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Abstract 

Background: Prenatal and postnatal conditions are crucial for the development of calves. Primiparous cows are still 
maturing during pregnancy, thus competing with the nutritional needs of their offspring. Therefore, mature cows 
might provide a superior intrauterine condition. Furthermore, weaning calves at an older age might affect them 
positively as well by reducing stress and offering time for various organs and their functions to develop. We aimed 
to evaluate effects of mothers’ parity and calves’ weaning age on gastrointestinal development and corresponding 
acid–base balance. Fifty‑nine female German Holstein calves (about 8 days old) were investigated in a 2 × 2 factorial 
experiment with factors weaning age (7 vs. 17 weeks) and parity of mother (primiparous vs. multiparous). Calves were 
randomly assigned to one of these four groups. Animal behavior that was observed included resting, chewing and 
active behavior.

Results: Behavioral patterns were interactively affected by time and weaning age. Rumen sounds per 2 min 
increased in early‑weaned calves during their weaning period. In late‑weaned calves a consistently increase in rumen 
sounds was already recorded before their weaning period. Urinary N‑containing compounds (creatinine, hippuric 
acid, uric acid, urea, allantoin) were interactively affected by time and weaning age. Concentrations of all measured 
compounds except urea increased during early weaning. All except hippuric acid concentration decreased in early‑
weaned calves after weaning. In late‑weaned calves allantoin and uric acid increased before weaning and did not 
change during weaning.

Conclusion: These results suggest that late‑weaned calves developed adequate rumen functions and acid–base 
balance, whereas early‑weaned calves might have suffered from ruminal acidosis and catabolism. Weaning calves at 
7 weeks of age might be too early for an adequate rumen development.
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Background
The prenatal and early postnatal periods are critical 
times of development. Any intervention may cause life-
long changes in metabolism, which is termed metabolic 

imprinting, and therefore have a great impact on health 
and performance in later life [1]. The parity of the mother 
could have a major impact on her calf during the prenatal 
period [2]. Multiparous cows need to share energy and 
nutrients between the fetus and the lactating mammary 
gland, and primiparous cows are still maturing during 
pregnancy, thereby competing with the needs of their 
offspring. Both conditions could lead to a nutritional 
restriction of the calf. Calves are born as non-ruminant 

Open Access

*Correspondence:  Jana.Frahm@fli.de
2 Institute of Animal Nutrition, Friedrich‑Loeffler‑Institute, Bundesallee 37, 
38116 Braunschweig, Germany
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12917-022-03163-1&domain=pdf


Page 2 of 15Schwarzkopf et al. BMC Veterinary Research          (2022) 18:102 

animals, which rely mainly on lactose and milk fat as 
energy supply. At weaning, the dependence on rumen 
fermentation increases and volatile fatty acids (VFA) 
become the most important source of energy [3]. This 
implies great modifications of digestive physiology. 
Rumen weight and epithelial area increased when liquid 
feed was replaced by solid feed at early age [4]. Weaning 
also changed the expression of genes involved in the cell 
cycle, lipid metabolism, molecular transport, cell mor-
phology and death, cellular growth, and proliferation in 
the rumen epithelium [5]. Therefore, these indicators of 
a rapid rumen development appeared to be induced by 
a forced change from liquid to solid feed. On the con-
trary, other indicators were not influenced by weaning. 
In lambs, the expression of ketogenic enzymes in rumen 
epithelium increased with age, regardless of diet and time 
of weaning [6]. Therefore, rumen development might at 
least partly be controlled by an evolutionary blueprint. 
The growth of different gastrointestinal compartments is 
usually not finished at weaning. The weight of the retic-
ulorumen and omasum relative to body weight (BW) 
increased until 17  weeks (wk) of age [7]. The omasum 
kept growing until 1 year of age [3]. Consequently, early 
weaning might not be necessary for rumen development. 
As a hypothesis, gastrointestinal development still pro-
ceeds when weaning is delayed. Late weaning may mini-
mise the abrupt changes associated with solid feed intake 
and related metabolic changes, which occur during early 
weaning. Parity of the mother might impact their calves’ 
development through potential restriction of resources 
as well. Therefore, the present study aimed to determine 
the influence of mothers’ parity and calves’ weaning age 
on gastrointestinal tract development and associated 
systemic metabolic changes such as acid base homeosta-
sis and early N metabolism. Transition was assessed by 
markers of ruminal development, and of corresponding 
adaptive changes in acid–base balance and gut microbial 
metabolism.

Results
Characterization of feed intake pattern
All data according to feed intake was previously pub-
lished in Schwarzkopf et  al. [8]. In summary, the intake 
pattern of milk replacer (MR) and concentrate (C) was 
similar for both weaning groups until experimental day 
28 when weaning was initiated for early-weaned group 
and there were no significant differences in intake lev-
els (122 – 133 g DM/day). While the late-weaned calves 
were maintained unchanged at a constant MR level 
(approximately 1300 g DM/day) and C intake continued 
to increase until reaching 2 kg on day ~ 70, MR intake for 
the early-weaned group was gradually reduced until day 
42 of the experimental trial. At this time, C intake was 

similar to the late-weaned group. On experimental days 
70 and 98, the early-weaned group was characterized by 
a TMR feeding pattern while the late-weaned group still 
consumed significant amount of MR. On experimental 
day 112, it is assumed that the late-weaned group con-
sumed greater amounts of roughage as MR intake was 
terminated. At the same time, C intake was reduced to 
1  kg/day, so that the general ration type was roughly 
comparable to that of the early-weaned group. On exper-
imental day 140, all groups received the same ration type.

Animal behavior
All observed behavior patterns changed over time 
and were interactively influenced by time and wean-
ing age (Table  2). Percentage of time spent with chew-
ing increased with age (Fig.  1). Early-weaned calves 
increased chewing at d 70 of the trial compared with d 
1 (p < 0.001). Late-weaned calves increased their time 
spent with chewing at d 105 of the trial compared to d 1 
(p = 0.002). Time spent with chewing exceeded 20% after 
d 21 (earlyMC and earlyPC), 28 (lateMC) or 49 (latePC). 
Time spent with active behavior increased over time 
(Fig. 2 A). There was, however, neither a significant dif-
ference between the weaning groups on any experimental 
d nor between the d in each weaning group. Time spent 
with resting decreased with age in both groups (Fig. 2 B), 
and the decrease was more pronounced in early-weaned 
calves. These spent significantly less time resting on d 35 
compared to d 1 (p = 0.016), whereas late-weaned calves 
did not decrease the percentage of time spent resting 
until d 112 (p = 0.005).

