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a b s t r a c t

Five ruminally cannulated steers (initial BW¼464726 kg) consuming low-quality forage
(5% CP; 78% NDF; DM basis) were used in an incomplete 5�4 Latin square with four 18-d
periods to determine the influence of supplemental N source and supplementation
frequency (SF) on ruminal fermentation dynamics. Treatments, arranged as a 2�2
factorial with a negative control, consisted of urea or soybean meal (SBM) supplements
offered daily (D) or alternate days (2D) plus an unsupplemented treatment (CON). Urea
supplements were provided to meet 100% of the degradable intake protein requirement
while SBM supplements were provided on an isonitrogenous basis. All supplemented
treatments received an equal quantity of supplemental N over a 2-d period. Ruminal
indigestible acid detergent fiber (IADF) passage rate was increased with supplementation
(P≤0.03) on the days when D and 2D supplements were provided, as well as when only D
supplements were provided. In contrast, ruminal liquid fill and dilution rate were not
affected by supplementation, N source, or SF on the days when D and 2D supplements
were provided (P≥0.24). However, when only D supplements were offered, ruminal liquid
dilution rate was greater (P¼0.03) for SBM supplemented steers compared with cohorts
receiving supplemental urea, whereas ruminal liquid fill was greater (P¼0.03) for steers
fed urea supplements. Nitrogen supplementation increased (Po0.01) ruminal NH3–N by
122% and 70%, compared with the CON, on the days when both D and 2D supplements
were provided and when only D supplements were provided, respectively. We noted a N
source� SF interaction for ruminal NH3–N on the days when D and 2D supplements were
provided (P¼0.02), as well as when only D supplements were provided (Po0.01). On the
days when D and 2D supplements were provided, urea increased NH3–N by 61% (2.93 vs.
4.73 mM for D and 2D, respectively), whereas the increase in NH3–N with SBM was only
15% (2.23 vs. 2.58 mM for D and 2D, respectively). However, when only D supplements
were provided, NH3–N was almost 36% less for the 2D compared with the D urea
treatment (2.76 vs. 1.81 mM, respectively), whereas an 11% increase was noted for SBM 2D
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compared with SBM D (1.99 vs. 1.79 mM, respectively). Total concentration of VFA was
increased on the days when both D and 2D supplements were provided (P¼0.03), but not
influenced by treatments on the days when only D supplements were provided (P≥0.50).
In summary, providing a urea-based supplement, as infrequently as every-other-day, was
an effective alternative to a SBM-based supplement in maintaining acceptable ruminal
fermentation of steers consuming low-quality, cool-season forage.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Low ruminal NH3–N (o2.94 mM) often limits microbial
growth and ruminal fermentation (Satter and Slyter, 1974;
Slyter et al., 1979) in ruminants consuming low-quality forage
(o7% CP; DM basis). Consequently, provision of supplemental
ruminally degradable protein (RDP) usually increases micro-
bial CP production (Bohnert et al., 2002a; Hannah et al., 1991;
Köster et al., 1996) and enhances ruminal fermentation
(Bodine et al., 2000, 2001; Köster et al., 1996; Olson et al.,
1999), thereby improving performance (Bohnert et al., 2002b;
Clanton and Zimmerman, 1970; Mathis et al., 1999) and
reproductive efficiency (Sasser et al., 1988; Wiley et al.,
1991). However, protein supplementation is an expensive
management practice, because of the costs of supplement,
labor, and equipment associated with supplement delivery.
Ruminant livestock producers can decrease these costs by
purchasing supplements on a CP basis (cost/kg CP) and by
decreasing the frequency of supplementation.

Non-protein N (NPN) sources are usually less expensive
per unit of N than natural protein sources (i.e., soybean meal).
Moreover, research has suggested that NPN can effectively be
used as a source of supplemental N to ruminants consuming
low-quality forage (Currier et al., 2004a,b; Köster et al., 1997,
2002). However, the use of NPN in N supplements can result
in management concerns such as supplement palatability and
refusal, urea toxicity, and decreased efficiency of N use
compared with sources of natural protein (Chalupa, 1968;
Clanton, 1978; Helmer and Bartley, 1971; Rush et al., 1976).

