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ABSTRACT: The effects of grain adaptation protocol
on subacute acidosis and feed intake by cattle were
studied in a completely randomized experiment using
12 crossbred heifers (384 ± 25 kg BW). The dietary
proportion of concentrate was increased from 40 to 90%
(DM basis) either by rapid adaptation (65% concentrate
diet fed for 3 d) or by gradual adaptation (five intermedi-
ate diets containing 48.3, 56.7, 65.0, 73.3, and 81.7%
concentrate, fed for 3 d each). Feed intake and ruminal
pH (by indwelling ruminal electrodes) were monitored
over 20 d. Mean daily pH variables did not differ (P ≥
0.10) between treatments on any of the 3 or 4 d that
65 or 90% concentrate was fed. Variances of a number of
pH variables were greater (P < 0.05) for rapidly adapted
heifers than for those on the gradual adaptation proto-
col during adaptation to 65 and 90% concentrate. Mean
hourly pH did not differ over the first 24 h of adaptation
to 65% concentrate, but variance of hourly pH tended
(P < 0.10) to be greater for rapidly adapted than for
gradually adapted heifers for eight of the first 24 h. On
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Introduction

Adaptation of feedlot cattle from high-forage to high-
concentrate diets causes marked changes in the rumi-
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the first day of feeding 90% concentrate, ruminal pH
tended (P = 0.07) to be less at 11 and 12 h after feeding
with rapid adaptation than with gradual adaptation.
Variance of hourly pH increased steadily in rapidly
adapted heifers from 6 h after feeding onward. Ruminal
VFA concentration and osmolality did not differ be-
tween treatments. Ruminal lactate concentration was
<1 mM, except in two rapidly adapted heifers and one
gradually adapted heifer after introduction to 90% con-
centrate. Adaptation method did not affect DMI or day-
to-day variation in DMI. Detection of acidosis was asso-
ciated with increased variance in ruminal pH variables.
A range of individual responses to grain challenge was
observed, but current management strategies for pre-
venting acidosis in pens of cattle are based on responses
of the most susceptible individuals. A better under-
standing of factors governing individual responses to
acidotic challenge may allow for the development of
more effective acidosis prevention practices.

nal environment, and time is required to establish a
stable microbial population. The introduction of rap-
idly fermentable carbohydrate results in a major re-
duction of fibrolytic bacteria and rapid growth of amy-
lolytic bacteria (Goad et al., 1998; Tajima et al., 2001),
and a decrease in ruminal pH. An abrupt change from
a high-forage to a high-concentrate diet can result in
acute or subacute acidosis (Goad et al., 1998; Coe et
al., 1999). Acute acidosis manifests as a marked illness
(Owens et al., 1998), but subacute acidosis is more
difficult to recognize. Decreased feed intake and per-

3Correspondence: P.O. Box 3000 (phone: 403-327-2240; fax: 403-
382-3156; e-mail: mcallister@agr.gc.ca).
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Table 1. Proportion of concentrate (%, DM basis) in diets fed during two strategies for
adaptation of heifers to barley grain-based finishing diets

Days on which adaptation diet was fed (inclusive)

Treatment ≤0a 1 to 3 4 to 6 7 to 9 10 to 12 13 to 15 16 to 19

Rapid adaptation 40.0 65.0 90.0 90.0 90.0 90.0 90.0
Gradual adaptation 40.0 48.3 56.7 65.0 73.3 81.7 90.0

aThe initial diet was fed to all heifers for 8 wk before commencement of measurement period.

formance are commonly believed to result from sub-
acute acidosis (Koers et al., 1976; Owens et al., 1998).

To minimize problems of acidosis, cattle feeders
have traditionally increased dietary concentrate in an
incremental manner by feeding a series of diets con-
taining sequentially increasing concentrations of
grain over a period of 3 to 4 wk. Rapidly adapting cattle
to grain is desirable because ADG and gain efficiency
typically are enhanced when high-concentrate diets
are consumed. However, some acidosis prevails even
with gradual adaptation to grain (Burrin and Britton,
1986), and more rapid rates of grain adaptation may
result in increased acidosis.

Designing high-grain adaptation programs for feed-
lot cattle involves balancing the opportunity for en-
hanced growth performance against the risk of acido-
sis. The objective of this study was to determine
whether gradual adaptation to a high-grain diet modu-
lates ruminal pH, feed intake, and ruminal fermenta-
tion patterns to a greater extent than rapid adaptation
to a high-grain feedlot diet.

Materials and Methods

Animals, Housing, and Experimental Design

Twelve spayed, crossbred heifers were assigned ran-
domly to two groups of six each, and used in two consec-
utive 20-d measurement periods (BW ranging from
302 to 418 kg). The heifers were surgically fistulated
4 to 8 wk before the study, at which time they were
fitted with soft plastic, 10-cm (i.d.) ruminal cannulas
(Bar Diamond, Parma, ID). Seven days before starting
the trial, all heifers received a Component E-H implant
(Elanco Animal Health, Guelph, Ontario, Canada).

Within each group, heifers were assigned randomly
to two treatments (Table 1). The experiment comprised
a 20-d measurement period conducted using one group
of six heifers, repeated immediately thereafter with
the second group. During the 20-d measurement pe-
riod, the six subject heifers were housed individually
in 152 cm × 203 cm indoor stalls with rubber flooring,
and were allowed approximately 1 h of exercise daily
at 1300. All of the heifers were cared for according to
guidelines of the Canadian Council on Animal Care
(CCAC, 1993).

Treatments and Diets

The heifers used in this study had consumed no high-
grain finishing diets before the experiment. During the

8 wk leading up to the start of the first measurement
period, all 12 heifers were provided ad libitum access
(minimum 10% daily refusals) to a barley silage/barley
grain/grass hay diet containing 40% concentrate (DM
basis). Dietary transition from 40 to 90% concentrate
(DM basis) was accomplished either over 3 d using one
intermediate diet of 65% concentrate (rapid adapta-
tion; RA), or over 15 d using five intermediate diets
(gradual adaptation; GA). All diets were formulated
to meet NRC (1996) requirements for minerals and
vitamins and to contain 33 mg of monensin sodium per
kilogram of diet DM (Elanco Animal Health, Calgary,
Alberta, Canada). The final finishing diet was formu-
lated for a targeted gain of 1.35 kg/d.

Diets were prepared fresh each day in a feed mixer.
Sufficient feed to meet ad libitum consumption (at
least 10% orts) was delivered daily at 1400. The con-
centration of dry-rolled barley was increased in the
diets by replacing barley silage and grass hay (Table
2). Barley grain for this experiment was purchased
from a single source and was dry-rolled as a single
batch to a processing index of 84.6% (Yang et al.,
2000).

Feed Intake and Body Weight

Amounts of feed offered and refused were recorded
daily. Samples of diets were collected on the first day
of feeding and every 3 d thereafter for immediate deter-
mination of DM content and storage for chemical anal-
yses. Samples of orts were collected and dried daily.
Daily DMI for each heifer was calculated as feed DM
offered minus DM refused. The DMI variation was
calculated for each individual heifer as the difference
in intake between consecutive days. Samples of dietary
ingredients were collected weekly and composited for
analysis. The heifers were weighed at 0800 at the be-
ginning (d 0) and end (d 19) of the experiment.