Rumen fill and sound
Rumen fill (Fig.  3 A) and sounds (per 2  min, Fig.  3 B) 
increased significantly over time. A significant interac-
tion between time and weaning age was observed for 
both variables (Table 2). Interaction between time, wean-
ing group and parity was significant for rumen sounds. 
Rumen sounds increased during early weaning (d 28 vs. d 
42; p < 0.001), whereas in late-weaned calves it increased 
already before weaning (latePC d 1 vs. d 56, p = 0.003; 
lateMC d 1 vs. d 70, p < 0.001) and therefore weaning 
caused no further increase (d 98 vs. d 112, p = 0.804). 
Rumen fill increased from d 1 to d 14 in both weaning 
groups (early p < 0.001; late p = 0.003). It was also influ-
enced by parity (Table  2) with PC yielding a greater 
score. At the end of trial, there were no significant differ-
ences between weaning groups regarding rumen fill and 
sounds. The VFA and ammonia-N concentrations and 
pH in ruminal fluid at d 140 showed no effects of wean-
ing age, mother’s parity and their interaction (Table 1).
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pH in saliva, feces, and blood
The pH value in saliva increased over time and was not 
affected by weaning age or mother’s parity (Table  2). 
It increased from d 1 to d 42 (p < 0.001) and then from 
d 42 to d 140 (p = 0.011). Interaction between time and 
weaning age was significant for pH of feces (Table 2). It 
increased similarly in all groups from experimental d 1 to 
d 28 (p < 0.001). The highest pH values were observed at d 
28 of the trial with no significant differences between the 
groups (earlyMC pH = 7.25; latePC pH = 6.99; lateMC 
pH = 7.06; earlyPC pH = 7.18). Afterwards, it decreased 
over time. The steepest pH decrease was observed dur-
ing weaning in both weaning groups (early-weaned d 28 
vs. d 42, p = 0.002; late-weaned d 98 vs. d 112, p = 0.018). 
Hence, it was different between weaning groups on 
experimental d 98 (p = 0.043). However, late-weaned 
calves had a significant decrease in feces pH before wean-
ing (d 28 vs. d 70, p = 0.044).

Whole blood pH increased over time (Fig. 4 C) and was 
also interactively influenced by time and weaning age, 
but it was not significantly different between groups at 

any sampling d. It increased from experimental d 42 to d 
70 in early-weaned calves (p < 0.001).

Variables in urine
The pH value in urine was interactively affected by time 
and weaning age (Table  2). During early weaning, it 
decreased (d 28 vs. d 42, p = 0.010) and then increased 
within the experimental period from d 42 to d 70 
(p < 0.001). Afterwards, it remained stable for the rest of 
the experimental time. For late-weaned calves urinary pH 
stayed low until d 98 (d 28 vs. d 98, p = 0.624) and then 
increased during weaning (d 98 vs. d 112, p = 0.002) with-
out dropping down before.

Specific density of urine was interactively influenced 
by time and weaning age (p < 0.001; data not shown). It 
increased in early-weaned calves between d 28 and 42 
(p < 0.001). Therefore, it was higher in early-weaned 
calves than in late-weaned calves on experimental d 42 
(p = 0.005). In late-weaned calves, it increased until d 
70 (p < 0.001) and then remained stable on this level. 

Fig. 1 Percentage of time spent with chewing. Early‑weaned calves were weaned gradually between experimental d 28 and 42 of the trial. 
Late‑weaned calves were weaned gradually between experimental d 98 and 112 of trial. Data shown as LSMeans with SE. Early‑weaned calves 
from multiparous cows (earlyMC), late‑weaned calves from multiparous cows (lateMC), early‑weaned calves from primiparous cows (earlyPC), 
late‑weaned calves from primiparous cows (latePC)



Page 4 of 15Schwarzkopf et al. BMC Veterinary Research          (2022) 18:102 

Furthermore, specific density did not change through 
weaning in late-weaned calves (p = 0.1).

Nitrogen-containing compounds in urine (creatinine, 
hippuric acid, uric acid, urea and allantoin) were inter-
actively affected by time and weaning age (Table  2). 

Concentrations of all compounds except urea increased 
during weaning in early-weaned calves (d 28 vs. d 42; 
p < 0.001). Urinary allantoin (p = 0.004; Fig. 5 A), uric acid 
(p = 0.027; Fig. 5 B) and hippuric acid (p = 0.016; Fig. 5 C) 

Fig. 2 Percentage of time spent with active behavior (A) and resting (B). Early‑weaned calves were weaned gradually between experimental d 
28 and 42 of the trial. Late‑weaned calves were weaned gradually between experimental d 98 and 112 of trial. Data shown as LSMeans with SE. 
Early‑weaned calves from multiparous cows (earlyMC), late‑weaned calves from multiparous cows (lateMC), early‑weaned calves from primiparous 
cows (earlyPC), late‑weaned calves from primiparous cows (latePC)

Fig. 3 Rumen fill score (A) and sounds (B). Early‑weaned calves were weaned gradually between experimental d 28 and 42 of the trial. Late‑weaned 
calves were weaned gradually between experimental d 98 and 112 of trial. Data shown as LSMeans with SE. Early‑weaned calves from multiparous 
cows (earlyMC) n = 16, late‑weaned calves from multiparous cows (lateMC) n = 16, early‑weaned calves from primiparous cows (earlyPC) n = 15, 
late‑weaned calves from primiparous cows (latePC) n = 12. P < 0.05 was set as the level of significance.
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were higher in early-weaned calves on d 42, when they 
were weaned, compared to late-weaned calves that still 
received MR. Nitrogen-containing compound concen-
trations decreased in early-weaned calves after weaning 
except hippuric acid concentration. The urinary urea 
concentration decreased from d 42 to d 98 (p = 0.004; 
Fig. 5 D). Urinary creatinine (Fig. 5 E) and uric acid (Fig. 5 
B) concentrations decreased from experimental d 42 to d 
112 (p < 0.01). Urinary allantoin concentration was lower 
at the end of the experimental period (d 140) compared 
to the d after weaning (d 42; p = 0.019). Urinary hippuric 
acid concentration increased in early-weaned calves until 
d 70 (d 28 vs. d 70 p < 0.001) and did not change signifi-
cantly thereafter. It also increased in late-weaned calves 
form d 28 to d 70 (p = 0.020), while the steepest increase 
occurred during weaning (p = 0.004; Fig. 5 C). All other 
N-containing compound concentrations did not change 
during weaning in late-weaned calves. Urinary creati-
nine concentration of late-weaned calves increased over 
time from experimental d 28 to 112 (p < 0.001). The uri-
nary allantoin concentration increased before weaning (d 
28 vs. d 70 p < 0.001). Urea concentration did not change 
significantly during weaning in both weaning groups and 
was not different between the groups on any experimen-
tal d.

All variables of urine were standardized to the corre-
sponding specific density (data not shown), but no dif-
ferences to unstandardized data regarding statistical data 
evaluation were observed. The NABE (p < 0.001; Fig. 6 A) 
and BAR (p = 0.005; Fig. 6 B) values in urine were inter-
actively affected by time and weaning age (Table 2). Both 

increased after weaning in early-weaned calves (d 42 vs. 
d 70 p < 0.001). Therefore, they were higher in these than 
in late-weaned calves on d 70 (NABE p = 0.010; BAR 
p = 0.027). NABE values increased in late-weaned calves 
before weaning (d 42 vs. d 98, p = 0.030).