Previous research has indicated that providing CP
supplements as infrequently as once every 7 d to rumi-
nants consuming low-quality forage results in perfor-
mance and nutrient utilization similar to daily
supplementation (Bohnert et al., 2002a,b; Huston et al.,
1999a,b). However, little data are available comparing
infrequent supplementation of NPN and natural protein.
Therefore, we hypothesized that offering a CP supplement
in which NPN provided the primary source of supplemen-
tal N would maintain ruminal parameters comparable to a
supplement in which natural protein provided the primary
source of supplemental N, even when offered every-other-
day. The objective of this study was to compare supple-
mentation frequency (SF; daily and alternate day) of
supplements in which urea or SBM provided the primary
source of supplemental N on ruminal fermentation in
steers consuming low-quality forage (o7% CP).

2. Materials and methods

The present experiment was conducted at the Oregon
State University—Eastern Oregon Agricultural Research
Center (EOARC), Burns. All animals utilized were cared
for in accordance with acceptable practices and experi-
mental protocols reviewed and approved by the Oregon
State University, Institutional Animal Care and Use
Committee.

2.1. Animals and diets

A full description of experimental procedures (exclud-
ing ruminal fermentation measurement and analysis) and
diet composition is given in a companion paper (McGuire
et al., this issue). Briefly, 5 mature Angus�Hereford steers
(initial BW¼464726 kg) with ruminal cannulas were
allotted randomly to 1 of 5 treatments in an incomplete
5�4 Latin square design (Cochran and Cox, 1957) and
housed in individual pens (4�8 m) within an enclosed
barn with continuous lighting. Treatments, arranged as a
2�2 factorial plus a negative control, consisted of a hard
fescue (Festuca trachyphylla) straw diet (CON) and the CON
diet plus urea (U) or soybean meal (SBM) supplements
provided daily (D) or on alternate days (2D). The U
treatments were formulated to provide 100% of the esti-
mated RDP requirement assuming a microbial efficiency of
11 g bacterial CP/100 g TDN (NRC, 2000; Model 1) and the
SBM treatments were provided on an isonitrogenous basis,
at 0.4 g CP/kg BW and 0.8 g CP/kg BW for D and 2D,
respectively. Protein supplements were placed directly
into the rumen via the ruminal cannula at 0700 h for
supplemented treatments on each respective supplemen-
tation day (1.3 and 2.6 g DM/kg BW for D and 2D,
respectively). The basal diet consisted of hard fescue grass
seed straw (4.7% CP; DM basis; McGuire et al., this issue).

2.2. Sampling

Experimental periods were 18 d, with 9 d of diet
adaptation and 9 d of sampling. On d 11 and 12, treatment
effects on ruminal DM and indigestible ADF (IADF) fill
were determined by manually removing reticulorumen
contents 4 h after feeding. This allowed sampling on a day
when both D and 2D supplements were provided and a
day when only D supplements were provided, respectively.
Total ruminal contents were weighed, mixed by hand, and
sub-sampled in triplicate (approximately 400 g per tripli-
cate). The remaining ruminal contents were replaced
immediately into the animal. Ruminal samples were
weighed, dried in a force-air oven (55 1C) for 96 h,
reweighed for DM, ground to pass a 1-mm screen in a
Wiley mill, and composited within period and day by steer.