Ruminal pH

Ruminal pH of each heifer was monitored continu-
ously for 23 h of each day over the entire 20-d measure-
ment period. An industrial electrode (model PHCN-
37, Omega Engineering, Stamford, CT) was inserted
through the cannula into the rumen of each heifer.
The electrode was enclosed in a protective shield with
perforations large enough to allow ruminal fluid to
percolate freely, and which prevented the electrode
from contacting the ruminal epithelium. The shield
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Table 2. Ingredients and chemical composition of the experimental diets fed to heifers
on gradual or rapid protocols of adaptation to barley-based finishing dietsa

Proportion of concentrate in diet

Item 40.0 48.3 56.7 65.0 73.3 81.7 90.0

Ingredients, % of DM
Barley silage 45.0 41.7 38.3 35.0 26.7 18.3 10.0
Grass hay 15.0 10.0 5.0 0 0 0 0
Concentrate

Barley grainb 35.0 43.3 51.7 60.0 68.3 76.7 85.0
Supplementc 5.0 5.0 5.0 5.0 5.0 5.0 5.0

Chemical composition, %d

DM 56.7 58.6 61.6 63.7 67.9 76.3 83.2
OM 93.6 93.5 94.0 93.6 93.8 95.7 95.2
CP 14.1 14.0 15.6 15.0 15.4 15.5 15.3
NDF 38.2 37.9 32.6 32.9 31.2 31.5 31.3
ADF 17.7 17.4 14.2 13.0 11.0 8.5 7.7

aOn the rapid adaptation protocol, only the 40, 65, and 90% concentrate diets were fed. All diets were
used in the gradual adaptation protocol (see Table 1).

bThe barley grain was dry-rolled as a single lot to a processing index of 84.6%: [(volume weight after
processing/volume weight before processing) × 100%].

cSupplement contained urea as a N source, as well as Ca, 10.9%; Na, 1.4%; Zn, 1,150 ppm; Mn, 530 ppm;
Cu, 290 ppm; I, 13.0 ppm; Se, 5.7 ppm; Co, 4.7 ppm; vitamin A, 96,000 IU/kg; vitamin D, 9,500 IU/kg;
vitamin E, 630 IU/kg; and monensin sodium, 684 ppm.

dValues determined from analysis. All values except DM, %, are expressed on a DM basis.

was weighted to keep the electrode positioned in the
ventral sac. The pH electrodes were removed for 1 h
daily, from 1300 to 1400. During that time, the heifers
were allowed exercise, and the electrodes were cali-
brated using pH 4.0 and 7.0 standards. Ruminal pH
was measured every 5 s, and averages over 5-min in-
tervals were recorded by a data logger.

Ruminal pH data from the 23-h postfeeding period
were summarized for each heifer as daily mean pH,
maximal and minimal pH, and areas under the curves
(AUC) of pH 5.2, 5.6 and 6.2 by time. Each AUC was
calculated by adding the absolute value of deviations
in pH below pH 5.2, below 5.6, or below 6.2 for each
5-min interval, and was expressed as pH units × h.
Durations of time when pH registered below the 5.6
or 5.2 thresholds were interpreted as the duration of
subacute or acute acidosis, respectively, and the area
between the curves and the pH thresholds as the sever-
ity of subacute or acute acidosis. Subacute ruminal
acidosis was considered to have occurred when rumi-
nal pH remained below 5.6 for more than 12 h of a
given day; acute ruminal acidosis was considered to
have occurred when ruminal pH remained below 5.2
for more than 6 h during a day of measurement (Owens
et al., 1998).

Ruminal Fermentation

On d 1, 4, 7, 10, 13, 16, and 19, samples of ruminal
contents were collected from each heifer before feed-
ing, and 8 and 18 h after feed delivery. Sample collec-
tion was delayed deliberately from time points typi-
cally used in ruminal metabolism experiments because
the heifers had ad libitum access to feed. Ruminal
contents (200 mL per site) were obtained from the

reticulum, the dorsal and ventral sacs, and the feed
mat, composited by animal, and placed directly into
crushed ice. Once all heifers had been sampled, whole
ruminal contents were immediately strained through
four layers of cheesecloth. For each heifer, 5 mL of
filtrate was preserved for subsequent determination
of VFA and lactate by adding 1 mL of 25% (wt/vol) of
metaphosphoric acid. An additional 5 mL of filtrate for
determination of ammonia and glucose concentrations
was preserved by adding 0.8 mL 65% trichloroacetic
acid. The samples for VFA, lactate, ammonia, and glu-
cose were transferred to storage at −20°C in sealed
plastic vials until analysis. Ruminal fluid osmolality
was determined for each heifer within 2 h of ruminal
sampling. Approximately 200 mL of ruminal content
filtrate was placed in 250-mL centrifuge tubes and
centrifuged at 13,000 × g for 30 min at 4°C. Osmolality
of the supernatant was determined by freezing point
depression using an automatic osmometer (µOsmette
model 5004, Precision Systems, Inc., Natick, MA).

Blood Chemistry

At 0800 on d 0, 4, and 19 (18 h after feeding), blood
samples were collected from each heifer by jugular
venipuncture into three 10-mL vacuum tubes (Becton
Dickinson, Franklin Lakes, NJ), which were trans-
ported to the Lethbridge Regional Hospital for clinical
analysis of blood pH and CO2 (both within 2 h of collec-
tion), glucose, lactate dehydrogenase, and packed cell
volume, as described by Beauchemin et al. (2003).

Chemical Analyses

Feed DM was determined by oven drying at 55°C
for 48 h. Samples were ground to pass a 1-mm screen
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and analytical DM content of feed samples was deter-
mined by drying at 135°C for 3 h (AOAC, 1990). The
methods of Van Soest et al. (1991) were used to deter-
mine NDF and ADF contents, with amylase and so-
dium sulfite included in the NDF procedure. Organic
matter was calculated after ashing for 5 h at 500°C.
Samples were reground using a ball grinder (mixer
mill MM2000, Retsch, Haan, Germany) for determina-
tion of N. The concentration of CP (N × 6.25) in feed
was quantified by flash combustion with gas chroma-
tography and thermal conductivity detection (Carlo
Erba Instruments, Milan, Italy).

Ruminal VFA were quantified, with an internal
standard of crotonic acid, by gas chromatography
(model 5890, Hewlett Packard, Little Falls, DE) with
a capillary column (30 m × 0.32 mm i.d., 1-µm phase
thickness, bonded polyethylene glycol; Supelco Nukol,
Sigma-Aldrich Canada, Oakville, Ontario, Canada),
and flame-ionization detection. Lactic acid also was
determined by gas chromatography, but only after de-
rivatization with boron trifluoride-methanol as de-
scribed by Supelco (1998). Ruminal ammonia was
determined by the phenol-hypochlorite method (Brod-
erick and Kang, 1980), and glucose by the ferricyanide
method (Snell and Snell, 1953), both conducted on a
Technicon autoanalyzer II.

Statistical Analyses

Animal was considered the experimental unit for
analysis for all variables in a completely randomized
design. Preliminary analysis determined that results
did not differ between experimental groups and as a
result, group was removed from the model. For the 3
d of feeding the 65% concentrate diet, and for the first
4 d of feeding the 90% concentrate diet, daily pH vari-
ables were summarized by day, classified by treat-
ment, and analyzed using the t-test procedure of SAS
(SAS Inst., Inc., Cary, NC). Log transformation was
required to improve the normality of certain daily pH
variables (AUC for pH 5.2, 5.6, and 6.2; time <pH 5.2).
Data were then reported as arithmetic means. Mean
hourly pH and ruminal fermentation variables from
the first day of feeding 65% concentrate, and the first
and fourth days of feeding 90% concentrate also were
classified by treatment and analyzed using the t-test
procedure of SAS, as were DMI and variation in DMI
data from the 3 d of feeding 65% concentrate and the
first 4 d of feeding 90% concentrate. The t-test proce-
dure used an F-test (Steel and Torrie, 1980) for testing
the equality of variance of means between treatments.
A Satterthwaite (1946) approximation was used to pro-
vide an alternate P-value for testing means when vari-
ances differed (P < 0.05). Alternate P-values were re-
ported as the equality of variance. On the first day of
feeding the 90% concentrate diet, one of the RA heifers
expelled the cannula plug, resulting in loss of ruminal
contents. Ruminal data from this animal were conse-
quently excluded from all analyses.

Variances in DMI and blood characteristics were not
different between treatments; thus, treatment effects
were determined using the MIXED model procedure
of SAS. Variation of DMI was calculated as the differ-
ence in intake between consecutive days. Data were
analyzed by day, with treatment in the model. Effects
were declared significant at P < 0.05, and trends are
discussed at P < 0.10.