Discussion
Studying weaning at different ages is challenging for 
research approaches. The regimen of weaning at younger 
age has different requirements compared to weaning at 
older age. In this study, for instance, calves at 15 wk of age 
voluntarily ingest more concentrate than calves at 5 wk of 
age (8). To provoke an increase in concentrate intake at 
this early age, MR consumption has to be reduced. As a 
result, concentrate intake increased to 1  kg/d. In calves 
at 15 wk of age, the concentrate intake was twice as high 
compared to the early-weaned calves. Thus, at the begin-
ning of weaning, the concentrate intake was limited to 
1 kg/d in the late-weaned group. After weaning, all calves 
received hay and a TMR. The effects of two different 
rearing regimens and mother’s parity are discussed in the 
following.

Rumen maturation at early age was assessed by behav-
ioral observations, rumen sounds and scoring of rumen 
fill. Closely related to rumen maturation, acid base 
homeostasis and N metabolism have to adapt to rumi-
nant status. Thus, the pH in blood, urine, feces and saliva 
was measured to assess changes in systemic acid–base-
metabolism going along with rumen maturation. Fur-
thermore, the concentration of several N-containing 
compounds (creatinine, allantoin, uric acid, hippuric 

Table 1 Effects of weaning age and parity on ammonia, VFA, and pH in rumen fluid evaluated by two‑way ANOVA on experimental d 
140. Values are presented as Means with SD

Early-weaning Late-weaning p-values

Parameters MC PC MC PC Weaning age W Parity P W*P

 Ammonia‑N (mg/100 g) 2.33
 ± 1.25

1.91
 ± 1.71

2.93
 ± 2.07

2.52
 ± 1.18

0.144 0.289 1

 Acetate
 (mmol/L)

35.89
 ± 6.71

37.99
 ± 8.23

36.15
 ± 6.78

38.06
 ± 5.88

0.971 0.278 0.917

 Propionate (mmol/L) 9.44
 ± 1.91

10.42
 ± 2.18

9.91
 ± 2.38

10.65
 ± 2.89

0.605 0.170 0.723

 Butyrate
 (mmol/L)

5.13
 ± 1.67

5.76
 ± 1.67

5.11
 ± 1.50

5.52
 ± 2.00

0.741 0.234 0.876

 Iso‑Butyrate (mmol/L) 0.66 ± 0.15 0.74 ± 0.16 0.67 ± 0.15 0.74 ± 0.20 0.948 0.099 0.974

 Valerate
 (mmol/L)

0.70
 ± 0.19

0.82
 ± 0.21

0.74
 ± 0.24

0.72
 ± 0.22

0.630 0.337 0.238

 Iso‑Valerate (mmol/L) 1.10 ± 0.52 1.36 ± 0.55 0.99 ± 0.22 1.15 ± 0.46 0.172 0.078 0.665

 Total VFA (mmol/L) 52.92
 ± 10.25

57.10
 ± 12.12

53.57
 ± 10.23

56.84
 ± 10.22

0.990 0.189 0.856

 Ratio acetate:propionate 3.84
 ± 0.47

3.67
 ± 0.44

3.74
 ± 0.60

3.69
 ± 0.56

0.781 0.435 0.643

 pH 7.34
 ± 0.21

7.32
 ± 0.27

7.35
 ± 0.21

7.32
 ± 0.17

0.857 0.684 0.960
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acid and urea) in urine was determined to estimate the 
onset of microbial activity in the gastrointestinal tract, 
especially in the rumen, and to assess the development of 
early N metabolism in growing calves.

Mother’s parity had no effect on any parameter except 
rumen fill score (p = 0.018). This indicated that rearing 
conditions have a greater impact on rumen development, 
maturation of acid–base homeostasis and N metabolism 
than mother’s parity. Rumen fill score was greater in PCs, 
which might be caused by their smaller body seize paired 
with the same feed intake as MCs.

Rumen maturation at early age
Late-weaned calves increased their solid feed intake 
before weaning [8]. As a consequence, rumen fill score 
and rumen sound increased before weaning as well. 
Rumen sounds per 2  min were assessed to get insights 
into progress of rumen motility, as it is possible to notice 
the sound of ingesta movements in the rumen with a 
stethoscope. Biphasic contractions of the reticulum were 
observed in milk-fed calves at the age of 16 d through 
ultrasonographic examinations [9]. In the current study, 
some calves had detectable rumen sounds as early as 
during the first wk of the trial, that corresponds to an 
age of ~ 14  days. This indicated that rumen sound and 
therefore rumen contraction were not only influenced 
by solid feed intake, but might be determined, at least 
partly, by an evolutionary blueprint. This might indicate 
that the nuclear genome was partly determining the age 
and velocity of maturation of organs and tissues of new-
born and young calves with regard to their structure 

and function. Adverse nutritional interventions, espe-
cially during this fragile time window, could deteriorate 
this process leading to metabolic stress due to immature 
organs and tissues.

Confirming this assumption, early-weaned calves 
belatedly increased their time spent chewing from 
experimental d 70 on, which was 4 wk after weaning. 
This happened despite the ad libitum supply of hay and 
TMR, which is as solid feed known to increase rumi-
nation. However, late-weaned calves increased chew-
ing during weaning at experimental d 105 already. 
The immature rumen might have contributed to lower 
solid feed intake in early-weaned calves. Thus, these 
calves were undernourished over several wk which was 
reflected in a lower live weight gain [8]. Concomitantly, 
early-weaned calves expressed a more active behav-
ior after weaning up to experimental d 70, most likely 
due to seeking for liquid feed. In late-weaned calves, 
weaning was not associated with higher activity levels 
afterwards.

Calves that could freely access different solid feed and 
MR spent 20% of time with chewing both at the age of 
3 and 6 mo [10]. As these calves displayed a low level 
of non-nutritive oral behavior, such as tongue playing 
and oral manipulation of the pen structure or other 
calves, a chewing level of 20% appeared to be enough 
to satisfy needs for chewing and rumination. This level 
was reached by our feeding groups at d 21 (earlyMC 
and earlyPC), 28 (lateMC) and 49 of the trial (latePC) 
and remained stable or increased most of the time 
(Fig.  1). Therefore, weaning at 17 wk of age may not 