On d 13 and 18, each steer was intra-ruminally pulse-
dosed with 5 g of Co-EDTA in a 150-ml aqueous solution
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(Udén et al., 1980) at 0700 h (the time supplements were
provided). As described above for ruminal evacuations,
this allowed sampling on a day when both D and 2D
supplements were provided and a day when only D
supplements were provided. The Co marker was adminis-
tered throughout the rumen by injecting through a stain-
less steel probe with a perforated tip. Ruminal fluid
(approximately 100 mL) was collected by suction strainer
(Raun and Burroughs, 1962) immediately prior to dosing
(0 h) and at 3, 6, 9, 12, and 24 h after dosing. Ruminal pH
was measured immediately after collection (Orion SA 520,
American Instrument Exchange Inc., Haverhill, MA).
Twenty milliliters of the ruminal fluid was stored
(−20 1C) for later analysis of Co-concentration and 5 mL
was acidified with 1 mL of 25% (wt/vol) meta-phosphoric
acid and stored (−20 1C) for subsequent analysis of VFA
and NH3–N. Frozen (−20 1C) ruminal samples were pre-
pared for analysis by thawing, centrifuging (15,000� g for
10 min at room temperature for VFA and NH3–N, and
2000� g for 20 min at room temperature for Co), and
collecting the supernatant. Cobalt concentration in rum-
inal fluid was 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 described by Warner and Stacy
(1968). Volatile fatty acids were analyzed as described by
Harmon et al. (1985) and NH3–N was analyzed by a
modification (sodium salicylate substituted for phenol) of
the procedure described by Broderick and Kang (1980)
using an UV–visible spectrophotometer (Spectronic 710
Spectrophotometer, Bausch & Lomb, Inc., Rochester, NY).

Feed, orts, and ruminal particulate samples (McGuire
et al.,this issue) were analyzed for IADF using procedures
described by Bohnert et al. (2002c). Procedures described
by Van Soest (1982) were used to determine IADF passage
rate by dividing IADF intake by the quantity of IADF in the
rumen 4 h after feeding.

2.3. Statistical analysis

All data were analyzed using the PROC MIXED proce-
dure of SAS (SAS Inst., Inc., Cary, NC) and Satterthwaite
approximation was used to determine the denominator
degrees of freedom for the test of fixed effects. Ruminal
liquid volume, liquid dilution rate, DM fill, IADF fill, and
IADF passage rate were analyzed as an incomplete 5�4
Latin square. The model statement contained the effects of
treatment and period as independent variables. Steer was
used as the random variable. Because the treatment
structure consisted of a 2�2 factorial plus a control,
orthogonal contrasts were used to partition specific treat-
ment effects. Contrast statements were: (1) CON vs.
Supplementation; (2) U vs. SBM; (3) D vs. 2D supplemen-
tation; (4) N source� SF.

Ruminal pH, NH3–N, and VFA data, collected at the
fixed times after feeding on a day that D and 2D supple-
ments and a day only D supplements were provided (d 13
and 18, respectively), were analyzed using the repeated
statement with the PROC MIXED procedure of SAS. The
model statement contained the effects of treatment, time,
treatment� time interaction and period as the indepen-
dent variable. Steer was used as the random variable. The
specified term for the repeated statement was hour, the
subject was steer(period� trt), and the covariance struc-
ture utilized was autoregressive by it providing the lowest
Akaike information criterion for all variables analyzed. The
same contrasts described above were used to partition
specific treatment effects.

Results are reported as least square means and sepa-
rated using LSD. Significance was set at P≤0.05 and
tendencies were determined if P40.05 and ≤0.10. Results
are reported according to treatment effects if no interac-
tions were significant or according to highest-order inter-
action detected.

3. Results

For all intake and digestibility data, please refer to a
companion paper (McGuire et al., this issue).

3.1. Ruminal fill and passage

Ruminal fill (DM and IADF), liquid fill, and dilution rate
were not affected by supplementation, N source, or SF
(P≥0.24) on the day when both D and 2D supplements
were provided (Table 1). However, IADF passage rate was
greater (P¼0.03) in supplemented steers compared with
CON cohorts, but it was not affected by N source and SF
(P≥0.42).

On the day when only D supplements were offered,
ruminal liquid fill and liquid dilution rate were affected by
N source (P¼0.03; Table 1). Ruminal liquid dilution rate
was greater (P¼0.03) for steers supplemented with SBM
than cohorts receiving supplemental U (10.9 vs. 10.1%/h,
respectively), whereas ruminal liquid fill was greater
(P¼0.03) for steers fed U treatments (159 vs. 146 ml/kg
of BW for U and SBM, respectively). In addition, a N
source� SF interaction was observed (P¼0.05) for IADF
fill, whereas the same interaction tended (P¼0.06) to
affect ruminal DM fill (Table 1), indicating that as SF
decreased from D to 2D, ruminal DM and IADF fill
increased for urea-supplemented steers, whereas it
decreased for SBM-supplemented cohorts. Similarly to
the aforementioned results, IADF passage rate was greater
(Po0.01) for supplemented compared with unsupple-
mented steers.