Results and Discussion

Ruminal pH

Mean daily pH values for cattle consuming high-
concentrate barley-based diets are reported to range
between 6.06 and 5.71 (Beauchemin et al., 2001; Ghor-
bani et al., 2001; Koenig et al., 2003). In the present
study, mean daily ruminal pH remained above these
values until the first day of feeding 90% concentrate,
when values of 5.62 and 5.70 were observed for the
RA and GA heifers, respectively (Tables 3 and 4). On
the first day of feeding 65% concentrate, mean ruminal
pH values were 5.86 (RA) and 5.97 (GA).

In grain engorgement studies in which subacute aci-
dosis was induced, minimum pH values of 5.0 to 5.5
have been recorded on the day of grain challenge
(Bauer et al., 1995; Krehbiel et al., 1995; Goad et al.,
1998), which are comparable to the minimum values
of 5.01 and 5.10 recorded for RA and GA on d 1 of
feeding 90% concentrate in the present study. This
suggests that the severity of the challenge may have
been as great as that which has been previously used
to induce subacute acidosis; however, it is more likely
that this is a reflection of the superior ability of contin-
uous pH monitoring to identify the true pH minima
compared with the periodic measurements used in ear-
lier studies. Continuous pH monitoring has revealed
pH minima of 5.1 to 5.2 once adaptation to similar
barley-based diets was complete (Ghorbani et al.,
2001; Schwartzkopf-Genswein et al., 2004). In the
present study, ruminal pH in the GA heifers did not
fall to those levels, and in the RA group, minimum pH
values were only slightly lower than those observed
on the first and third day of feeding 90% concentrate.

Introduction of the 65% concentrate diet repre-
sented an increase of dietary concentrate from 40 to
65% for the RA heifers compared with an increase
from 56.7 to 65% for GA. Thus, grain challenge was
substantially greater with RA than with GA. Although
all daily pH variables (Table 3) for d 1 were numeri-
cally indicative of a lower pH for RA than for GA, the
differences between treatments were not significant
(P ≥ 0.17).

In the present study, the SD of pH variables were
large, sometimes approximating the measurement of
the variable itself (e.g., SD of the AUC for pH 6.2, 5.6,
and 5.2; duration of pH < 6.2, 5.6, and 5.2; Tables 3
and 4). Such large individual animal variation contrib-
uted to the lack of statistical differences between treat-
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ments and represents a greater likelihood of ruminal
pH of individual animals falling into the lower and
more critical levels indicative of subacute (pH <5.6)
and acute acidosis (pH <5.2). Thus, even when treat-
ment means are similar, the dissimilar variances may
reflect different degrees of compensation or tolerance
of animals to acidotic conditions as dictated by the
adaptation regimens.

Variances of mean pH, as well as AUC and durations
of pH <6.2, 5.6, and 5.2, were greater (P < 0.05; P =
0.06 for duration of pH <5.6) for RA than for GA on
the first day of feeding 65% concentrate (Table 3). The
greater variance for RA indicates that the risk of en-
countering acidosis was greater for individuals in
group RA than for those in GA. By the definition of
subacute acidosis used in this study (pH <5.6 for more
than 12 h; Owens et al. 1998), three RA heifers experi-
enced acidosis on d 1 of feeding 65% concentrate com-
pared with no heifers on the GA protocol. Given that
the mean duration of pH <5.6 was only 7.96 h for the
RA group, the occurrence of three cases of subacute
acidosis was unexpected; however, the high SD (7.56)
for duration of pH <5.6 illustrates the high variation
among animals in that group. By comparison, the du-
ration of pH <5.6 was 3.88 ± 2.91 h for the GA heifers.
In a similar manner, the lower SD may be indicative
of their decreased risk of subacute acidosis, which is
supported by the fact that subacute acidosis did not
occur in any GA heifers on that day.

Over the second and third days of feeding the 65%
concentrate diet, mean ruminal pH in both treatment
groups returned to levels above 6.0 (Table 3). The vari-
ables AUC for pH 6.2 and 5.6, and duration of pH <5.6
remained numerically indicative of lower pH for RA
than for GA, but these variables did not differ (P ≥ 0.15)
between treatments. The variance of all pH variables,
except duration of pH <6.2, remained larger for RA
than GA (P < 0.05) on the second day of feeding 65%
concentrate, and some (e.g., variances for AUC for pH
6.2 and 5.6, and duration of pH <5.6) for the third day
as well. This indicates that the ability of individual
heifers to modulate ruminal pH may have been com-
promised on the RA protocol compared with GA, even
2 or 3 d after the increase in dietary concentrate. Single
incidents of subacute acidosis in the RA group on the
second and third days (different animals) vs. none
among the GA heifers further supports this hy-
pothesis.

Introduction of the 90% concentrate diet repre-
sented an increase directly from 65 to 90% for the
heifers in treatment RA vs. an increase from 81.7 to
90% concentrate for GA cattle (Table 4). Similar to the
65% challenge, daily pH values on d 1 of the 90%
concentrate diet were numerically indicative of lower
ruminal pH with RA than with GA, but significance
was not attained (P ≥ 0.46). Whereas the increase to
65% concentrate resulted in variances of most pH vari-
ables being greater for RA than GA, the increase to
90% did not. On the first day, subacute acidosis oc-

curred in both treatments (three cases in RA; two cases
in GA). Of note, however, is that variances for pH
variables at the more threatening threshold (AUC for
pH <5.2; duration of pH <5.2) were greater (P = 0.003
and 0.04, respectively) for RA than for GA. With the
greater variance in duration of pH <5.2 for RA com-
pared with GA taken into account, the opportunity for
acute acidosis (ruminal pH <5.2 for more than 6 h in
that day) to occur in some individuals on the RA proto-
col was considerable, whereas the lesser variance of
AUC for pH <5.2 and duration of pH <5.2 observed for
GA heifers suggests that their likelihood of encoun-
tering acidosis was lower. Consistent with that ratio-
nale, acute acidosis occurred in two RA heifers on the
first day of feeding the 90% concentrate diet, but was
not observed in any of the GA heifers.

On the second day of feeding 90% concentrate, the
variances of AUC for pH 5.2 and duration of pH <5.2
did not differ (P ≥ 0.14) between treatments. Acute
acidosis was observed in one animal from each treat-
ment. The only statistically significant difference on
this day was in the variance of maximum pH (RA >
GA; P = 0.01). Variance of maximum pH also remained
greater (P = 0.03) in RA than GA through the third
day of feeding 90% concentrate. Variances in the AUC
for pH 5.2 and duration of pH <5.2 were again greater
(P ≥ 0.01) with RA than with GA, and variance of AUC
for pH 5.6 tended to be greater (P ≥ 0.09), on the third
and fourth days on the 90% concentrate diet. This was
associated with one case of acute acidosis in the RA
group on d 3 and two cases on d 4 compared with no
cases occurring among the GA heifers on either day.
Subacute acidosis was observed nine times in each
of the treatment groups over the first 4 d of feeding
90% concentrate.

Postfeeding decreases in mean hourly ruminal pH
on the first day of feeding 65% concentrate did not
differ between treatment groups (Figure 1a). For both
groups, mean hourly ruminal pH was lowest 8 h after
feeding. These values (5.52 for RA; 5.58 for GA) were
the only hourly means that registered below pH 5.6.
Ruminal pH >6.0 was reestablished in the GA heifers
by 15 h after feeding, compared with 18 h in the RA
group; beyond that time, the GA ruminal pH continued
to increase toward prefeeding levels, whereas RA did
not. Treatment effects on mean hourly pH were minor
(P ≥ 0.12) on the first day of feeding a 65% concen-
trate diet.

Variance of the hourly mean pH (depicted as SD;
Figure 1b) is an indication of the degree of uniformity
of pH response among animals within a treatment
group (RA, GA). Variance was initially similar be-
tween treatments, but from 7 h after feeding onward,
it was more pronounced (P < 0.05 for four of the 17
time points; P < 0.10 for two others; arrows, Figure
1b) with RA than with GA. These observations are
consistent with the summarized daily pH variables
(Table 3) and again suggest that rapid adaptation of
cattle to 65% concentrate gives rise to greater varia-
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Figure 1. Mean hourly ruminal pH (a) and variance (b) in mean hourly pH (expressed as SD) in heifers during
rapid (RA) or gradual (GA) adaptation to high-concentrate diets on the first day of feeding a 65% concentrate diet
(n = 6). Adaptation protocols for RA and GA are outlined in Table 1. Hours for which treatment effects were significant
are marked with solid (P < 0.05) or broken (P < 0.10) arrows.

tion in ruminal pH response compared with gradual
adaptation.