Table 2 Effects of time, mother’s parity and weaning age and their interaction on parameters shown in Figs. 1, 2, 3, 4, 5 and 6

p-Values

Parameter Time (T) Parity (P) Weaning age (W) T x P T x W P x W T x P x W

 Chewing  < 0.001 0.440 0.042 0.512 0.016 0.525 0.277

 Active behavior 0.037 0.308 0.085 0.750 0.001 0.850 0.803

 Resting  < 0.001 0.110 0.004 0.575  < 0.001 0.548 0.442

 Rumen fill score  < 0.001 0.018 0.490 0.335 0.001 0.455 0.780

 Rumen sounds  < 0.001 0.77  < 0.001 0.965  < 0.001 0.938 0.042

 pH saliva  < 0.001 0.638 0.295 0.621 0.674 0.171 0.299

 pH feces  < 0.001 0.994 0.155 0.891 0.004 0.047 0.827

 pH urine  < 0.001 0.525 0.069 0.652  < 0.001 0.670 0.773

 pH blood  < 0.001 0.654 0.206 0.172 0.010 0.290 0.716

 Creatinine  < 0.001 0.253 0.628 0.125  < 0.001 0.239 0.544

 Allantoin  < 0.001 0.152 0.274 0.126  < 0.001 0.684 0.646

 Uric acid  < 0.001 0.057 0.152 0.075  < 0.001 0.431 0.387

 Urea  < 0.001 0.815 0.625 0.161 0.005 0.539 0.643

 NABE  < 0.001 0.523 0.063 0.411  < 0.001 0.584 0.329

 BAR  < 0.001 0.712 0.024 0.528 0.005 0.835 0.312
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trigger abnormal behaviour. The results of the afore-
mentioned and the current study were similar, although 
we observed behavior only in a small time frame during 
the day because chewing was found to have no circa-
dian rhythm in calves [11].

Maturation of acid–base homeostasis in growing calves
Maturation of the gastrointestinal tract might be associ-
ated with maturation of systemic acid–base homeostasis. 
To assess its development, the pH values in saliva, blood, 
urine, and feces were measured during early life in all 
calves. As pH in saliva increased over time, being unaf-
fected by weaning age or mothers’ parity, it seemed to be 
determined solely by the evolutionary blueprint. The first 

significant increase in pH compared to experimental d 1 
was observed at d 42 (p < 0.001) and then again from d 42 
to d 140 (p = 0.01) in all groups. Therefore, there might 
be an ontogenetic window for development of ruminant 
salivary buffer composition during these time points. The 
salivary gland responsible for secreting large amounts of 
buffer in ruminants is the Glandula parotis. The main 
chemical components of Parotis saliva are  Ca2+,  Na+, 
 K+, Urea,  HCO3

−,  HPO4
2−,  Cl− and water. In general, the 

concentration of these components did not vary much 
between healthy adult cows and were unaffected by diet. 
Only urea concentration was affected by diet in adult 
cows [12]. The saliva buffering capacity and alkaline pH is 
mainly achieved by  HCO3

− and  HPO4
2− [13]. Therefore, 

Fig. 4 PH values of saliva (A), faeces (B), blood (C) and urine (D). Early‑weaned calves were weaned gradually between experimental d 28 and 42 
of the trial. Late‑weaned calves were weaned gradually between experimental d 98 and 112 of trial. Data shown as LSMeans with SE. Early‑weaned 
calves from multiparous cows (earlyMC) n = 16, late‑weaned calves from multiparous cows (lateMC) n = 16, early‑weaned calves from primiparous 
cows (earlyPC) n = 15, late‑weaned calves from primiparous cows (latePC) n = 12
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Fig. 5 Concentrations of nitrogen‑containing compounds in urine. Early‑weaned calves were weaned gradually between experimental d 28 and 42 
of the trial. Late‑weaned calves were weaned gradually between experimental d 98 and 112 of trial. Data shown as LSMeans with SE. Early‑weaned 
calves from multiparous cows (earlyMC) n = 16, late‑weaned calves from multiparous cows (lateMC) n = 16, early‑weaned calves from primiparous 
cows (earlyPC) n = 15, late‑weaned calves from heifers (lateHC) n = 12
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these components are vital for an adequate rumen func-
tion. The change in salivary pH indicated that the ade-
quate composition needed time to develop. However, the 
capacity of salivary glands, especially of the Parotis, to 
produce adequate volumes of saliva to buffer VFA pro-
duction in the rumen was not assessed in this study.

As a consequence of the associated slow rise of salivary 
buffer capacity, early weaning, particularly before the age 
of 7 wk, could lead to acidification of rumen fluid. Inges-
tion of starch-rich concentrate might have increased 
rumen VFA concentration and thereby, decreased rumen 
pH value. This possible acidotic condition was most likely 
not balanced by a sufficient availability of saliva, due to 
low buffer concentrations and saliva volume, respectively. 
Additionally, absorption of VFA by the rumen epithelium 
might not be expressed with a sufficient capacity leading 
to an accumulation of acids in the rumen at this age. Fur-
thermore, chewing activity, which is strongly influencing 
saliva secretion rate, is low after weaning in early-weaned 
calves. Others noticed different rumination patterns 
attributable to weaning age as well. Calves weaned at the 
age of 8 wk displayed more rumination before weaning 
than calves weaned at the age of 6 wk [14]. Therefore, it 
was hypothesized that early-weaned calves were at risk 
for ruminal acidosis, and for higher acid load in plasma 
as well. Several authors observed an acidic ruminal pH 
in early-weaned calves [14, 15]. Calves that were weaned 
at 4 wk of age had a ruminal pH under 5.5 for at least 4 
wk after weaning (15). Weaning at 6 wk of age reduced 
ruminal pH below 5.5 at least for 3 wk as well [14]. As 

this might be a sign for chronic rumen acidosis at least 
for adult cows [16], it is possible that these calves suffered 
from this disease as well.

To maintain plasma pH is vital, thus, the lung and the 
kidneys are important regulators of acid–base homeo-
stasis. While in the lung protons were eliminated as  CO2 
and  H2O, kidneys excrete protons or reabsorb bases to 
maintain acid–base balance. Physiologically, urinary pH 
of healthy fully ruminating cattle is neutral to slightly 
alkaline [17, 18] due to the high amounts of excreted 
bicarbonate in herbivores. In the condition of metabolic 
acidosis, the kidney conserved bicarbonate by reab-
sorption [19]. As a consequence, the urinary pH value 
declined with decreasing bicarbonate concentration [20]. 
Consequentially, urinary pH value correlated positively 
with ruminal pH value [16]. Therefore, urinary pH might 
reflect the ruminal pH value and the decrease of urinary 
pH during early-weaning might have indicated rumen 
acidosis during this time. In early-weaned calves a poten-
tially higher acid load needed more bicarbonate, thus this 
buffer was reabsorbed in the kidney. Consequently, pH 
of urine decreased (experimental d 42, 6.6 ± 0.1) directly 
after early-weaning (Fig.  4D). Furthermore, a higher 
 NH4

+ and phosphate concentration may also be respon-
sible for the lower urinary pH value after early weaning, 
which might result from still low utilization of N-con-
taining compounds in rumen microbial metabolism.

Furthermore, low urinary pH value was associated with 
greater calcium excretion, probably bound to acid phos-
phate [21]. As calcium is important for growth and bone 

Fig. 6 Values of net acid base excretion (NABE) (A) and base‑acid ratio (BAR) (B) in urine. Early‑weaned calves were weaned gradually between 
experimental d 28 and 42 of the trial. Late‑weaned calves were weaned gradually between experimental d 98 and 112 of trial. Data shown as 
LSMeans with SE. Early‑weaned calves from multiparous cows (earlyMC) n = 16, late‑weaned calves from multiparous cows (lateMC) n = 16, 
early‑weaned calves from primiparous cows (earlyPC) n = 15, late‑weaned calves from heifers (lateHC) n = 12
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development, this could have contributed to the impaired 
growth of early-weaned calves [8].