3.2. Rumen fermentation

Treatment� time interactions (Po0.01) were noted for
ruminal NH3–N on the day when both D and 2D supple-
ments were provided, as well as on the day when only D
supplements were provided.

Ruminal NH3–N increased (Po0.01) 122% with supple-
mentation on the day when both D and 2D supplements
were provided (Table 2; Fig. 1). Also, we noted a N
source� SF interaction (P¼0.02) in which ruminal NH3–

N increased with supplemental U (2.93 vs. 4.73 mM,
respectively; SEM¼0.37), whereas it remained relatively



Table 1
Effects of supplemental N source and supplementation frequency daily (D) or every-other-day (2D) on ruminal liquid fill and liquid dilution rate in steers
fed hard fescue straw.

Item Treatmenta SEMb P-valuec

CON UD U2D SBMD SBM2D Con vs Supp Urea vs SBM D vs 2D N Source � SF

D and 2D supplements provided
DM fill, g/kg BW 29.0 30.2 29.2 29.9 28.9 1.01 0.60 0.76 0.26 0.95
IADF fill, g/kg BW 8.22 8.50 8.55 8.64 8.24 0.37 0.41 0.76 0.53 0.41
IADF passage rate, %/h 1.92 2.08 2.15 2.10 2.14 0.15 0.03 0.97 0.42 0.83
Liquid fill, mL/kg BW 136 138 137 149 133 11.0 0.79 0.74 0.41 0.47
Liquid dilution rate, %/h 9.1 10.6 9.8 10.1 10.7 0.88 0.24 0.80 0.88 0.46

Only D supplements provided
DM fill, g/kg BW 28.0 27.8 29.4 30.3 26.6 1.23 0.69 0.89 0.39 0.06
IADF fill, g/kg BW 7.76 7.66 8.03 8.81 7.54 0.48 0.54 0.39 0.25 0.05
IADF passage rate, %/h 2.02 2.32 2.34 2.10 2.32 0.19 o0.01 0.09 0.09 0.13
Liquid fill, mL/kg BW 145 162 156 142 151 7.6 0.19 0.03 0.83 0.16
Liquid dilution rate, %/h 9.9 9.9 10.3 11.1 10.8 0.54 0.11 0.03 0.90 0.22

a CON¼control; UD¼urea supplement provided daily; U2D¼urea supplement provided every-other-day; SBMD¼soybean meal supplement provided
daily; SBM2D¼soybean meal supplement provided every-other-day.

b n¼4.
c Con vs Supp¼control vs supplemented treatments; Urea vs SBM¼urea vs soybean meal treatments; D vs 2D¼daily vs alternate day supplementa-

tion; N Source� SF¼ interaction of N source vs supplementation frequency.

Table 2
Effects of supplemental N source and supplementation frequency on steer ruminal fermentation characteristics when daily (D) and alternate day (2D)
supplements were provided.

Item Treatmenta SEMb P-Valuec

CON UD U2D SBMD SBM2D Con vs Supp Urea vs SBM D vs 2D N Source� SF

Ammonia N, mM 1.42 2.93 4.73 2.23 2.58 0.37 o0.01 o0.01 o0.01 0.02
pH 6.57 6.59 6.58 6.55 6.58 0.04 0.80 0.47 0.66 0.34
Total VFA, mM 74.3 77.7 78.3 78.3 78.8 2.49 0.03 0.71 0.71 0.99
VFA, mol/100 mol

Acetate 75.4 75.8 75.3 74.9 75.3 0.30 0.80 0.17 0.91 0.15
Propionate 17.3 16.7 17.3 16.9 16.9 0.31 0.18 0.61 0.18 0.14
Isobutyrate 0.45 0.41 0.47 0.51 0.47 0.03 0.66 0.07 0.72 0.09
Butyrate 6.2 6.4 6.3 6.8 6.5 0.18 0.06 0.04 0.16 0.56
Isovalerate 0.37 0.40 0.41 0.44 0.45 0.023 o0.01 o0.01 0.59 0.83
Valerate 0.31 0.29 0.35 0.43 0.40 0.033 0.10 o0.01 0.63 0.14