In the first 24 h after the introduction of the 90%
concentrate diet, treatment effects on mean hourly pH
were more evident than on d 1 of 65% (Figure 2a). The
slightly lower (5.79 vs. 6.10; P ≥ 0.12) initial pH with
GA than with RA was not unexpected, given that the

GA heifers were consuming 81.7% concentrate for the
3 d prior, compared with 65% concentrate for the RA
group. The ruminal pH of GA cattle decreased after
feeding to a minimum of 5.43 at 6 h after feeding, but
in the heifers on RA, the decline continued until 8 h
postfeeding, to a minimum value of 5.34. Recovery of
ruminal pH to the pH 5.6 was accomplished by 11
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Figure 2. Mean hourly ruminal pH (a) and variance (b) in mean hourly pH (expressed as SD) in heifers during
rapid (RA) or gradual (GA) adaptation to high-concentrate diets on the first day of feeeding a 90% concentrate diet.
Adaptation protocols for RA and GA are outlined in Table 1. Hours for which treatment effects were significant are
marked with solid (P < 0.05) or broken (P < 0.10) arrows. For RA, n = 5; for GA, n = 6.

h after feeding in the GA heifers, whereas with RA,
ruminal pH remained near the minimum value for
approximately 5 h, and did not rise above pH 5.6 until
16 h after feeding. The pH of RA cattle tended to be
lower (P = 0.07) than the pH of GA cattle at 11 and
12 h after feeding (e.g., 5.38 ± 0.45 vs. 5.81 ± 0.26 at

11 h), which represents a delayed pH recovery that
extends the exposure of RA cattle to low ruminal pH
compared with GA.

Variance of mean hourly pH of cattle fed 90% concen-
trate diets (Figure 2b) tended to be less (P < 0.10) for
RA than GA at 4, 5, 6, and 7 h after feeding, but after
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7 h, the RA variance increased steadily for the rest of
the day. The sharp drop in ruminal pH after feeding,
together with the relatively smaller variance suggests
that initially after introduction to the 90% concentrate
diet, the RA heifers responded to the grain challenge
with a uniform decrease in ruminal pH. At 7 h after
feeding, ruminal pH decline of most RA heifers began
to diminish, but some continued to drop to levels asso-
ciated with acute acidosis. The increasing variance in
RA ruminal pH beginning at this time reflects the
widening range of pH responses, which continued
throughout the remainder of the day. The initial de-
crease in ruminal pH among the GA heifers was less
uniform (higher variance), but beyond 7 h after feed-
ing, when acute acidosis would have been most likely
to occur, their pH variance began to decrease. Together
with the increasing mean hourly pH that also com-
menced 7 h after feeding, this finding demonstrates
that ruminal pH recovery was more uniform and oc-
curred earlier in the GA than the RA heifers. Increas-
ing variance in RA, the decreasing variance in GA at
≥7 h after feeding, and the tendency (P < 0.10) toward
lower ruminal pH in RA than in GA suggests that the
RA protocol promoted acidosis in specific individuals
following introduction of the 90% concentrate diet.

The great variation in the abilities of individual ani-
mals to cope with grain challenge, as was evident in
this trial, has been reported by other researchers (Dou-
gherty et al., 1975; Brown et al., 2000). An abrupt
increase from a 50% concentrate diet (dry-rolled corn)
to a 95% concentrate diet (dry-rolled corn and dry-
rolled wheat) resulted in substantial variation in rumi-
nal pH among six steers, in which postchallenge rumi-
nal pH ranged from 5.69 to 4.47 (Bauer et al., 1995).
In that same study, the researchers took steps to mini-
mize variation in ruminal pH response in a second
experiment by introducing a 100% concentrate diet
(finely ground corn and dry-rolled wheat) directly into
ruminally cannulated animals. Other attempts to min-
imize variation in ruminal pH response have combined
this technique with withholding feed from cattle before
the grain challenge (Coe et al., 1999; Brown et al.,
2000). Using these methods seems to have increased
the occurrence of acidosis and also seems to have re-
sulted in more uniform ruminal pH response among
animals within a treatment, which improves the op-
portunity to identify statistically significant differ-
ences. This increased frequency and uniformity of aci-
dosis has helped with achieving research objectives in
a number of studies, but by minimizing variation, this
method has inadvertently contributed to a lack of rec-
ognition of the level of pH variation that occurs under
conventional feeding conditions and also of how man-
agement strategies may affect this biological phenom-
enon. Examination of the variance of pH variables
measured under rapid vs. gradual grain adaptation
strategies in the present study is an effective indicator
of individual animal variation, and has revealed that
rapid grain adaptation results in a more variable pH

response than gradual adaptation. The greater vari-
ance observed with RA compared with GA corres-
ponded with increased incidence of subacute acidosis
following introduction of 65% concentrate and of acute
acidosis after immediate introduction to 90% concen-
trate. The fact that this degree of variability exists
accentuates the futility of trying to modulate pH in
group-housed cattle using bunk management tech-
niques. Demonstration that the variance increases
with the severity of challenge represents a useful ap-
proach to assessing the potential of acidotic conditions
developing in cattle under varying feeding manage-
ment practices. Furthermore, the degree of challenge
was clearly reflected in the degree of variance equality,
even though the present experiment only had six ani-
mals per treatment. Consequently, measuring the
equality of variance may enable the severity of acidotic
challenge to be assessed using fewer animals and un-
der conditions more indicative of those normally en-
countered in commercial feedlots (ad libitum consump-
tion, optimal grain processing, desirable forage:con-
centrate ratio, etc.).

Ruminal Fermentation

Ruminal lactate concentration has been reported to
exceed 50 mM during acute acidosis, when ruminal
pH was between 3.9 and 4.5 (Dunlop, 1972; Nagaraja
et al., 1985). During cases of perceived subacute acido-
sis, however, lactic acid may not accumulate (Horn et
al., 1979; Beauchemin et al., 2003), and when it does,
concentrations seldom exceed 10 mM (Goad et al.,
1998; Hristov et al., 2001; Ghorbani et al., 2002). When
Coe et al. (1999) adapted steers from a 100% roughage
diet to 100% concentrate (65% cracked corn:25%
cracked wheat, DM basis) in 6 d using two intermedi-
ate diets, measured mean ruminal lactate concentra-
tions did not exceed 0.4 mM. Similarly, ruminal lactate
concentrations in the present study were generally
very low, often below the 1 mM level of detection (data
not shown). However, there were some exceptions. On
the first day of feeding 90% concentrate, elevated lactic
acid concentrations were measured in two RA heifers
(22.3 and 6.5 mM) and one GA heifer (34.6 mM) at 8
h after feeding. This observation was not unexpected
in the RA group, being consistent with previous find-
ings for rapidly adapted cattle (Bauer et al., 1995), but
its occurrence in the GA heifer was surprising and
indicates that even with gradual adaptation to grain,
ruminal lactate can accumulate in some individuals.
At the time of the elevated lactate concentrations, ru-
minal pH values recorded for the affected heifers were
5.45 and 5.44 (RA) and 5.20 (GA). In two of the three
individuals (i.e., the RA heifer with 6.5 mM lactate
and the GA heifer), minimum ruminal pH had been
logged at 7 (pH 5.24) and 7.5 h (pH 5.00) after feeding,
respectively, and as it continued to increase beyond the
8-h sampling, acute acidosis was averted. In contrast,
ruminal pH of the RA heifer with 22.3 mM lactate
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Table 5. Effects of rapid vs. gradual adaptation protocol on ruminal fermentation variables (mean ± SD) measured
0, 8, and 18 h after introduction of 65 and 90% concentrate diets, and on the fourth day of feeding the 90% dieta,b

