science, 2021, Vol.

Contrasts?

Treatments

Q vs. amount

L vs. amount

L SFQ

SF

CON vs.Supp Fvs.H

SEM

FD F5D F10D HD H5D H10D

CON

Item

0.26
0.07
0.92

0.96
0.02
0.16

0.61
0.52
0.16

<0.01
<0.01
<0.01

0.03
<0.01

0.06
<0.01

0.075
0.78
5.34

6.55
7.3
106.6

6.65
3.1
103.3

6.81
2.4

87.2

6.39

11.2
121.8

6.61
7.6

111.4

6.66
2.2

6.74
1.4

90.0

pH

Ammonia, mM
Total VFA, mM

0.10

0.04

86.7

VFA, mol/100 mol

0.34
0.70
0.65
0.05
0.12
0.13
0.92

0.06
0.27
<0.01
0.96
0.32
0.94
0.23

0.70
0.72

0.

<0.01
<0.01
<0.01

0.01
0.01
<0.01

<0.01

82.6 80.3 86.2 84.8 82.8 0.67
0.48
0.20

86.4

88.0

Acetate

0.02
<0.01

20.8 21.2 225 24.5 20.5 21.6 22.7

Propionate
Butyrate

71

8.8

8.6

1.48
1.75
1.70

8.0 9.0 10.0 8.1
4.0

8.0

0.56
0.18
0.78
0.76

0.89
0.02
0.49
<0.01

0.73
0.89
0.96
0.01

0.02
<0.01

0.135
0.152

1.66
1.9

1.65
1.66
1.92

4.2

1.47
1.89
1.85
33

1.77
2.02
2.17
3.7

1.44

1.35

1.20
0.97
1.03
4.3

Iso-butyrate

Valerate

0.01
<0.01

0.266
0.12

2.08
3.8

1.64
4.1

Iso-valerate

99, No. 6

Acetate:propionate

1This experiment was designed as a 2 x 3 + 1 factorial design, composed by 2 supplementation amounts (F or H), 3 supplementation frequencies (D, 5D, or 10D), and a nonsupplemented control.
2CON vs. Supp, nonsupplemented treatment vs. protein supplemented treatments; F vs. H, 100% of estimated RDP requirement vs. 50% of estimated RDP requirement; SF L, linear effect of SF;

SF Q, quadratic effect of SF; L vs. amount, linear effect of SF x supplementation amount; Q vs. amount, quadratic effect of SF x supplementation amount.
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suggesting forage type can alter the response in digestibility
associated with protein supplementation.

Beaty et al. (1994) supplemented beef cows consuming low-
quality forage daily or 3 times per week and reported that as
the time between supplementation events increased, DM
digestibility increased from 50% to 54%. Nevertheless, Schauer
et al. (2010) noted no effect on DM, OM, NDF, or N digestibility
as SF decreased over 3 supplementation intervals (daily, 5
d, and 10 d). Moreover, total tract OM and NDF digestibility
was not affected in ruminants offered different levels of
supplemental CP at different frequencies (Wickersham et al,,
2008). In the companion paper (Cappellozza et al., 2021), a
linear effect of SF x supplementation amount was detected
for DM, OM, and NDF digestibility in lambs receiving the same
treatment design described herein, with nutrient digestibility
increasing as SF decreased for the F treatments only. Therefore,
it may be speculated that the animals receiving infrequent
CP supplementation herein and in Cappellozza et al. (2021),
experienced a substitution effect as SF decreased resulting in
a decrease in forage DMI and a subsequent improvement in
overall nutrient digestibility directly related to intake of the CP
supplement.

Rumen fill and passage rate

Rumen fermentation dynamics are greatly influenced by
supplement type and amount (Olson et al., 1999). Our work
agrees with past research showing that CP supplementation
has little to no effect on ruminal particulate fill compared with
non-supplemented controls (Krysl et al., 1989; Olson et al.,
1999; Weder et al., 1999). Additionally, the observed decrease
in ruminal IADF fill on both measurement days for F vs. H
is most likely due to a combination of IADF intake (Table 2)
and the provision of supplement. Besides the fact that IADF
concentration of the supplement is extremely low (Table 1),
supplement IADF likely did not have a suitable opportunity
for significant digestion when ruminal evacuations were
performed at 4 hr postsupplementation. Regarding IADF
passage rate, our results favorably agree with past work
from our research group that compared CP supplements
with different ruminal degradability and 3 supplementation
intervals (daily and once every 3 or 6 d; no differences noted
when all supplements were provided but a supplementation
effect when only daily supplements provided) to steers
consuming low-quality forage (Bohnert et al., 2002b). Moreover,
Beaty et al. (1994) supplemented steers either daily or 3 times
per week and reported no effect of SF on IADF passage rate.
It is worth noting that varying CP quantity, degradability, and/
or concentration has been suggested as a likely rationale for
altering digesta outflow from the rumen, as well as the quantity
of digesta retained in the rumen (Olson et al., 1999).