Acetate:Propionate 4.4 4.6 4.4 4.4 4.5 0.09 0.46 0.96 0.36 0.15

a CON¼control; UD¼urea supplement provided daily; U2D¼urea supplement provided every-other-day; SBMD¼soybean meal supplement provided
daily; SBM2D¼soybean meal supplement provided every-other-day.

b n¼4.
c Con vs Supp¼control vs supplemented treatments; Urea vs SBM¼urea vs soybean meal treatments; D vs 2D¼daily vs alternate day supplementa-

tion; N Source x SF¼ interaction of N source vs supplementation frequency.
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constant with SBM (2.23 vs. 2.58 mM, respectively;
SEM¼0.37) as SF decreased from D to 2D.

On the day when only D supplements were provided,
supplementation increased (Po0.01) ruminal NH3–N by
71% compared with the CON (Table 3; Fig. 1) and U-
supplemented steers had greater (Po0.01) ruminal NH3–

N compared with SBM cohorts (2.29 vs. 1.89 mM, respec-
tively). Moreover, infrequent supplementation reduced
(Po0.01) ruminal NH3–N for steers receiving U supple-
ments (2.76 vs. 1.81 mM, respectively; SEM¼0.15),
whereas no further changes were observed for SBM-
supplemented cohorts (1.79 vs. 1.99 mM, respectively;
SEM¼0.15), which resulted in a N source� SF interaction
(Po0.01).

No treatment� time interactions (P≥0.15) were
observed for ruminal pH or VFA; therefore, only overall
treatment means are presented. On the day when both D
and 2D supplements were provided, no treatment effects
(P40.51) were detected on ruminal pH (Table 2). How-
ever, total VFA concentrations were increased due to
supplementation (P¼0.03; Table 2). Also, SBM-
supplemented steers had greater (P≤0.04) butyrate, iso-
valerate, and valerate concentrations (mol/100 mol) com-
pared with steers receiving U supplements. In addition,
the molar proportion of isovalerate was greater (Po0.01)
for supplemented steers compared with CON cohorts.

On the day when only D supplements were provided,
ruminal pH was greater (Po0.01) for steers offered U than
cohorts offered SBM supplements (6.59 vs. 6.51, respec-
tively; Table 3). No further effects were observed on
ruminal pH due to supplementation and SF (P≥0.25).
Concentration of total VFA was not affected by



Fig. 1. Effects of supplemental N source and supplementation frequency on steer ruminal ammonia-N on the day when only daily supplements were
provided (A) and on the day when all supplements were provided (B). Dashed lines in the graphs represent the suggested minimum ruminal ammonia
levels required for optimal rumen microbial growth (2.94 mM; Slyter et al., 1979). Bars from left to right for each treatment represent 0, 3, 6, 9, 12, and 24 h
post-feeding, respectively. Treatments were: Control; UD¼urea supplement provided every day; U2D¼urea supplement provided every-other-day;
SBMD¼soybean meal supplement provided every day; and SBM2D¼soybean meal supplement provided every-other-day. Treatment� time interactions
for A and B are Po0.01. The SEM for A and B are 0.24 and 0.82, respectively.

Table 3
Effects of supplemental N source and supplementation frequency on steer ruminal fermentation characteristics when only daily (D) supplements were
provided.