Time after feeding: 0 h 8 h 18 h

Adaptation protocol: Rapid Gradual Rapid Gradual Rapid Gradual

Item
1st day at 65% concentrate
Total VFA, mM 103.3 ± 8.5 109.4 ± 11.1 162.6 ± 22.4 162.7 ± 9.9 137.4 ± 22.9 134.2 ± 15.3
Acetate, mol/100 mol 60.7 ± 4.0 58.6 ± 2.3 56.0 ± 5.3 52.1 ± 3.2 54.9 ± 5.7 49.4 ± 6.9
Propionate, mol/100 mol 26.0 ± 4.9 24.6 ± 4.5 30.3 ± 8.6 30.1 ± 5.5 30.3 ± 8.9 30.8 ± 6.4
Butyrate, mol/100 mol 9.2 ± 1.8 11.3 ± 3.9 9.8 ± 2.9 12.8 ± 4.7 10.2 ± 4.3d 14.7 ± 3.1c

Acetate:propionate 2.5 ± 0.7 2.5 ± 0.5 2.1 ± 0.9 1.8 ± 0.4 2.0 ± 0.8 1.7 ± 0.6
Ammonia, mM 2.1 ± 1.4 2.5 ± 2.7 5.2 ± 3.9 6.8 ± 3.7 7.7 ± 5.5 5.6 ± 2.9
Osmolality, mOsm/kg 300 ± 11 309 ± 11 357 ± 40 357 ± 16 342 ± 31 333 ± 22

1st day at 90% concentrate
Total VFA, mM 113.3 ± 19.3 121.4 ± 17.8 161.4 ± 21.8 148.6 ± 40.3 126.8 ± 23.8 115.4 ± 11.0
Acetate, mol/100 mol 56.4 ± 6.8 41.6 ± 3.7 49.8 ± 5.7 45.9 ± 8.5 45.8 ± 4.4 45.9 ± 5.5
Propionate, mol/100 mol 25.0 ± 7.4 28.7 ± 6.7 33.8 ± 8.5 32.9 ± 9.7 36.7 ± 7.6 34.4 ± 5.1
Butyrate, mol/100 mol 13.3 ± 3.5 14.0 ± 2.8 12.7 ± 3.8 16.2 ± 3.6 12.8 ± 6.4 13.0 ± 1.7
Acetate:propionate 2.5 ± 0.9 1.9 ± 0.6 1.6 ± 0.7 1.7 ± 1.2 1.3 ± 0.3 1.4 ± 0.4
Ammonia, mM 3.3 ± 3.1 4.3 ± 2.6 4.6 ± 1.9 7.4 ± 3.5 6.5 ± 4.7 10.4 ± 3.8
Osmolality, mOsm/kg 308 ± 6d 333 ± 14c 366 ± 31 378 ± 37 333 ± 19 332 ± 42

4th day at 90% concentrate
Total VFA, mM 132.8 ± 19.5 120.0 ± 30.4 140.4 ± 25.3 137.1 ± 37.4 121.4 ± 9.2 114.1 ± 16.7
Acetate, mol/100 mol 45.2 ± 6.7 48.1 ± 10.0 47.1 ± 8.8 46.8 ± 9.8 44.2 ± 7.0 47.6 ± 6.4
Propionate, mol/100 mol 39.9 ± 7.6 35.7 ± 11.3 33.2 ± 8.1 36.7 ± 10.4 38.1 ± 9.3 35.1 ± 8.5
Butyrate, mol/100 mol 10.1 ± 6.6 11.4 ± 4.3 13.9 ± 6.9 11.1 ± 4.2 10.2 ± 8.0 10.7 ± 3.1
Acetate:propionate 1.2 ± 0.3 1.7 ± 1.2 1.6 ± 0.7 1.5 ± 0.9 12 ± 0.3 1.5 ± 0.7
Ammonia, mM 2.8 ± 3.3 5.2 ± 3.6 3.6 ± 3.9f 7.5 ± 3.1e 6.3 ± 2.8f 10.6 ± 4.5e

Osmolality, mOsm/kg 323 ± 18 335 ± 18 340 ± 16 355 ± 33 328 ± 10 339 ± 43

aRapid adaptation (RA) entailed transition from 40 to 90% concentrate diets in 3 d using one intermediate diet (65% concentrate); with
gradual adaptation (GA), the transition from 40 to 90% concentrate was accomplished over 15 d using five levels of concentrate (see Table
1).

bFor the 1st day on 90% concentrate, n = 5 for RA and n = 6 for GA; for all other measurements, n = 6.
c,dWithin a row and sampling time, values that do not have a common superscript differ, P < 0.05.
e,fWithin a row and sampling time, values that do not have a common superscript differ, P < 0.10.

continued to decrease from 5.45 at 8 h to a minimum
of 4.53 at approximately 18 h after feeding. Quite pos-
sibly, continued accumulation of lactate contributed
to this prolonged decrease in ruminal pH.

Lactic acid accumulation occurs when abrupt intro-
duction of rapidly fermentable carbohydrate stimu-
lates proliferation of the rapidly growing lactic acid-
producing bacterium, Streptococcus bovis, so that it
exceeds the growth rate of lactic acid-utilizing bacteria
(Russell and Hino 1985; Dawson and Allison, 1988).
As a result of the imbalance between production and
utilization, an accumulation of lactic acid occurs, but
often only in specific individuals. The factors (micro-
bial or otherwise) that may predispose certain animals
to lactic acid accumulation remain largely unknown.

Heifers with no detectable ruminal lactate were ob-
served in both treatment groups in the present study.
Low ruminal pH in these animals was attributed pri-
marily to high ruminal VFA concentrations. These re-
sults are consistent with total acid load, not lactate
alone, being responsible for low pH (Britton and Stock,
1987). In this study, low ruminal pH seemed to be
associated primarily with accumulated VFA, as rumi-
nal VFA concentrations followed a pattern inverse to
that observed for pH (Table 5).

In general, VFA concentrations at the three sam-
pling times in this study followed a pattern of lowest
before feeding (0 h), highest at 8 h after feeding, and
intermediate at 18 h after feeding. The fact that VFA
concentrations were still high 8 h after feeding is a
reflection of the multiple meals that the heifers con-
sumed during the day as VFA concentrations would
have been far lower at this time point had heifers been
restricted to a single morning meal. On the first day
of feeding 65 or 90% concentrate diet, total ruminal
VFA concentrations (Table 5) were higher 8 h after
feeding than the values of 97 to 120 mM previously
reported for cattle consuming a similar barley-grain
based finishing diet (Ghorbani et al., 2002; Beauche-
min et al., 2003; Koenig et al., 2003). Concentrations
were comparable to those achieved (130 to 140 mM)
in studies designed to simulate acidosis (Burrin and
Britton, 1986; Bauer et al., 1995), suggesting that VFA
production did not limit the severity of the challenge
in the present study.

Few treatment effects were observed for the other
ruminal fermentation variables that were measured.
Adaptation protocol did not affect individual VFA con-
centrations or acetate:propionate ratios measured 0,
8, and 18 h after feeding on the first day of feeding
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Table 6. Effects of rapid vs. gradual adaptation to a high-concentrate diet on blood
chemistry of heifers during a 20-d transition from 40 to 90% concentrate dietsa,b

Sampling Rapid Gradual
Measurement day adaptation adaptation SE P-value

Blood pH 0 7.41 7.38 0.01 0.17
4 7.38 7.40 0.01 0.19

19 7.38 7.37 0.02 0.77
pCO2, mEq/L 0 49 50 3 0.77

4 48 48 1 0.91
19 47 45 1 0.32

Packed cell volume, % 0 30 31 1 0.61
4 29 32 1 0.16

19 31 31 1 0.65
Glucose, g/L 0 1.02 1.08 0.04 0.30

4 1.05 1.06 0.05 0.85
19 1.02 1.00 0.04 0.73

Lactate dehydrogenase, U/L 0 4,629 4,118 265 0.20
4 4,524 3,750 234 0.04

19 3,991 3,839 294 0.71

aRapid adaptation (RA) entailed transition from 40 to 90% concentrate diets in 3 d using one intermediate
diet; with gradual adaptation (GA), transition from 40 to 90% concentrate was accomplished over 15 d using
five levels of concentrate (see Table 1). Day 4 was the 1st day that the 90% concentrate diet was fed to the
RA heifers. Day 19 was the 4th day of 90% concentrate for the GA heifers (16th day at 90% for RA).

bBlood samples were collected at a single time point each day (18 h after feeding; n = 6) due to limited
equipment for measurement of blood gases.