The response for ruminal liquid fill concurs with a previous
study conducted by our research group (Bohnert et al., 2002b)
reporting that steers receiving a highly rumen degradable
supplement (SBM) had 28% greater ruminal liquid fill as
SF decreased from daily to once every 6 d on the day when
all supplements were provided. Bohnert et al. (2002b) also
evaluated a ruminal undegradable protein (RUP) supplement
and reported that ruminal liquid fill was not affected over the
same supplementation interval and time period, indicating that
the utilization of an RUP supplement may have allowed for more
consistent ruminal fermentation when the greater quantities
of supplement were provided on each supplementation event.
On the other hand, previous research reported the lack of a
supplementation effect on ruminal liquid volume when only
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Figure 3. Ruminal ammonia in beef steers consuming low-quality, cool-season forage and receiving or not (CON) SBM daily (D), once every 5 d (5D), or once every
10 d (10D) in differing amounts [F = 100% of estimated rumen degradable protein (RDP) requirement and H = 50% of F] on a day when all supplements were offered.
This experiment was designed as a 2 x 3 + 1 factorial design, composed by 2 supplementation amounts (F or H), 3 supplementation frequencies (D, 5D, or 10D), and a
nonsupplemented control. Columns for each treatment represent, from left to right, ruminal fluid samples collected immediately before SBM was provided (0 hr) and
at 3,6,9,12, 18, and 24 hr after SBM was provided. A treatment x hour interaction was detected (P < 0.01; SEM = 1.222).

daily supplements were fed (Bohnert et al., 2002b; Currier et al.,
2004b; Klein et al., 2015).

CP supplementation often increases rumen fluid dilution
rate (Koster et al., 1996; Olson et al., 1999; Bodine et al.,
2000). More specifically, Bohnert et al. (2002c) offered a CP
supplement daily, once every 3, or once every 6 d, and reported
that supplementation increased dilution rate compared with
nonsupplemented controls, in agreement with our data on the
day only daily supplements were provided. A likely explanation
for the lack of consistent results when all supplements were
provided in the current study might include the amount of
supplement offered for 5D and 10D, which, as previously noted,
may have disrupted normal ruminal fermentation for a period
of time and, in turn, increased ruminal liquid fill and decreased
ruminal liquid dilution rate. Other studies from our research
group seem to support this statement, as no differences were
observed on ruminal liquid fill and dilution rate on the day urea
or SBM supplements were offered to beef animals consuming
a low-quality, cool-season forage (Cappellozza et al., 2013).
Additionally, previous studies demonstrated that the source
of the N supplement might play a role by impacting rumen
function (Olson et al.,, 1999), even when supplements were
offered in equal amounts (as % of BW; Cappellozza et al., 2013).

Rumen fermentation characteristics

Although supplementation and SF effects were observed on
rumen pH, at no sampling point during our measurement did
ruminal pH drop below 6.0 (data not shown), therefore staying
within the range suggested by Yokoyama and Johnson (1988)
as adequate to maintain ruminal fiber digestion and support
cellulose digestion. The results for ruminal pH on the day all
supplements were provided is consistent with other research
evaluating ruminal fermentation with supplementation
intervals greater than 3 d (linear reduction in pH as SF
increased; Bohnert et al., 2002c; Farmer et al., 2001), likely due to
the quantity of supplement provided at each supplementation
event and the consequent effects on microbial fermentation.
As expected, CP supplementation increased ruminal NH,
concentrations and is supported by the PUN data herein and