Item Treatmenta SEMb P-valuec

CON UD U2D SBMD SBM2D Con vs Supp Urea vs SBM D vs 2D Source� SF

Ammonia N, mM 1.22 2.76 1.81 1.79 1.99 0.15 o0.01 o0.01 o0.01 o0.01
pH 6.51 6.59 6.59 6.49 6.52 0.04 0.25 o0.01 0.73 0.60
Total VFA, mM 78.5 80.5 79.2 81.0 78.5 2.65 0.60 0.93 0.50 0.90
VFA, mol/100 mol
Acetate 75.9 76.2 75.7 74.9 75.3 0.23 0.11 o0.01 0.98 0.02
Propionate 16.6 16.2 16.4 16.9 16.6 0.26 0.64 o0.01 0.47 0.04
Isobutyrate 0.46 0.41 0.49 0.50 0.53 0.019 0.27 o0.01 o0.01 0.13
Butyrate 6.3 6.5 6.6 6.8 6.7 0.14 o0.01 0.04 0.62 0.28
Isovalerate 0.38 0.38 0.40 0.43 0.40 0.024 0.19 0.08 0.63 0.15
Valerate 0.35 0.32 0.37 0.45 0.43 0.022 0.02 o0.01 0.30 0.06

Acetate:Propionate 4.6 4.7 4.6 4.4 4.6 0.08 0.97 o0.01 0.64 0.05

a CON¼control; UD¼urea supplement provided daily; U2D¼urea supplement provided every-other-day; SBMD¼soybean meal supplement provided
daily; SBM2D¼soybean meal supplement provided every-other-day.

b n¼4.
c Con vs Supp¼control vs supplemented treatments; Urea vs SBM¼urea vs soybean meal treatments; D vs 2D¼daily vs alternate day supplementa-

tion; N Source x SF¼ interaction of N source vs supplementation frequency.
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supplementation, N source, or SF (P≥0.50; Table 3). How-
ever, molar proportions of acetate, propionate, butyrate,
isobutyrate, valerate, and acetate:propionate ratio were
affected by N source. Steers supplemented with U had a
greater (Po0.01) molar proportion of acetate, acetate:
propionate ratio, and reduced (P≤0.04) propionate,
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butyrate, isobutyrate, and valerate than steers fed SBM.
Valerate and butyrate concentrations were also greater
(P≤0.02) for supplemented vs. CON cohorts.

4. Discussion

The main goal of the present study was to evaluate the
effects of different N sources (natural [SBM] or NPN [urea])
and supplementation frequency (daily or alternate day) on
ruminal fermentation dynamics of beef steers consuming
low-quality hard fescue straw (4.7% CP; DM basis). Infre-
quent CP supplementation helps to reduce the labor and
fuel costs associated with supplementation, while main-
taining performance comparable to daily supplementation
(Bohnert et al., 2002a; Huston et al., 1999a,b; Schauer
et al., 2005). Farmer et al. (2004a) suggested a few
mechanisms that may play a role in buffering the impact
of infrequent supplementation and minimize differences
in performance of cattle. These likely include N recycling, a
lag in peak ruminal ammonia concentration, and pro-
longed elevation of NH3–N.

In the present study, independently of the collection
day (D and/or 2D), IADF passage rates were greater for
supplemented steers, which is in agreement with the
intake data reported by McGuire et al. (this issue). Supple-
mentation, independently of N source, increased straw DM
and OM intake compared with unsupplemented cohorts,
likely due in part to our noted increase in IADF passage
rate as well as increased ruminal NH3–N. Infrequent
supplementation did not affect DM or OM intake by beef
steers consuming low-quality forages (McGuire et al., this
issue). Several researchers have demonstrated that CP
supplementation increases DM and OM intake (Bandyk
et al., 2001; DelCurto et al., 1990; Huston et al., 1999a) and
decreased SF does not negatively affect total DMI by
ruminants consuming low-quality forage (Farmer et al.,
2004b; Huston et al., 1999a; Krehbiel et al., 1998;
Wickersham et al., 2008b). The reason for the N sour-
ce� SF interactions on ruminal variables (DM fill and IADF
fill) on the day when only D supplements were provided is
not clear and deserves further investigation.