65% concentrate, or on the first or fourth days of feed-
ing 90% (Table 5). Free glucose concentrations mea-
sured 8 h after feeding of 65 or 90% concentrate diets
did not differ across treatments (data not shown). Ac-
cumulation of glucose in the rumen has been associ-
ated with clinical acidosis (Owens et al., 1998), which
was confirmed in the one RA heifer that registered
22.3 mM ruminal lactate (d 1 of 90% concentrate) and
of 4.4 mM ruminal glucose. Osmolality of ruminal fluid
differed with treatment (GA > RA; P < 0.05) only once,
in the prefeeding (0 h) sample collected on the first
day of feeding 90% concentrate. Ruminal ammonia
concentrations were not different across treatments,
except on the fourth day of feeding 90% concentrate,
when they tended (P < 0.10) to be lower in RA than in
GA heifers at 8 and 18 h after feeding. These treatment
differences may have arisen from variation in ammo-
nia utilization for AA synthesis by microbial popula-
tions or in absorption of ammonia across the rumen
wall.

Blood Variables

The pH of blood samples collected on d 0, 4, and 19
did not differ among days or between treatments (Ta-
ble 6), indicating that no heifers (RA or GA) were expe-
riencing metabolic acidosis as a result of the grain
challenge at the time of sampling. Under normal condi-
tions, blood pH is highly regulated and rarely fluctu-
ates, because it is saturated with bicarbonate (Owens
et al., 1998). During acute acidosis, however, excess
acid production may exhaust the buffering capacity of
the bicarbonate and blood pH decreases. When meta-
bolic acidosis occurs, decreased levels of bicarbonate
in blood result in increased concentrations of CO2 (Ow-

ens et al., 1998). Decreased blood CO2 levels are there-
fore taken to represent a lower risk of metabolic acido-
sis (Brown et al., 2000). Given the limited blood sam-
pling regimen that was used in the present study, it
was unlikely that differences in blood pH would be
detected. However, heifers on the RA protocol exhib-
ited a higher (P = 0.04) lactate dehydrogenase concen-
tration than did the GA heifers on d 4, which likely
reflects greater absorption of lactate from the rumen
in RA cattle fed 90% concentrate on this day vs. the GA
cattle that were fed a 56.7% concentrate diet. Lactate
dehydrogenase concentration in blood tends to in-
crease during acidosis as a result of a greater need to
metabolize lactic acid (Owens et al., 1998), and may
therefore also be considered as an indicator of meta-
bolic acidosis risk. Packed cell volume and blood glu-
cose were not affected by treatment, which also indi-
cates that at the days and times blood samples were
collected, metabolic acidosis was not occurring in ei-
ther treatment group (Owens et al., 1998; Brown et
al., 2000). Blood was not collected from the GA heifers
on their first day of consuming 90% concentrate diets
(d 16) as it was for the RA heifers (d 4), but it is unlikely
that metabolic acidosis would have arisen on d 1 of
90% concentrate in the more subtle GA protocol, given
that it was not indicated among the RA heifers.

Feed Intake

Overall DMI averaged 9.55 kg/d over the 20-d exper-
imental period in the present study, and did not differ
between treatments. Decreased feed intake is com-
monly observed during adaptation to high-grain diets
(Tremere et al., 1968; Hironaka, 1969; Fulton et al.,
1979) and is often accentuated when digestive distur-
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Table 7. Effect of rapid vs. gradual adaptation on DMI and DMI variation among heifers
in the first three or four days following introduction of diets containing 65 and 90% concen-
tratea

P-value

Rapid Gradual Equality of
Item adaptation adaptation TRTb varianced

65% concentrate
DMI, kg

1st day 10.17 ± 1.37 11.02 ± 1.78 0.37 0.58
2nd day 9.31 ± 1.77 10.25 ± 1.76 0.38 0.99
3rd day 8.85 ± 1.96 10.25 ± 2.65 0.32 0.52

DMI variation, kgc

1st day 1.16 ± 0.66 1.45 ± 0.96 0.55 0.42
2nd day 0.96 ± 1.21 1.08 ± 1.07 0.87 0.79
3rd day 0.74 ± 0.50 0.77 ± 0.82 0.94 0.31

90% concentrate
DMI, kg

1st day 10.23 ± 2.12 9.84 ± 1.70 0.73 0.64
2nd day 8.76 ± 4.18 8.00 ± 1.05 0.71 0.31
3rd day 9.21 ± 1.96 9.04 ± 2.44 0.90 0.64
4th day 9.15 ± 1.49 8.81 ± 1.55 0.70 0.93

DMI variation, kg
1st day 2.07 ± 1.08 1.21 ± 1.30 0.23 0.71
2nd day 2.04 ± 3.46 1.84 ± 1.05 0.90 0.02
3rd day 1.87 ± 2.14 1.92 ± 1.34 0.96 0.33
4th day 1.00 ± 0.70 1.18 ± 0.53 0.65 0.54

aRapid adaptation (RA) entailed transition from 40 to 90% concentrate diets in 3 d using one intermediate
diet; with gradual adaptation (GA), transition from 40 to 90% concentrate was accomplished over 15 d using
five levels of concentrate (see Table 1).

bTRT = effect of adaptation protocol (rapid vs. gradual adaptation). For the 1st day at 90% concentrate,
n = 5 for RA, and n = 6 for GA; for all other measurements, n = 6.

cDMI variation = difference in DMI between the current and previous day.
dEquality of variance of means between treatments was examined using an F-test procedure (Steel and

Torrie, 1980); where variances differed, a Satterthwaite (1946) approximation was used to provide an
alternate P-value.

bance is severe (Owens et al., 1998). In the present
study, DMI on each of the days of feeding identical
diets (i.e., the 3 d of feeding 65% concentrate and the
initial 4 d of feeding 90% concentrate) did not differ
between treatments (Table 7). However, DMI by indi-
vidual animals was not consistent over time, and
widely ranging DMI was observed among individuals
on both adaptation protocols. For example, on the sec-
ond day of feeding 90% concentrate diets, DMI ranged
from 0.59 to 11.2 kg for RA heifers, and from 5.35 to
12.7 kg for those in the GA group.

Treatment × day interactive effects on intake were
not observed (P = 0.76) in this study, but intake was
affected by day of feeding of a particular diet (Table
8). Dry matter intake was lower (P < 0.05) on the
second and third days of feeding 65% and the second
day of 90% concentrate than on the first days that
these diets were fed. Intake by all but one of the heifers
(RA and GA) in the study decreased on d 2 compared
with d 1 of feeding 90% concentrate, but most were
relatively small decreases. The most severe drop in
DMI from the first to second day of feeding 90% concen-
trate was 8.99 kg recorded for a heifer on the RA proto-
col, but these fluctuations in intake were not clearly
related to adaptation regimen as the second largest
reduction (2.91 kg) occurred with a GA heifer. The RA

heifer with the 8.99-kg reduction in DMI on d 2 also
had the lowest ruminal pH on d 1. This is consistent
with a highly positive correlation between minimum
ruminal pH on the day of grain insult and feed intake
on the following day reported by Brown et al. (2002).

Some day-to-day fluctuation in intake is normal for
cattle confined in metabolism stalls and fed to appetite
(Schwartzkopf-Genswein et al., 2004), but increased
variation in feed intake has been identified as an indi-
cator of subacute acidosis (Britton and Stock, 1987;
Bauer et al., 1995; Stock et al., 1995). In the present
study, DMI variation between consecutive days was
not affected by treatment (or day) on any days that 65
or 90% concentrate diets were fed, but on d 2 of feeding
90% concentrate, the variance (range) of the day-to-
day variations was greater (P < 0.05) with RA than
with GA. This indicates that individual heifers in the
RA group may not have regulated their feed intake as
uniformly as did those in the GA group following the
increase to 90% concentrate.