with many other studies demonstrating an improved ruminal
N status when supplemental protein was fed to ruminants
consuming a low-quality forage (DelCurto et al., 1990; Bohnert
et al., 2002c; Cappellozza et al., 2013). Moreover, the different
NH, concentrations among F and H might be attributed to
a direct result of the supplement amount provided at each
supplementation event, as verified by the similarity between
ammonia concentrations for F5D and H10D (Figure 3), which
had the same CP intake, but at different SF. The mechanisms
by which infrequent supplementation of CP is a feasible
alternative for ruminants consuming low-quality forages
may be due to increased N recycling, a lag in peak ruminal
ammonia, and prolonged elevation of ammonia (Bohnert
et al., 2002c; Currier et al., 2004b; Farmer et al., 2004). Likewise,
infrequent CP supplementation has not resulted in a negative
effect on N utilization, which may be attributed to the
recycling of PUN into the rumen, thereby helping to maintain
ruminal N availability for microbial protein synthesis on the
days between supplementation events (Krehbiel et al., 1998;
Archibeque et al., 2007).

An observed slower drop in NH, for H vs. F as SF decreased
was most likely due, as noted above in the discussion on the
day all supplements were provided, to the different amount
of supplement provided for the F and H treatments. To
the best of our knowledge, the current study (SF of daily, 5
d, and 10 d) and Bohnert et al. (2002c; SF of daily, 3 d, and
6 d) are the only CP supplementation studies to evaluate
ruminal ammonia concentrations with SF of greater than 5
d. It may be argued that ruminal ammonia concentrations of
infrequently supplemented treatments appear to decrease to
a level comparable to non-supplemented treatments ~4 to 5
d following a supplementation event, suggesting that an SF
of 5 to 6 d may be the maximal interval to maintain elevated
ruminal ammonia concentrations in ruminants consuming
low-quality forage.

The PUN data we reported and discussed earlier, along
with Schauer et al. (2010), provides further evidence for this
rationale. Additionally, the large quantity of CP provided at
each supplementation event with infrequent supplementation
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Table 5. Ruminal fermentation characteristics in beef steers consuming low-quality, cool-season forage and receiving or not (CON) SBM daily (D), once every 5 d (5D), or once every 10 d (10D) in
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50% of F] on a day when only D supplements were offered!

100% of estimated rumen degradable protein (RDP) requirement and H =

different amounts [F
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Contrasts?

Treatments

Q vs. smount

H10D SEM CON vs.Supp Fvs.H SFL SFQ L vs. amount

H5D

F10D

FD F5D

CON

Item

0.36
0.81
0.19

0.87
0.09
0.94

0.43
0.38
0.02

0.34
<0.01

0.63
0.

0.39
0.43
0.80

0.072
0.24
4.44

6.86
1.1
93.9

6.82
1.2
92.8

6.80
1.5
101.1

6.80

0.8
99.5

6.87
1.2

88.2

6.72
2.0

107.3

6.75
1.1

98.4

pH

64

Ammonia, mM
Total VFA, mM

0.11

0.51

VFA, mol/100 mol

0.53
0.74
0.91
0.54
0.83
0.42
0.69

0.01
0.21
0.06
0.11
0.12
0.65
0.13

0.08
0.15
0.40
0.01
0.78
0.19
0.07

<0.01

0.24

0.60
0.52
0.44
0.09
0.50
0.11
0.60

86.4 87.3 85.4 86.5 86.6 0.53
0.46
0.20

83.4

86.2

Acetate

0.61
<0.01
<0.01
<0.01
<0.01

0.59
0.22

0.

20.9 21.4 20.2 20.5 20.5 20.2 20.8

Propionate
Butyrate

8.4 8.9 8.9 8.6
1.42

1.00
1.31

4.3

9.1

9.4

8.7

31
78

0.062

1.44
1.18
1.29

4.2

1.44
1.43
1.51

4.3

1.67
1.70
1.85

4.2

1.44
1.43
1.41
4.3

1.85
1.97
1.98
3.9

1.43
1.35
1.34
4.1

Iso-butyrate

Valerate

0.