Crude protein supplementation has been shown to
increase total tract digestibility in beef steers consuming
low-quality forage (Bohnert et al., 2002a; Currier et al.,
2004c). However, in a companion paper (McGuire et al.,
this issue), neither supplementation nor N source
increased DM, OM, NDF, and ADF digestibilities. Similarly,
Wickersham et al. (2008b) reported no difference in total
tract digestibility of OM and NDF by beef steers offered
increasing amounts of RDP (casein). Nevertheless, another
study from the same group (Wickersham et al., 2008a)
demonstrated that increasing the RDP content of the diet
increased total tract digestibility of OM and NDF. One likely
explanation for the lack of effects on digestibility by steers
receiving CP supplements (Wickersham et al., 2008b;
McGuire et al., this issue) may be in part to the greater
ruminally available N supply (Guthrie and Wagner, 1988;
Olson et al., 1999), which increased ruminal particulate
passage rate and, thereby, decreased the time ruminal
microbes had access to the substrate (Wickersham et al.,
2008b).
On the day when both D and 2D supplements were
offered, ruminal liquid fill and dilution rate were not affected
by supplementation, N source, or SF. Supporting our results,
Currier et al. (2004c) fed different sources of NPN (urea or
biuret) to beef steers consuming low-quality forage and
reported minimal effects on ruminal fluid dynamics due to
decreased SF. Conversely, Bohnert et al. (2002c) reported a
linear increase in ruminal liquid fill of beef steers consuming
low-quality forage and supplemented with RDP (soybean
meal) as SF decreased from daily to once every 3 d or once
every 6 d. The same authors reported increased ruminal
liquid dilution rate when all supplements were provided.
Nevertheless, the reasons why no differences were observed
in these parameters due to N source on the days when all
supplements were offered remain unknown and deserve
further investigation.

In contrast to the aforementioned results, greater
ruminal liquid fill for U-supplemented steers and
increased liquid dilution rate for steers supplemented with
SBM on the day when only D supplements were offered
suggests that rumen function may be altered by the N
source used, even if equal amounts of CP (as % of BW) are
provided. Olson et al. (1999) argued that differences in the
type of CP supplements used (such as CP quantity and
degradability) may help to explain different results asso-
ciated with these ruminal parameters. Urea is extremely
soluble in water and is rapidly hydrolyzed to NH3–N
within the rumen (Bartley et al., 1976) and one can
speculate that there was an osmotic imbalance within
the rumen, allowing more water to enter the rumen and,
subsequently affecting ruminal liquid fill. Another possible
explanation for the observed response herein is that U
supplementation stimulated water intake to a greater
extent compared with the SBM supplement. However,
none of these parameters were analyzed in the
current study.

Previous research has shown that CP supplementation
increases ruminal NH3–N in ruminants consuming low-
quality forage (Köster et al., 1996; Weder et al., 1999). This
is in agreement with our observation that supplementa-
tion increased ruminal NH3–N by 122% on the day when
both D and 2D supplements were provided and by 71% on
the day when only D supplements were provided com-
pared with CON. Similarly, Currier et al. (2004c) observed
an increase in ruminal NH3–N of approximately 240 and
152% on the day when both D and 2D supplements were
provided and on the day when only D supplements were
provided, respectively, for beef steers consuming low-
quality grass seed straw (4% CP). Also, Bohnert et al.
(2002b) reported that steers fed 5% CP meadow foxtail
hay and offered low- or high-RDP supplements daily, once
every 3 d, or once every 6 d had, on average, 267 and 173%
increased ruminal NH3–N on the day that all supplements
and the day only daily supplements were provided,
respectively, compared with an unsupplemented control.
We should note that the unsupplemented treatment (CON)
had ruminal NH3–N concentrations close to the lower
threshold known to maximize the growth of ruminal
microbes (1.18 to 2.94 mM; Slyter et al., 1979). Therefore,
ruminal N availability may have been limiting for the CON
steers.
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In the present study, steers supplemented with U had
greater ruminal NH3–N compared with SBM-supplemented
cohorts on the day when both D and 2D supplements were
provided, as well as on the day when only D supplements
were provided. Bohnert et al. (2002c) reported that high-RDP
supplements increased ruminal NH3–N compared with
rumen undegradable protein supplements. As previously
mentioned, U is rapidly hydrolyzed into NH3–N when
compared with other RDP sources (i.e., soybean meal), which
are more slowly digested to NH3–N. In addition, U 2D
increased ruminal NH3–N on the day when both D and 2D
supplements were provided, whereas on the day when only
D supplements were offered U D steers had greater ruminal
NH3–N levels. In agreement with our results, Currier et al.
(2004c) demonstrated that U supplementation increased
NH3–N levels when compared with biuret as SF decreased.
Farmer et al. (2004a) suggested that one of the mechanisms
by which infrequent CP supplementation is effective is by
prolonging NH3–N elevation (up to 24 h after supplementa-
tion), reflecting both recycling as well as time-series differ-
ences in the prevalence of ruminal bacteria that can ferment
peptides and free AA and produce NH3–N (Yang and Russell,
1993). An attenuated peak and prolonged maintenance of
elevated ruminal NH3–N would facilitate the maintenance of
fibrolytic activity and the conservation of N, thus reducing
potential negative effects as a result of the infrequent
supplementation.