In adult cows, values of NABE and BAR in urine were 
used to diagnose a mild metabolic acidotic burden [22]. 
In calves this might not be advisable, as both variables 
are low in milk-fed calves (Fig.  6). The values of NABE 
and BAR increased over time, which reflected the tran-
sient change in dietary composition. In early-weaned 
calves, the increase was steep after weaning from experi-
mental d 42 until d 70, but not during their weaning. The 
metabolic adaptation to an adult status seemed to occur 
after weaning was already done. On the other hand, the 
increase of NABE values in late-weaned calves was not 
as steep but occurred before weaning. They might have 
experienced a smoother transition to adult status.

The pH value in feces decreased during weaning (Fig. 4 
B). Lohakare et  al. [23] measured a pH of 7 in feces of 
calves at 40—42 d of age. Confirming, in the current study 
calves were 37 ± 2 d of age at experimental d 28 and had a 
faecal pH around 7 as well. Lohakare et al. [23] observed 
a decrease of faecal pH through weaning as well, but this 
increased again to a pH of 6.8 – 7.0 at 42 d after wean-
ing. This increase was not detected in the current study, 
in which faecal pH continued to decline. Adult cattle had 
a faecal pH from 7 – 8 [24, 25], which, in this study, was 
not reached by any group until the end of the trial. This 
may be a result of high intake of starch through concen-
trate and TMR which could not be digested in rumen and 
therefore was transported into the large intestine. In the 
hindgut, it could be fermented, but emerging VFA could 
not be fully absorbed, subsequently leading to a decrease 
in pH value. The decrease in faecal pH through increased 
energy intake and carbohydrate infusion has been tested 
in steers [25], as well as a strong correlation between fae-
cal starch content and pH [24]. Calves had a higher per-
centage of faecal starch after weaning, especially when 
weaned early at the age of 6 wk [14]. Hence, the low fecal 
pH could be a sign for inadequate digestion in the rumen, 
especially of starch. As the concentration of starch was 
common for calve and heifer feed (concentrate 371 g/kg 
dry matter (DM); TMR 182 g/kg DM) the rumen might 
not have been developed sufficiently to digest a typical 
adult cow diet even at the age of 5 months.

Maturation of N metabolism in growing calves
Nitrogen-containing metabolites in blood and urine indi-
cate changes in the diet, endogenous protein metabolism, 
and in developing microbial metabolism in the rumen. 
Dietary effects on N-containing metabolites were most 
likely associated with changes in microbial metabo-
lism. Urea-N was measured in plasma [8] and urine, 
while non-urea-N was measured only in urine. Creati-
nine is the only N-containing metabolite in urine which 

is derived solely from muscle protein break-down, thus 
of endogenous origin [26]. Early weaning resulted in a 
sudden increase in urinary creatinine and urea, which 
indicated a catabolic status. Due to the change of highly 
digestible milk protein and energy to less digestible solid 
feed protein and energy, calves failed to adapt to weaning 
at early age. A fasting status was most likely established 
at the period of early weaning. Concomitantly, this was 
confirmed by a strong increase in plasma urea and beta-
hydroxybutyrate and a low insulin concentration at early 
weaning [8] Furthermore, the quick rise in excretion of 
allantoin and uric acid, end products of metabolism of 
endogenous nucleic acids, might also be attributable 
to a catabolic state and/or a more stimulated microbial 
activity compared to late-weaned calves at this time. 
While the latter group showed a continuous increase 
of these compounds the calves weaned at experimental 
day 42 and changed to a TMR onwards, failed to further 
increase allantoin and uric acid concentration in urine. 
This might indicate a relative deficiency of energy avail-
able for adequate ruminal microbial protein synthesis 
due to a lower supply of easily fermentable substrates. 
Later, urinary urea concentrations decreased steadily in 
early-weaned calves, most likely due to recycling into the 
developing rumen to serve as N source for the microbial 
growth. Due to the prolonged high availability of milk 
protein and energy in late-weaned calves, urea concen-
trations in blood [8] and in urine were stable on a high 
level until weaning. At weaning, urea decreased by recy-
cling into the rumen to compensate a lower dietary crude 
protein (CP) supply.

The purines from rumen microbes were metabolized 
and the end products hypoxanthine, xanthine, uric acid 
and allantoin were excreted in the urine [27]. Xanthine 
and hypoxanthine were only found in small amounts in 
cows’ urine, whereas uric acid and allantoin were the 
abundant purine derivatives [28]. This is due to the fact 
that, xanthine and hypoxanthine are converted to uric 
acid, which is further converted to allantoin [27]. There-
fore, urinary concentrations of allantoin and its precur-
sor, uric acid, were used as a predictor for microbial CP 
production in the rumen [29]. Both increased in early-
weaned calves during weaning, but as they decreased 
again until the end of trial, their importance as a marker 
for rumen microbial activity can be contested. This has 
already been refuted for cows in different stages of lac-
tation [29]. As stated above, the steep initial increase 
in allantoin and uric acid might be provoked by endog-
enous catabolic processes and only to a small extent by 
the increase in microbial activity at early weaning. Late-
weaned calves expressed steady increases in urinary 
allantoin and uric acid concentrations, which slightly 
peaked around weaning. Therefore, it can be assessed 
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that provision of liquid feed together with voluntary solid 
feed intake promoted a slow but effective rumen devel-
opment and microbial activity. However, for the full func-
tioning of rumen, the capacity for fibre digestion must 
be developed. For that, hippuric acid is a well-known 
marker [30]. It is formed in the liver from benzoic acid 
and glycine. Benzoic acid is synthesised by microbial 
metabolism of plant-derived phenolic cinnamic acids in 
the rumen [31]. Therefore, urinary hippuric acid concen-
tration was strongly linked to diet composition in adult 
cows [32, 33], which seemed to be the same in calves 
as urinary hippuric acid concentration increased after 
weaning in both groups. Early-weaned calves, however, 
did not reach mature hippuric acid concentrations before 
experimental d 70, which could indicate an insufficient 
fibre digestion in the rumen, although they were on solid 
feed from d 42 on. Concomitantly, time spent chewing 
was increased only after experimental d 70, supporting 
the assumption that fibre digestion was not developed 
after early weaning and fibre intake was low, respectively. 
The potential restriction was reflected in a lower live 
weight gain and growth rates after early-weaning [8].

In addition, urinary N is a source of  N2O emission 
[26], which affects the environment and can influence 
surface water, biodiversity and climate change in a 
negative way [34]. Therefore, attempts should be pur-
sued in optimal rearing strategies to lower the excre-
tion of urinary N-containing compounds.