0.143
0.124
0.12

0.90
0.47

Iso-valerate

0.13

Acetate:propionate

1This experiment was designed as a 2 x 3 + 1 factorial design, composed by 2 supplementation amounts (F or H), 3 supplementation frequencies (D, 5D, or 10D), and a nonsupplemented control.
2CON vs. Supp, nonsupplemented treatment vs. protein supplemented treatments; F vs. H, 100% of estimated RDP requirement vs. 50% of estimated RDP requirement; SF L, linear effect of SF;

SF Q, quadratic effect of SF; L vs. amount, linear effect of SF x supplementation amount; Q vs. amount, quadratic effect of SF x supplementation amount.
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may result in deposition of nitrogenous compounds, other than
urea and ammonia, into body pools that may be subsequently
catabolized over time and converted into urea, thereby
helping buffer the effects of infrequent CP supply (Reynolds
and Kristensen, 2008). In fact, urea is the major metabolite
resulting from rumen digestion of protein and is detected
in the blood of ruminants (Bach et al., 2005). Therefore, the
increase in PUN following CP supplementation, and for F
compared with H, is consistent with work demonstrating
that PUN is positively correlated with N intake (Harmeyer
and Martens, 1980; Cappellozza et al., 2015). Previous research
has shown that a reduction in CP SF leads to an increase in
circulating concentrations of PUN when compared with daily-
supplemented cohorts (Krehbiel et al., 1998; Bohnert et al., 2002b;
Schauer et al., 2010), likely a result of elevated ruminal ammonia
and N recycling on the days between supplementation events
(Krehbiel et al., 1998; Wickersham et al., 2008).

In the present study, PUN peaked 2 d after supplements were
provided for the F10D group and 1 d following supplementation
events for F5D,H5D, and H10D groups, whereas all steersreceiving
D treatments had relatively stable circulating concentrations of
PUN (Figure 2). These results are consistent with our lamb data
reported in the companion paper (Cappellozza et al., 2021).
Similarly, Cappellozza et al. (2015) reported that beef cows fed
SBM as infrequently as once a week had a greater PUN peak
on the day following supplementation compared with cohorts
fed on a daily basis. The same authors reported a consistent
and stable PUN concentration in cows supplemented daily.
Wickersham et al. (2008) provided direct evidence that, with
extended supplementation intervals, urea recycling enables
relatively efficient utilization of N by ruminants consuming
low-quality forage, especially when reduced quantities of
supplemental N are offered.

The reduction in acetate with a concomitant increase in
propionate and butyrate observed for CP-supplemented animals
on the day all supplements were provided agrees with past
studies where ruminants were fed a low-quality forage and
provided supplemental protein (Koster et al., 1996; Mathis et al.,
2000; Bohnert et al., 2002c). Wickersham et al. (2008) reported
that steers supplemented with increasing amounts of RDP also
had increased molar proportions of propionate and reduced
acetate. The decrease in acetate and increase in butyrate is
consistent with the fact that both VFA share acetyl-CoA as a
precursor and a change in acetate molar proportion could be
expected to coincide with an opposing change in butyrate.

In summary, providing 100% of the estimated RDP
requirement to beef steers consuming low-quality forage
at extended SF (i.e., 10 d) reduced forage DMI, likely due to
a substantial substitution effect on the day of and on the
day following a supplementation event. However, when the
amount of supplement was reduced to 50% of the estimated
RDP requirement, forage DMI was maintained or increased at
extended SF. Consequently, when supplementation intervals
are >5 d, our data suggest that reducing the overall quantity
of supplemental N provided at each supplementation event
to < 0.6 g/kg BW is a management strategy that will maintain
acceptable levels of DMI, nutrient digestibility, and ruminal
fermentation while reducing supplementation costs.

Acknowledgments

The Eastern Oregon Agricultural Research Center, including
the Burns and Union Stations, is jointly funded by the Oregon
Agricultural Experiment Station and USDA-ARS. Financial

1202 AINp 61 UO Josn ssa00y Joquis|N SYSY A GBEYZZI/Z | LAeYS/9/66/2101e/SEl/Woo"dno-oiwapede//:sdny Wwolj papeojumoq



support for this research was provided by the Agricultural
Research Foundation and Oregon Beef Council. Additional
support came from the United States Department of Agriculture
(USDA) National Institute of Food and Agriculture, Hatch project
#1004721, with matching funds provided by the state of Oregon.
Any opinions, findings, conclusions, or recommendations
expressed in this publication are those of the author(s) and do
not necessarily reflect the view of the USDA or Oregon State
University. Appreciation is expressed to A. Nyman, F. Sanches,
L. Carlon, T. Runnels, L. Black, F. Cooke, D. McGuire, M. Keller, and
R. Marques for their assistance during this study.

Conflict of Interest Statement

The authors declare no real or perceived conflicts of interest.

Literature Cited

AOAC. 1996. Official methods of analysis. 16th ed. Arlington, VA:
Association of Official Analytical Chemists.