Ruminal pH averaged approximately 6.6 for all treat-
ments on the day when both supplements were provided
and on the day when only D supplements were provided.
In agreement, Farmer et al. (2004b) reported that inclusion
of urea (0 or 30% of RDP) and/or supplementation fre-
quency (daily or alternate day) did not affect rumen pH.
These results suggest that ruminal pH values were within
the range (6.3 to 6.8) normally sufficient to support
adequate fiber digestion of beef steers across all treat-
ments (Yokoyama and Johnson, 1988).

Total VFA have been shown to increase with CP sup-
plementation in ruminants consuming low-quality forage
(Bohnert et al., 2002c, 2011; Hannah et al., 1991; Köster
et al., 1996), which supports our data, on the day when
both D and 2D supplements were provided. However, in
agreement with Collins and Pritchard (1992), we did not
observe increased concentration of total VFA on the day
when only D supplements were provided. Leng (1973)
reported that branched-chain VFA arise from fermentation
of the branched chain amino acids present in SBM and,
accordingly, steers supplemented with SBM had greater
molar proportions of the branched-chain VFA isovalerate
and isobutyrate compared with U-supplemented cohorts.
Also, Wickersham et al. (2008a) reported that steers
supplemented with increasing amounts of RDP had
increased molar proportions of propionate, isobutyrate,
valerate, isovalerate, and decreased molar proportion of
acetate. Likewise, we noted that the molar proportion of
butyrate increased for SBM-supplemented steers on the
day when all supplements were provided and on the day
when only D supplements were provided. Additionally,
acetate decreased on the day when only D supplements
were offered. The increased acetate:propionate ratio for U-
supplemented steers observed on the day when only D
supplements were offered, agrees with our observation
that acetate increased and propionate decreased for ani-
mals receiving U supplements. However, we should point
out that this difference (less than 5%) may not be of
physiological importance.

Nevertheless differences were observed for ruminal
parameters of beef steers supplemented with U or SBM.
Results from the companion paper (McGuire et al., this
issue) and the literature available demonstrate that NPN
sources (i.e., urea) may be used as an acceptable alter-
native to sources of natural protein for mature beef
cattle consuming low-quality forage. Supporting our
results, Cooke and Arthington (2008) reported that
mature beef cows grazing winter range and receiving
molasses-based supplements containing NPN (urea) or a
blend of natural protein (cottonseed meal and feather
meal) had similar performance (BW and BCS) and preg-
nancy rates during the annual breeding season. Farmer
et al. (2004b) demonstrated that feeding urea as 0 or
30% of RDP to cows during the last trimester of gestation
did not affect calf birth weight and calf ADG. None-
theless, replacing natural protein sources with NPN for
growing cattle (yearling heifers and steers) negatively
affected ADG and reproductive performance (Karges
et al., 1992; Pate et al., 1995). These differences can be
explained by the fact that a greater supply of amino
acids, and subsequently MP, are available in cattle
supplemented with natural protein sources compared
with NPN (Cooke and Arthington, 2008), and growing
cattle have greater requirements for MP in order to
sustain tissue growth (NRC, 2000) and acceptable ADG.
5. Conclusions

Supplemental U and SBM resulted in acceptable rum-
inal parameters for beef cattle consuming hard fescue
straw. Therefore, our data suggest that with mature beef
cattle consuming low-quality, cool-season forages, U can
be used to replace SBM when designing protein supple-
ments for ruminants deficient in RDP, even if consumed on
alternate days.
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