Individual Animal Concentrate Intake
and Ruminal pH

Previous research on clincial and subacute ruminal
acidosis and efforts at their diagnosis have been ham-
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Table 8. Dry matter intake and variance in DMI following introduction of diets containing
65 or 90% concentrate to feedlot heifers on two protocols of grain adaptationa

Day of feeding diet

Diet 1st 2nd 3rd 4th SEb

65% concentrate diet
DMI, kg/d 10.59e 9.78f 9.55f NAc 0.55
DMI variation, kgd 1.30 1.02 0.75 NA 0.33

90% concentrate diet
DMI, kg/d 10.03e 8.38f 9.13ef 8.98ef 0.69
DMI variation, kg 1.64 1.94 1.89 1.09 0.73

aAdaptation protocols are described in Table 1. No treatment effects or treatment × day interactive effects
were observed (P = 0.76); therefore, values shown are averaged across treatments.

bn = 12, except 1st day at 90% concentrate, when n = 11.
cNA = not applicable (the 65% diet was fed for 3 d during the adaptation protocol).
dDMI variation = difference in DMI between the current and previous day.
e,fWithin a row, means that do not have a common superscript letter differ, P < 0.05.

pered by the low incidence of this condition within
populations of cattle (Galyean and Rivera, 2003). Feed-
ing management strategies prescribed by nutritionists
and feedlot managers are developed with the intent of
preventing acidosis, which typically means they are
designed with greater consideration of the individuals
prone to acidosis than for the majority of the low-sus-
ceptibility animals within a pen. Data from the present
study confirm previous observations that considerable
variation exists in the ability of individual animals to
cope with grain challenge.

Mean hourly ruminal pH and daily intake of concen-
trate over the 20-d measurement periods were plotted
for each individual heifer, and assessed for the desir-
ability of the relationship between these variables. The
perceived most desirable (i.e., consistent circadian pe-
riodicity of pH, steadily increasing DMI) and, con-
versely, the least desirable (disrupted periodicity of
ruminal pH, fluctuating daily DMI) relationships, as
well as treatment means, are presented in Figure 3.
From both treatment groups, the heifers with the most
desirable profiles exhibited exceptionally effective
moderation of ruminal pH during high concentrate
intake. Introducing the 90% concentrate diet, how-
ever, did constitute a nutritional challenge to these
heifers, decreasing their ruminal pH and slightly de-
creasing intake of concentrate on d 2, 3, and 4. None-
theless, DMI by these heifers remained high, and in
spite of the availability of additional fermentable sub-
strate, the classical conditions of subacute (i.e., rumi-
nal pH < 5.6 for 12 h) or acute acidosis (i.e., ruminal
pH < 5.2 for 6 h) did not occur.

The least desirable profiles from both RA and GA
heifers were characterized by decreased intake and
reduced, more variable ruminal pH. One of the RA
heifers (Figure 3) exhibited markedly increased feed
intake on the first day that 90% concentrate was fed
after having registered rather low intake of the 65%
diet. Although the heifer’s ruminal pH had been rela-
tively high, this substantially increased intake of con-
centrate resulted in a drastic decrease in pH and the

onset of acute acidosis (minimum pH = 4.53; AUC for
pH 5.2 = 4.31, duration of pH <5.2 = 10.08 h). Feed
intake on the third and fourth days on 90% concentrate
was improved, but remained very low in comparison to
the mean intake for RA heifers, suggesting prolonged
effects of the d-2 disturbance on intake.

None of the individuals in the GA group responded
to grain increase as drastically as did this RA heifer,
but neither was the transition to 90% concentrate en-
tirely smooth. In the heifer exhibiting the least desir-
able profile, ruminal pH was often low, and concen-
trate intake was variable. For this heifer, each in-
crease in concentrate intake resulted in lower ruminal
pH on that day, and decreased DMI for several days
thereafter. Introduction of the 90% concentrate diet
resulted in a major pH decrease during the first day,
and low intake the day after. Intake on the third and
fourth days of feeding 90% concentrate returned to
levels above the treatment average, suggesting that
the effects of adaptation were less severe for this heifer
than for the RA heifer whose intake remained low.
These results indicate that acidosis does occur in some
animals; even incorporating additional diets into the
adaptation protocol (i.e., a multidiet adaptation pro-
gram) will not likely completely eliminate the occur-
rence of acidosis. Rather, the incidence (total number)
and the severity of individual cases of acidosis are
likely to be decreased by a multidiet adaptation pro-
gram compared with when only one or two diets are
included in the adaptation protocol.

It is difficult to explain why some heifers managed
uneventful transition to finishing diets, whereas oth-
ers, even in the same treatment group, became aci-
dotic. It is important to recognize that acidosis does not
result solely from high intake of rapidly fermentable
carbohydrate. In this trial, heifers that maintained
a healthy ruminal pH often consumed more rapidly
fermentable carbohydrate on the day of grain chal-
lenge than did other heifers that became acidotic. It
seems more likely that differences in ruminal pH arose
from different rates of VFA absorption, different rates
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Figure 3. Mean hourly ruminal pH (thin line) and daily intake of dietary concentrate (thick bars) by heifers during
gradual (five intermediate diets; 15 d) or rapid (one intermediate diet; 3 d) adaptation from a 40 to a 90% concentrate
diet. Profiles shown are means for treatment groups (n = 6; top panels), and those of the individual heifers in each
treatment group deemed to have exhibited the most desirable (best; middle panels) and least desirable (worst; bottom
panels) moderation of ruminal pH and maintenance of DMI over the 20-d adaptation periods. Values in parentheses
are the percentages of concentrate in each of the adaptation diets (DM basis). On the day marked with an asterisk
(*), the ruminal lactate concentration in the RA heifer was 22.3 mM (measured 8 h after feeding).

of fluid passage out of the rumen, differences in saliva
production (buffering capacity), and/or differences in
VFA metabolism among animals, but identification of
the specific metabolic factors that predispose certain
individuals to acidosis is beyond the scope of this
study. Thus, although the present observations docu-
ment the range of susceptibility that exists among in-
dividual cattle, preventing acidosis in commercial

feedlots must remain linked to management strategies
based on outcomes for the most acidosis-prone individ-
uals, rather than on means for the pen.

Implications

In this study, few ruminal pH measurements or
other fermentation variables were affected by rapid
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vs. gradual adaptation to a high-concentrate diet, but
the equality of variance of most pH values (e.g., daily
mean, minimum and maximum pH, areas under the
curve, and daily durations) was far greater for rapidly
adapted than for gradually adapted heifers. This in-
creased variance represents a greater opportunity for
acidosis to occur in some individuals and suggests that
this may be a useful approach to assess the effect of
feeding management techniques on subclinical acido-
sis. The current objective of high-grain adaptation pro-
grams in commercial feedlots is to minimize or prevent
cases of acidosis, which requires that management of
grain adaptation be tailored to the most susceptible
individuals. In that approach, consideration of individ-
ual animal response is essential. Although data sug-
gest that most cattle can be rapidly adapted to high-
grain diets in few incremental steps, minimizing acido-
sis in the most susceptible individuals requires de-
creasing the pace of grain adaptation for the entire
group. Defining metabolic factors that give rise to aci-
dosis in high-risk individuals could provide a key to
developing new preventive strategies for subacute and
acute acidosis.

Literature Cited

AOAC. 1990. Official Methods of Analysis. 15th ed. Assoc. Off. Anal.
Chem., Arlington, VA.

Bauer, M. L., D. W. Herold, R. A. Britton, R. A. Stock, T. J. Klop-
fenstein, and D. A. Yates. 1995. Efficacy of laidlomycin propio-
nate to reduce ruminal acidosis in cattle. J. Anim. Sci.
73:3445–3454.

Beauchemin, K. A., W. Z. Yang, D. P. Morgavi, G. R. Ghorbani, W.
Kautz, and J. A. Z. Leedle. 2003. Effects of bacterial direct-
fed microbials and yeast on site and extent of digestion, blood
chemistry, and subclinical ruminal acidosis in feedlot cattle.
J. Anim. Sci. 81:1628–1640.