Archibeque, S. L., H. C. Freetly, and C. L. Ferrell. 2007. Net
portal and hepatic flux of nutrients in growing wethers fed
high-concentrate diets with oscillation of dietary protein
concentrations. J. Anim. Sci. 85:997-1005. doi: 10.2527/
jas.2006-547

Bach, A., S. Calsamiglia, and M. D. Stern. 2005. Nitrogen
metabolism in the rumen. J. Dairy Sci. 88:E9-E21. doi: 10.3168/
jds.S0022-0302(05)73133-7

Barton, R. K., L. J. Krysl, M. B. Judkins, D. W. Holcombe,
J. T. Broesder, S. A. Gunter, and S. W. Beam. 1992. Time
of daily supplementation for steers grazing dormant
intermediate wheatgrass pasture. J. Anim. Sci. 70:547-558.
doi:10.2527/1992.702547x

Beaty, J. L., R. C. Cochran, B. A. Lintzenich, E. S. Vanzant,
J. L. Morrill, R. T. Brandyt, Jr, and D. E. Johnson. 1994. Effect of
frequency of supplementation and protein concentration in
supplements on performance and digestion characteristics
of beef cattle consuming low-quality forages. J. Anim. Sci.
72:2475-2486. d0i:10.2527/1994.7292475%

Bodine, T.N., H. T. Purvis, 2nd, C.J. Ackerman, and C. L. Goad. 2000.
Effects of supplementing prairie hay with corn and soybean
meal on intake, digestion, and ruminal measurements by beef
steers. J. Anim. Sci. 78:3144-3154. d0i:10.2527/2000.78123144x

Bohnert, D. W,, T. DelCurto, A. A. Clark, M. L. Merrill, S. J. Falck,
and D. L. Harmon. 2011. Protein supplementation of
ruminants consuming low-quality cool- or warm-season
forage: differences in intake and digestibility. J. Anim. Sci.
89:3707-3717. d0i:10.2527/jas.2011-3915

Bohnert, D. W.,, C. S. Schauer, L. Bauert, and T. DelCurto.
2002a. Influence of rumen protein degradability and
supplementation frequency on steers consuming low-quality
forage: I. Site of digestion and microbial efficiency. J. Anim. Sci.
80:2967-2977. d0i:10.2527/2002.80112967x

Bohnert, D. W, C. S. Schauer, and T. DelCurto. 2002b. Influence of
rumen protein degradability and supplementation frequency
on performance and nitrogen use in ruminants consuming low-
quality forage: cow performance and efficiency of nitrogen use
in wethers.J. Anim. Sci. 80:1629-1637. d0i:10.2527/2002.8061629x

Bohnert, D. W,, C. S. Schauer, S. J. Falck, and T. DelCurto. 2002c.
Influence of rumen protein degradability and supplementation
frequency on steers consuming low-quality forage: II. Ruminal
fermentation characteristics. J. Anim. Sci. 80:2978-2988.
doi:10.2527/2002.80112978x

Broderick, G. A., and J. H. Kang. 1980. Automated simultaneous
determination of ammonia and total amino acids in ruminal
fluid and in vitro media. J. Dairy Sci. 63:64-75. doi:10.3168/jds.
50022-0302(80)32888-8

Cappellozza etal. | 1018

Cappellozza, B. I., D. W. Bohnert, M. M. Reis, M. L. Van Emon,
C. S. Schauer, S. J. Falck, and R. F. Cooke. 2021. Influence
of amount and frequency of protein supplementation to
ruminants consuming low-quality cool-season forages:
Efficiency of nitrogen utilization in lambs and performance
of gestating beef cows. J. Anim. Sci. (submitted as a companion
paper).

Cappellozza, B. I, D. W. Bohnert, C. S. Schauer, S. J. Falck,
E. S. Vanzant, D. L. Harmon, and R. F. Cooke. 2013. Daily and
alternate day supplementation of urea or soybean meal to
ruminants consuming low-quality cool-season forage: II
Effects on ruminal fermentation. Livest. Sci. 155:214-222. doi:
10.1016/j.1ivsci.2013.05.002

Cappellozza, B. I, R. F. Cooke, M. M. Reis, R. S. Marques,
T. A. Guarnieri Filho, G. A. Perry, D. B. Jump, K. A. Lytle, and
D. W. Bohnert. 2015. Effects of protein supplementation
frequency on physiological responses associated with
reproduction in beef cows. J. Anim. Sci. 93:386-394. doi:10.2527/
jas.2014-8432