Rumen maturity at the age of 5 months
All variables linked to rumination, such as chewing 
behavior, rumen fill and sound, increased over time 
in both groups, despite the high MR allowance. These 
variables as well as VFA concentration and pH of rumi-
nal fluid were not significantly different between the 
weaning groups at the end of the trial (d 140), which 
indicated that both groups reached a concordant sta-
tus of rumen development. Therefore, rumen and its 
functions appeared to be equally developed at the age 
of 5 months, which corresponds to experimental d 140. 
Late-weaned calves showed no sign of impaired rumen 
development at that age despite of the higher weaning 
age. Ad libitum intake of MR in the first 5 wk of life did 
not retard rumen development [35]. High MR allow-
ance and higher weaning age did not avert the transi-
tion to a functional ruminant status. Additionally, this 
transition was smoother in late-weaned calves [8]. On 
the contrary, in early-weaned calves these metabolic 
changes occurred relatively abrupt, which might have 
put a lot more strain on organs and tissues. In mam-
mals, development of organs and tissues and their 
physiological functions in adulthood can be affected 

by early nutrition [36, 37]. As mentioned before, met-
abolic imprinting might occur through nutritional 
experiences in early life and can have a great impact 
on later health and performance [1]. Therefore, these 
abrupt changes in nutrition and consequent meta-
bolic adaptations might lead to future impairment 
of health and performance. Increased MR intake by 
calves resulted in greater relative kidney weights [38, 
39]. Hence, kidney development seemed to be affected 
by early-life nutrition. The secretion of protons and 
the rapid change of urinary composition during early-
weaning might strain the calves’ kidney massively. This 
might also result in coping mechanisms that imprint 
these vital organs and alter their functions later in 
life. Although there was no difference in the measured 
variables at the age of 5 months, early-weaning might 
have caused a metabolic imprinting which might result 
in negative outcomes later in life. This might be true 
for calves born to primiparous mothers as well [40], 
even though we did not observe a considerable effect 
of parity on measured parameters. To assess the meta-
bolic imprinting, these animals were further moni-
tored in an ongoing observational study.

Conclusion
Weaning calves at 7 wk of age appears to be too early for 
an adequate rumen development according to the evo-
lutionary blueprint. This became apparent in an ineffi-
cient rumen function and a not fully developed metabolic 
adaption in early-weaned calves before experimental 
d 70, although they were fully weaned with 42 d, cor-
responded to an age of 7 wk. This indicated that calves 
needed more time to mature. They reached functional 
ruminant status at about 11 wk of age, which might be a 
more appropriate age for weaning. None of the response 
variables of behavior, rumen development, and urinary 
excretion of N-containing compounds were significantly 
different at the end of the trial. This indicated an equal 
functional status of the rumen despite the prolonged 
MR feeding in late-weaned calves. However, long-lasting 
effects of a metabolic imprinting for later life in terms 
of health and performance are possible for these future 
dairy cows and need to be studied.

Material and methods
In accordance with the German Animal Welfare Act 
and approved by the Lower Saxony State Office for Con-
sumer Protection and Food Safety (LAVES), Oldenburg, 
Germany, the present trial was carried out at the experi-
mental station of the Institute of Animal Nutrition, Frie-
drich-Loeffler-Institute (FLI), Brunswick, Germany (file 
No.: 33.19–42,502-04–15/1858).
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Animals, housing, and diets
Detailed information about the study design were 
described elsewhere [8]. In short, female German 
Holstein calves (n = 59) were studied from the age of 
(mean ± standard deviation) 8 ± 2 days (d) until d 149 ± 2 
of life. All calves originated from one established herd of 
German Holstein cows and were born within a seasonal 
calving period of 3 months (October - December). After 
the feeding trial, the animals remained in the institute´s 
own herd. They received 3 L of colostrum through a nip-
ple bucket within 2  h after birth. Consistent quality of 
colostrum was evaluated using a colostrum densimeter 
(Wahl GmbH, Dietmannsried, Germany) and had to be 
defined as good at a value greater than 1035 g/L. In the 
pre-experimental feeding period, milk replacer (MR; 
NOLAC GmbH, Zeven, Germany) was mixed to the 
pooled herd milk, starting at the age of 3 d, with gradually 
increasing amounts from 0.30 kg MR powder/d (d 3 after 
birth) to 0.90 kg MR/d (d 5 after birth), when the maxi-
mum of 6 L liquid feed with a concentration of 150 g/L 
MR powder was available. Calves entered the study at 
an average live weight of 44.5 ± 5.2 kg at experimental d 
1 and were moved into straw-bedded stables with provi-
sion of MR and concentrate through self-feeding systems 
(Förster-Technik GmbH, Engen, Germany). They were 
randomly allocated to either early weaning at 7 wk of age 
(early-weaned calves from multiparous cows (earlyMC, 
n = 16) and primiparous cows (earlyPC, n = 15)) or late 
weaning at 17 wk of age (late-weaned calves from mul-
tiparous cows (lateMC, n = 16) and primiparous cows 
(latePC, n = 12)) group assuring an equal allocation of 
calves from primiparous cows (PC, n = 17) and calves 
from multiparous cows (MC, n = 32). Early weaning was 
conducted at the age of 7  weeks, as this is a common 
management decision take on dairy farms, while late 
weaning was executed at the age of 17 weeks, because the 
reticulorumen volume approximately reaches adult pro-
portions [3]. The trial started with 0.90 kg MR powder/d, 
which were available for all calves for the first 5 experi-
mental d. Then MR was increased gradually within the 
next 5 d to 1.35  kg MR powder/d (9 L liquid feed) and 
remained at this level until the beginning of the weaning 
period (early-weaned group = experimental d 28; late-
weaned group = experimental d 98). Over the entire trial, 
all calves received hay and water for ad libitum consump-
tion. They had access to a maximum of 2 kg concentrate 
feed per d, which was reduced with start of late wean-
ing (experimental d 98) to 1  kg/d. During weaning, the 
MR was reduced step-down within 14 d from 1.35 kg/d 
to 0.30 kg/d. Post-weaning calves were moved to another 
barn and received hay and a total mixed ration (TMR) 
consisting of 48% grass, 32% maize silage and 20% con-
centrate for ad libitum consumption.

Behavioral assessments and measures of rumen variables
Calf behavior was recorded using instantaneous scan 
sampling ([41] at 10 min intervals during 2 h (h) once 
a wk between 8:00 and 12:00 h. Observation was done 
in a quiet atmosphere and the observer entered the 
barn 10  min before beginning to let calves accommo-
date themselves to the situation. As calves were raised 
on the farm, all typical activities and sounds outside the 
barn were accepted as characteristics for their d-to-d 
life and did not influence observation. Lateral move-
ment of the mandibular in a lying position with a raised 
head was defined as chewing. Regurgitated boli were 
not included in the definition as they were difficult to 
observe. Therefore, chewing included both non-rumi-
nating and ruminating activities. Lying on the ground 
with bent legs without movement of the mandibular 
was defined as resting. All other behaviors were reg-
istered as active behavior. To assess the percentage of 
each behavior during a given observational period, the 
number of observations of that defined behavior was 
divided by the total of 12 observations and multiplied 
with 100. For analysis, a given sampling d was com-
bined as that d ± 3 d.