Beauchemin, K. A., W. Z. Yang, and L. M. Rode. 2001. Effects of
barley grain processing on the site and extent of digestion in
beef cattle. J. Anim. Sci. 79:1925–1936.

Brown, M. S., C. R. Krehbiel, M. L. Galyean, M. D. Remmenga, J.
P. Peters, B. Hibbard, J. Robinson, and W. M. Moseley. 2000.
Evaluation of models of acute and subacute acidosis on dry
matter intake, ruminal fermentation, blood chemistry, and en-
docrine profiles of beef steers. J. Anim. Sci. 78:3155–3168.

Britton, R. A., and R. A. Stock. 1987. Acidosis, rate of starch digestion
and intake. Okla. Agric. Exp. Stn. Res. Rep. MP–121:125–137.

Broderick, G. A., and J. H. Kang. 1980. Automated simultaneous
determination of ammonia and total amino acids in rumen fluid
and in vitro media. J. Dairy Sci. 63:64–75.

Burrin, D. G., and R. A. Britton. 1986. Response to monensin in
cattle during subacute acidosis. J. Anim. Sci. 63:888–893.

CCAC. 1993. Guide to the Care and Use of Experimental Animals.
Vol. 1. 2nd ed. E. D. Olfert, B. M Cross, and A. A. McWilliam,
ed. Canadian Council on Animal Care, Ottawa, Ontario.

Coe, M. L., T. G. Nagaraja, Y. D. Sun, N. Wallace, E. G. Towne, K.
E. Kemp, and J. P. Hutcheson. 1999. Effect of Virginamycin
on ruminal fermentation in cattle during adaptation to a high
concentrate diet and during an induced acidosis. J. Anim. Sci.
77:2259–2268.

Dawson, D. A., and M. J. Allison. 1988. Digestive disorders and
nutritional toxicity. Pages 445–459 in The Rumen Microbial

Ecosystem. P. N. Hobson, ed. Elsevier Science Publishers Ltd.,
London, U.K.

Dougherty, R. W., J. L. Riley, A. L. Baetz, H. M. Cook, and K.
S. Coburn. 1975. Physiologic studies of experimentally grain-
engorged cattle and sheep. Am. J. Vet. Res. 36:833–835.

Dunlop, R. H. 1972. Pathogenesis of ruminant lactic acidosis. Adv.
Vet. Sci. Comp. Med. 16:259–302.

Fulton, W. R., T. J. Klopfenstein, and R. A. Britton. 1979. Adaptation
to high concentrate diets by beef cattle. I. Adaptation to corn
and wheat diets. J. Anim. Sci. 49:775–784.

Galyean, M. L., and J. D. Rivera. 2003. Nutritionally related disor-
ders affecting feedlot cattle. Can. J. Anim. Sci. 83:13–20.

Ghorbani, G. R., K. A. Beauchemin, and D. P. Morgavi. 2001. Sub-
clinical ruminal acidosis in feedlot cattle fed a barley-based
diet. J. Anim Sci. 79(Suppl. 1):357. (Abstr.)

Ghorbani, G. R., D. P. Morgavi, K. A. Beauchemin, and J. A. Z.
Leedle. 2002. Effects of bacterial direct-fed microbials on rumi-
nal fermentation, blood variables, and the microbial popula-
tions of feedlot cattle. J. Anim. Sci. 80:1977–1986.

Goad, D. W., C. L. Goad, and T. G. Nagaraja. 1998. Ruminal micro-
bial and fermentative changes associated with experimentally
induced subacute acidosis in steers. J. Anim. Sci. 76:234–241.

Hironaka, R. 1969. Starter rations for beef cattle in feedlots. Can.
J. Anim. Sci. 49:181–188.

Horn, G. W., J. L. Gordon, E. C. Prigge, and F. N. Owens. 1979.
Dietary buffers and ruminal and blood parameters of subclini-
cal lactic acidosis in steers. J. Anim. Sci. 48:683–691.

Hristov, A. N., M. Ivan, L. M. Rode, and T. A. McAllister. 2001.
Fermentation characteristics and ruminal ciliate protozoal pop-
ulations in cattle fed medium- or high-concentrate barley-based
diets. J. Anim. Sci. 79:515–524.

Koenig, K. M., K. A. Beauchemin, and L. M. Rode. 2003. Effect of
grain processing and silage on microbial protein synthesis and
nutrient digestibility in beef cattle fed barley-based diets. J.
Anim. Sci. 81:1057–1067.

Koers, W. C., R. Britton, T. J. Klopfenstein, and W. R. Woods. 1976.
Ruminal histamine, lactate and animal performance. J. Anim.
Sci. 43:684–691.

Krehbiel, C. R., R. A. Britton, D. L. Harmon, T. J. Wester, and R.
A. Stock. 1995. The effects of ruminal acidosis on volatile fatty
acid absorption and plasma activities of pancreatic enzymes in
lambs. J. Anim. Sci. 73:3111–3121.

Nagaraja, T. G., T. B. Avery, S. J. Galitzer, and D. L. Harmon. 1985.
Effect of ionophore antibiotics on experimentally induced lactic
acidosis in cattle. Am. J. Vet. Res. 46:2444–2452.

NRC. 1996. Nutrient Requirements of Beef Cattle. 7th ed. Natl.
Acad. Press, Washington, DC.

Owens, F. N., D. S. Secrist, W. J. Hill, and D. R. Gill. 1998. Acidosis
in cattle: A review. J. Anim. Sci. 76:275–286.

Russell, J. B., and T. Hino, 1985. Regulation of lactate production
in Streptococcus bovis: A spiraling effect that contributes to
rumen acidosis. J. Dairy Sci. 68:1712–1721.

Satterthwaite, F.W. 1946. An approximate distribution of estimates
of variance components. Biometrics Bull. 2:110–114.

Schwartzkopf-Genswein, K. S., K. A. Beauchemin, T. A. McAllister,
D. J. Gibb, M. Streeter, and A. D. Kennedy. 2004. Effect of
feed delivery fluctuations and feeding time on ruminal acidosis,
growth performance, and feeding behavior of feedlot cattle. J.
Anim. Sci. 82:3357–3365.

Snell, F. D., and C. T. Snell. 1953. Hexoses and heptoses. Page 204
in Colorimetric Methods of Analysis. D. van Nostrand Co., Inc.,
Toronto, Ontario, Canada.

Steel, R. G. D., and J. H. Torrie. 1980. Principles and Procedures
of Statistics. 2nd ed., McGraw-Hill Book Co., New York.

Stock, R., T. Klopfenstein, and D. Shain. 1995. Feed intake variation.
Pages 56–59 in Proc. Symp. Feed Intake by Feedlot Cattle. P-
942, Oklahoma State Univ., Stillwater.

Supelco. 1998. Analyzing fatty acids by packed column gas chroma-
tography. Pages 5–7 in Bull. 856, Sigma-Aldrich Corp.,
Bellefonte, PA.



Bevans et al.1132

Tajima, K., R. I. Aminov, T. Nagamine, H. Matsui, M. Nakamura,
and Y. Benno. 2001. Diet-dependent shifts in the bacterial pop-
ulation of the rumen revealed with real-time PCR. Appl. Envi-
ron. Microbiol. 67:2766–2774.

Tremere, A. W., W. G. Merrill, and J. K. Loosli. 1968. Adaptation
to high concentrate feeding as related to acidosis and digestive
disturbances in dairy heifers. J. Dairy Sci. 51:1065–1072.

Van Soest, P. J., J. B. Robertson, and B. A. Lewis. 1991. Methods
for dietary fiber, neutral detergent fiber and non-starch polysac-
charide in relation to animal nutrition. J. Dairy Sci.
74:3583–3597.

Yang W. Z., K. A. Beauchemin, and L. M. Rode. 2000. Effects of
barley grain processing on extent of digestion and milk produc-
tion of lactating cows. J. Dairy Sci. 83:554–568.