Cochran, W. G., and G. M. Cox. 1957. Experimental designs. New
York, NY: John Wiley & Sons. doi: 10.2307/3610494

Currier, T. A., D. W. Bohnert, S. J. Falck, and S. J. Bartle. 2004a.
Daily and alternate day supplementation of urea or biuret to
ruminants consuming low-quality forage: I. Effects on cow
performance and efficiency of nitrogen use in wethers. J.
Anim. Sci. 82:1508-1517. doi: 10.2527/2004.8251508x

Currier, T. A., D. W. Bohnert, S. J. Falck, C. S. Schauer, and
S. J. Bartle. 2004b. Daily and alternate-day supplementation
of urea or biuret to ruminants consuming low-quality forage:
III. Effects on ruminal fermentation characteristics in steers.
J. Anim. Sci. 82:1528-1535. d0i:10.2527/2004.8251528x

DelCurto, T., R. C. Cochran, D. L. Harmon, A. A. Beharka,
K. A. Jacques, G. Towne, and E. S. Vanzant. 1990.
Supplementation of dormant tallgrass-prairie forage:
I. Influence of varying supplemental protein and(or)
energy levels on forage utilization characteristics of
beef steers in confinement. J. Anim. Sci. 68:515-531.
doi:10.2527/1990.682515x

DelCurto, T., B. W. Hess, J. E. Huston, and K. C. Olson. 2000.
Optimum supplementation strategies for beef cattle
consuming low-quality roughages in the western United
States. J. Anim. Sci. 77:1-16. doi: 10.2527/jas2000.77E-Suppllv

Farmer, C. G.,, R. C. Cochran, T. G. Nagaraja, E. C. Titgemeyer,
D. E. Johnson, and T. A. Wickersham. 2004. Ruminal and host
adaptationstochangesinfrequencyofproteinsupplementation.
J. Anim. Sci. 82:895-903. doi:10.2527/2004.823895x

Farmer, C. G, R. C. Cochran, D. D. Simms, E. A. Klevesahl,
T. A. Wickersham, and D. E. Johnson. 2001. The effects of
several supplementation frequencies on forage use and the
performance of beef cattle consuming dormant tallgrass prairie
forage. J. Anim. Sci. 79:2276-2285. doi:10.2527/2001.7992276x

Ferrell, C. L., K. K. Kreikemeier, and H. C. Freetly. 1999. The
effect of supplemental energy, nitrogen, and protein on feed
intake, digestibility, and nitrogen flux across the gut and liver
in sheep fed low-quality forage. J. Anim. Sci. 77:3353-3364.
doi:10.2527/1999.77123353x

Goering, H. K., and P. J. Van Soest. 1970. Forage fiber analyses
(apparatus, reagents, procedures, and some applications).
Agriculture Handbook No. 379. Washington, DC: ARS, USDA.

Harmeyer, J., and H. Martens. 1980. Aspects of urea metabolism
in ruminants with reference to the goat. J. Dairy Sci. 63:1707—
1728. doi:10.3168/jds.50022-0302(80)83132-8

Harmon, D. L., R. A. Britton, R. L. Prior, and R. A. Stock. 1985.
Net portal absorption of lactate and volatile fatty acids
in steers experiencing glucose-induced acidosis or fed a
70% concentrate diet ad libitum. ]J. Anim. Sci. 60:560-569.
doi:10.2527/jas1985.602560x

Huston, J. E., B. S. Engdahl, and K. W. Bales. 1999. Supplemental
feeding interval of adult ewes. Sheep Goat Res. . 15:87-93.