Rumen motility was assessed by counting the number 
of rumen sounds within 2 min with a stethoscope in the 
Fossa paralumbalis. Rumen fill was scored through pal-
pation of the Fossa paralumbalis using a scale from 1 to 
5, which was modified based on Zaaijer and Noordhui-
zen [42] (score 1 = empty, rectangular; score 2 = empty, 
triangular; score 3 = a little sunken, soft; score 4 = scarce 
blending between Fossa paralumbalis and Arcus cos-
talis, firm; score 5 = Arcus costalis hardly visible, Fossa 
paralumbalis convex, firm). Scoring and measuring of 
rumen sounds were done on experimental d 1, 7, 14, 28, 
42, 56, 70, 84, 98, 112, 126 and 140.

Collection and analysis of blood, urine, saliva, rumen fluid 
and fecal samples
All samples were collected between 8 AM and 1 PM. 
Feces and urine were collected after spontaneous release 
or manual stimulation and filled in clean and sealable 
tubes. The pH value in feces and urine was measured 1 
to 4 h after collection with a pH meter (pH 7119, WTW, 
Weilheim, Germany). For collection of saliva, two sterile 
cotton wool swabs were offered each animal on a clamp 
for chewing. Afterwards they were put into a commer-
cially available salivette (Sarstedt, Nümbrecht, Germany) 
and cooled on ice. Salivettes were centrifuged at 2000 × g 
for 3  min and the pH value was measured with a pH 
meter (pH 7119, WTW, Weilheim, Germany). Urine was 
stored at -20 °C before analysis of net acid base excretion 
(NABE), urea, allantoin, creatinine, hippuric acid and 
uric acid were done. NABE and the base–acid ratio (BAR) 
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were determined by the titrimetric method as described 
by Kutas [43]. Following dilution and filtration of urine 
samples, the purine derivates (allantoin, uric acid, hippu-
ric acid) and creatinine were conducted by reverse-phase 
HPLC (LC-20A prominence, Shimadzu Europe GmbH, 
Duisburg, Germany) according to the method of Shin-
gfield and Offer [44]. Urinary urea was analyzed with a 
colorimetric assay kit (Biovision, Milpitas, CA). Specific 
density of urine was estimated with a handheld refrac-
tometer (RPI, Optech srl, Turin, Italy). The pH values in 
whole blood were measured by an automated blood gas 
analyser (GEM4000, Werfen GmbH, Munich, Germany). 
On experimental d 140 ruminal fluid was collected using 
a rubber tube modified to Geishauser [45]. The equip-
ment consisted of an oro-ruminal probe with flexible 
tube and a manual suction pump. The probe was inserted 
orally into the ventral sac of the rumen and a volume of 
approximately 100 ml of rumen fluid was collected after 
discarded the first part of the sample to avoid contamina-
tion by salvia. Ruminal pH was immediately determined 
using a pH meter (pH 7119, WTW, Weilheim, Germany). 
Ruminal fluid was centrifuged (Heraeus Varifuge®, 
2400 × g, 5 min), acidified with a mixture of phosphoric 
acid/formic acid (5%) and stored at -20 °C before analysis 
of VFA (acetate, propionate, butyrate, iso-butyrate, valer-
ate, iso-valerate) using a gas chromatograph (Clarus 689, 
PerkinElmer LAS GmbH, Rodgau, Germany) equipped 
with a flame ionisation detector as described by Geissler 
et al. [46]. Ruminal ammonia-N was determined directly 
after centrifugation using stream distillation according to 
DIN38406, E5-2 [47].

Statistical Analysis
The pH value in feces and saliva was measured in two 
samples per animal and point in time, and the mean 
value was used for further analyses. NABE and BAR of 
the urine were calculated as:NABE = base excess – (acid 
excess + ammonium ions) BAR = sum of bases/sum of 
acids.

All variables, except for variables in ruminal fluid, were 
evaluated as repeated measures using PROC MIXED 
procedure in SAS (V 9.4., SAS Institute Inc., Cary, NC). 
The model included fixed factors of time, weaning age, 
parity of the mother and their interactions. Results were 
presented as least squares means (LSMeans) with stand-
ard errors (SE). All pair-wise differences of LSMeans 
were tested with the Tukey–Kramer procedure. Variables 
in ruminal fluid were evaluated by two-way ANOVA 
with weaning age, mother’s parity and their interaction 
as independent variables using SAS (V 9.4., SAS Insti-
tute Inc., Cary, NC). For all statistical tests, p < 0.05 was 
the level of significance. Visualization was done using 

GraphPad Prism 6.0 (GraphPad software, San Diego, 
USA), whereby measurements on serial time points were 
interpolated linearly.

Abbreviations
ADF: Acid detergent fibre; BAR: Base–acid ratio; BW: Body weight; CF: Crude 
fiber; CP: Crude protein; d: Day; DM: Dry matter; earlyMC: Early‑weaned calves 
from multiparous cows; earlyPC: Early‑weaned calves from primiparous cows; 
EE: Ether extract; g: Gram; FLI: Friedrich‑Loeffler Institut; h: Hour; HPLC: High 
performance liquid chromatography; kg: Kilogram; L: Litre; lateMC: Late‑
weaned calves from multiparous cows; latePC: Late‑weaned calves from primi‑
parous cows; LAVES: Lower Saxony State Office for Consumer Protection and 
Food Safety; LSMeans: Least squares means; mg: Milligrams; mmol: Millimoles; 
MC: Multiparous cows; Mo: Months; MR: Milk replacer; N: Nitrogen; NABE: Net 
acid base excretion; NDF: Neutral detergent fibre; P: Parity; PC: Primiparous 
cows; SE: Standard errors; SD: Standard deviation; T: Time; TMR: Total mixed 
ration; VFA: Volatile fatty acids; W: Weaning age; wk: Week.

Acknowledgements
The authors would like to gratefully acknowledge the technical staff of the 
experimental station of the Institute of Animal Nutrition, Friedrich‑Loeffler‑
Institute (FLI), Braunschweig, Germany.

Author contributions
Conceptualization: SD, KH, JF; Investigation: SS, JF, AK; Data Curation: SS; Meth‑
odology: SS, LS, LH, SK, K‑HS; Writing original draft preparation: SS; Review and 
editing: AK, LH, SK, K‑HS, KH, SD, JF; Supervision: KH, JF, SD; Project administra‑
tion: KH, SD. All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
The datasets generated and analysed during the current study are available 
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animals were obtained from the experimental station of the Institute of 
Animal Nutrition, Friedrich‑Loeffler Institut, Germany. The experiment was car‑
ried out in accordance with the German Animal Welfare Act approved by the 
Lower Saxony State Office for Consumer Protection and Food Safety (LAVES), 
Germany (file number: 33.19–42502‑04–15/1858). 