1202 AINp 61 UO Josn ssa00y Joquis|N SYSY A GBEYZZI/Z | LAeYS/9/66/2101e/SEl/Woo"dno-oiwapede//:sdny Wwolj papeojumoq


https://doi.org/10.2527/jas.2006-547
https://doi.org/10.2527/jas.2006-547
https://doi.org/10.3168/jds.S0022-0302(05)73133-7
https://doi.org/10.3168/jds.S0022-0302(05)73133-7
https://doi.org/10.2527/1992.702547x
https://doi.org/10.2527/1994.7292475x
https://doi.org/10.2527/2000.78123144x
https://doi.org/10.2527/jas.2011-3915
https://doi.org/10.2527/2002.80112967x
https://doi.org/10.2527/2002.8061629x
https://doi.org/10.2527/2002.80112978x
https://doi.org/10.3168/jds.S0022-0302(80)82888-8
https://doi.org/10.3168/jds.S0022-0302(80)82888-8
https://doi.org/10.1016/j.livsci.2013.05.002
https://doi.org/10.2527/jas.2014-8432
https://doi.org/10.2527/jas.2014-8432
https://doi.org/10.2307/3610494
https://doi.org/10.2527/2004.8251508x
https://doi.org/10.2527/2004.8251528x
https://doi.org/10.2527/1990.682515x
https://doi.org/10.2527/jas2000.77E-Suppl1v
https://doi.org/10.2527/2004.823895x
https://doi.org/10.2527/2001.7992276x
https://doi.org/10.2527/1999.77123353x
https://doi.org/10.3168/jds.S0022-0302(80)83132-8
https://doi.org/10.2527/jas1985.602560x

12 | Journal of Animal Science, 2021, Vol. 99, No. 6

Klein, S. 1., Q. P. Larson, M. L. Bauer, J. S. Caton, and C. R. Dahlen.
2015. Effects of alternate day feeding of dried distiller’s
grains plus solubles in forage-fed steers on intake, ruminal
fermentation and passage rates, and serum nonesterified
fatty acid. J. Anim. Sci. 93:3959-3968. d0i:10.2527/jas.2015-9070

Koster, H. H., R. C. Cochran, E. C. Titgemeyer, E. S. Vanzant,
I. Abdelgadir, and G. St-Jean. 1996. Effect of increasing
degradable intake protein on intake and digestion of low-
quality, tallgrass-prairie forage by beef cows. J. Anim. Sci.
74:2473-2481. doi:10.2527/1996.74102473%

Krehbiel, C. R., C. L. Ferrell, and H. C. Freetly. 1998. Effects of
frequency of supplementation on dry matter intake and
net portal and hepatic flux of nutrients in mature ewes
that consume low-quality forage. J. Anim. Sci. 76:2464-2473.
doi:10.2527/1998.7692464x

Krysl, L. J, M. E. Branine, A. U. Cheema, M. A. Funk, and
M. L. Galyean. 1989. Influence of soybean meal and sorghum
grain supplementation on intake, digesta kinetics, ruminal
fermentation, site and extent of digestion and microbial
protein synthesis in beef steers grazing blue grama rangelands.
J. Anim. Sci. 67:3040-3051. doi: 10.2527/jas1989.67113040x

Mathis, C. P,,R. C. Cochran, J. S. Heldt, B. C. Woods, I. E. Abdelgadir,
K. C. Olson, E. C. Titgemeyer, and E. S. Vanzant. 2000. Effects
of supplemental degradable intake protein on utilization
of medium- to low-quality forages. J. Anim. Sci. 78:224-232.
doi:10.2527/2000.781224x

Merchen, N. R. 1988. Digestion, absorption and excretion in
ruminants. In: Church, D. C., editor. The ruminant animal:
digestive physiology and nutrition. Upper Saddle River, NJ:
Prentice Hall Inc.; p. 182-189. ISBN 10: 0-88133-740-4

Miller, A. J., D. B. Faulkner, R. K. Knipe, D. R. Strohbehn,
D. F. Parrett, and L. L. Berger. 2001. Critical control points for
profitability in the cow-calf enterprise. Appl. Anim. Sci. 17:
295-302. doi: 10.15232/51080-7446(15)31643-0

NRC. 2000. Nutrient requirements of beef cattle. 7th rev. ed.
Washington, DC: National Academic Press. doi: 10.17226/9791

Olson, K. C., R. C. Cochran, T. J. Jones, E. S. Vanzant,
E. C. Titgemeyer, and D. E. Johnson. 1999. Effects of ruminal
administration of supplemental degradable intake protein
and starch on utilization of low-quality warm-season grass
hay by beef steers.]. Anim. Sci. 77:1016-1025. d0i:10.2527/1999.
7741016x

Raun, N. S., and W. Burroughs. 1962. Suction strainer technique
in obtaining rumen fluid samples from intact lambs. J. Anim.
Sci. 21:454-457. doi:10.2527/jas1962.213454x

Reynolds, C. K., and N. B. Kristensen. 2008. Nitrogen recycling
through the gut and the nitrogen economy of ruminants: an
asynchronous symbiosis. J. Anim. Sci. 86(14 Suppl):E293-E305.
doi:10.2527/jas.2007-0475

1018

Robertson, J. B.,, and P. J. Van Soest. 1981. The detergent
system of analyses and its application to human foods. In:
James, W. P. T. and O. Theander, editors. The analysis of dietary
fiber. New York: Marcell Dekker; p. 123-158.

Sawyer, J. E., J. T. Mulliniks, R. C. Waterman, and M. K. Petersen.
2012. Influence of protein type and level on nitrogen and
forage use in cows consuming low-quality forage. J. Anim. Sci.
90:2324-2330. d0i:10.2527/jas.2011-4782

Schauer, C. S., D. W. Bohnert, D. C. Ganskopp, C. J. Richards,
and S. J. Falck. 2005. Influence of protein supplementation
frequency on cows consuming low-quality forage:
performance, grazing behavior, and variation in supplement
intake. J. Anim. Sci. 83:1715-1725. doi:10.2527/2005.8371715x

Schauer, C. S., M. L. Van Emon, M. M. Thompson, D. W. Bohnert,
J. S. Caton, and K. K. Sedivec. 2010. Protein supplementation of
low-quality forage: Influence of frequency of supplementation
on ewe performance and lamb nutrient utilization. Sheep Goat
Res. 25:66-73.

Schillo, K. K., J. B. Hall, and S. M. Hileman. 1992. Effects of
nutrition and season on the onset of puberty in the beef
heifer. J. Anim. Sci. 70:3994-4005. doi:10.2527/1992.70123994x

Sheahan, A. J, S. J. Gibbs, and J. R. Roche. 2013. Timing of
supplementation alters grazing behavior and milk production
response in dairy cows. J. Dairy Sci. 96:477-483. doi:10.3168/
jds.2012-5781

Uden, 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

Van Soest. P. J. 1982. The kinetics of digestion. In: Van Soest, P. J.,
editor. Nutritional ecology of the ruminant. Ithaca, NY: Cornell
University Press; p. 211-229.

Warner, A. C. I, and B. D. Stacy. 1968. The fate of water in the
rumen. [. A critical appraisal of the use of soluble markers. Br.
J. Nutr. 22:369-387. doi: 10.1079//BJN19680046

Weder, C. E., T. DelCurto, T. Svejcar, J. R. Jaeger, and R. K. Bailey.
1999. Influence of supplemental alfalfa quality on the intake,
use and subsequent performance of beef cattle consuming
low-quality roughages. J. Anim. Sci. 77:1266-1276. doi:
10.2527/1999.7751266x

Wickersham, T. A., E. C. Titgemeyer, R. C. Cochran,
E. E. Wickersham, and E. S. Moore. 2008. Effect of frequency
and amount of rumen-degradable intake protein
supplementation on urea kinetics and microbial use of
recycled urea in steers consuming low-quality forage. J. Anim.
Sci. 86:3089-3099. doi:10.2527/jas.2007-0326

Yokoyama, M. T., and K. A. Johnson. 1988. Microbiology of the
rumen and intestine. In: Church, D. C., editor. The ruminant
animal. New York: Simon and Shuster; p. 125-144.

1202 AINp 61 UO Josn ssa00y Joquis|N SYSY A GBEYZZI/Z | LAeYS/9/66/2101e/SEl/Woo"dno-oiwapede//:sdny Wwolj papeojumoq


https://doi.org/10.2527/jas.2015-9070
https://doi.org/10.2527/1996.74102473x
https://doi.org/10.2527/1998.7692464x
https://doi.org/10.2527/jas1989.67113040x
https://doi.org/10.2527/2000.781224x
https://doi.org/10.15232/S1080-7446(15)31643-0
https://doi.org/10.17226/9791
https://doi.org/10.2527/1999.7741016x
https://doi.org/10.2527/1999.7741016x
https://doi.org/10.2527/jas1962.213454x
https://doi.org/10.2527/jas.2007-0475
https://doi.org/10.2527/jas.2011-4782
https://doi.org/10.2527/2005.8371715x
https://doi.org/10.2527/1992.70123994x
https://doi.org/10.3168/jds.2012-5781
https://doi.org/10.3168/jds.2012-5781
https://doi.org/10.1002/jsfa.2740310702
https://doi.org/10.1002/jsfa.2740310702
https://doi.org/10.1079//BJN19680046
https://doi.org/10.2527/1999.7751266x
https://doi.org/10.2527/jas.2007-0326