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details
1 Department of Functional Anatomy of Livestock, Institute of Animal Science, 
University of Hohenheim, Fruwithstr. 35, 70593 Stuttgart, Germany. 2 Institute 
of Animal Nutrition, Friedrich‑Loeffler‑Institute, Bundesallee 37, 38116 Braun‑
schweig, Germany. 3 Institute of Animal Science, University of Bonn, Enden‑
icher Allee 15, 53115 Bonn, Germany. 

Received: 9 July 2021   Accepted: 25 January 2022

References
 1. Waterland RA, Garza C. Potential mechanisms of metabolic imprinting 

that lead to chronic disease. Am J Clin Nutr. 1999;69(2):179–97.



Page 14 of 15Schwarzkopf et al. BMC Veterinary Research          (2022) 18:102 

 2. Opsomer G, van Eetvelde M, Kamal M, van Soom A. Epidemiological 
evidence for metabolic programming in dairy cattle. Reprod Fertil Dev. 
2017;29(1):52–7.

 3. Huber JT. Development of the digestive and metabolic apparatus of the 
calf. J Dairy Sci. 1969;52:1303–15.

 4. Berends H, van Reenen CG, Stockhofe‑Zurwieden N, Gerrits WJJ. Effects of 
early rumen development and solid feed composition on growth perfor‑
mance and abomasal health in veal calves. J Dairy Sci. 2012;95(6):3190–9.

 5. Connor EE, Baldwin RL, Li C‑J, Li RW, Chung H. Gene expression in bovine 
rumen epithelium during weaning identifies molecular regulators of rumen 
development and growth. Funct Integr Genomics. 2013;13(1):133–42.

 6. Lane MA, Baldwin RL, Jesse BW. Developmental changes in ketogenic 
enzyme gene expression during sheep rumen development. J Anim Sci. 
2002;80:1538–44.

 7. Godfrey NW. The functional development of the calf: I. Growth of the 
stomach of the calf. J. Agric. Sci. 1961; (57):173–5

 8. Schwarzkopf S, Kinoshita A, Kluess J, Kersten S, Meyer U, Huber K, et al. 
Weaning Holstein Calves at 17 Weeks of Age Enables Smooth Transition 
from Liquid to Solid Feed. Animals (Basel). 2019;9(12):1132–48.

 9. Braun U, Krüger S, Hässig M. Ultrasonographic examination of the reticu‑
lum, rumen, omasum and abomasum during the first 100 days of life in 
calves. Res Vet Sci. 2013;95(2):326–33.

 10. Webb LE, Engel B, Berends H, van Reenen CG, Gerrits WJJ, de Boer IJM, 
et al. What do calves choose to eat and how do preferences affect behav‑
iour? Appl Anim Behav Sci. 2014;161:7–19.

 11. Dennis TS, Suarez‑Mena FX, Hill TM, Quigley JD, Schlotterbeck RL, Klopp 
RN, et al. Effects of gradual and later weaning ages when feeding high milk 
replacer rates on growth, textured starter digestibility, and behavior in Hol‑
stein calves from 0 to 4 months of age. J Dairy Sci. 2018;101(11):9863–75.

 12. Bailey CB, Balch CC. Saliva secretion and its relation to feeding in cattle. 2. 
The composition and rate of secretion of mixed saliva in the cow during 
rest. Br. J. Nutr. 1961; 15:383–402.

 13. McDougall EI. The composition and output of sheep’s saliva. Biochem J. 
1947;43(1):99–109.

 14. Eckert E, Brown HE, Leslie KE, DeVries TJ, Steele MA. Weaning age affects 
growth, feed intake, gastrointestinal development, and behavior in 
Holstein calves fed an elevated plane of nutrition during the preweaning 
stage. J Dairy Sci. 2015;98(9):6315–26.

 15. Anderson KL, Nagaraja TG, Morrill JL, Avery TB, Galitzer SJ, Boyer JE. Rumi‑
nal microbial development in conventionally or early‑weaned calves. J 
Anim Sci. 1987;64:1215–26.

 16. Enemark JMD, Jørgensen RJ, Enemark PS. Rumen Acidosis with Special 
Emphasis on Diagnostic Aspects of Subclinical Rumen Acidosis: A Review. 
Veterinarija Ir Zootechnika. 2002;42:16–29.

 17. Elrod CC, van Amburgh M, Butler WR. Alterations of pH in Response to 
Increased Dietary Protein in Cattle are Unique to the Uterus. J Anim Sci. 
1993;71:702–6.

 18. Herman N, Bourgès‑Abella N, Braun J‑P, Ancel C, Schelcher F, Trumel C. 
Urinalysis and determination of the urine protein‑to‑creatinine ratio refer‑
ence interval in healthy cows. J Vet Intern Med. 2019;33(2):999–1008.

 19. Afzaal D, Nisa M, Khan MA, Sarwar M. A Review of Acid Base Status in 
Dairy Cows: Implications of Dietary Cation‑Anion Balance. Pakistan Vet J. 
2004;24(4):199–202.

 20. Scott D. Renal Excretion of Potassium and Acid by Sheep. Q J Exp Physiol. 
1969;54:412–22.

 21. Scott D, Whitelaw FG, Kay M. Renal Excretion Of Acid In Calves Fed Either 
Roughage Or Concentrate Diets. Q J Exp Physiol. 1971;56:18–32.

 22. Bender S, Gelfert C‑C, Staufenbiel R. Einsatz der Harnuntersuchung zur 
Beurteilung des Säure‑Basen‑Haushalts in der Bestandsbetreuung von 
Milchkuhherden. Tierärztl Praxis. 2003;31:132–42.

 23. Lohakare JD, van de Sand H, Gerlach K, Hosseini A, Mielenz M, Sauerwein 
H, et al. Effects of limited concentrate feeding on growth and blood 
and serum variables and on nutrient digestibility and gene expression 
of hepatic gluconeogenic enzymes in dairy calves. J Anim Physiol Anim 
Nutr. 2012;96(1):25–36.

 24. Depenbusch BE, Nagaraja TG, Sargeant JM, Drouillard JS, Loe ER, Corrigan 
ME. Influence of processed grains on fecal pH, starch concentration, 
and shedding of Escherichia coli O157 in feedlot cattle. J Anim Sci. 
2008;86(3):632–9.

 25. van Kessel JS, Nedoluha PC, Williams‑Campbell A, Baldwin RL, McLeod 
KR. Effects of ruminal and postruminal infusion of starch hydrolysate or 

glucose on the microbial ecology of the gastrointestinal tract in growing 
steers. J Anim Sci. 2002;80:3027–34.

 26. Dijkstra J, Oenema O, van Groenigen JW, Spek JW, van Vuuren AM, Ban‑
nink A. Diet effects on urine composition of cattle and N2O emissions. 
Animal. 2013;7(Suppl 2):292–302.

 27. Chen XB, Ørskov ER. 2004. Research on Urinary Excretion of Purine Deri‑
vates in Ruminants: Past, Present and Future. In: Estimation of Microbial 
Protein Supply in Ruminants Using Urinary Purine Derivatives. p. 180–210 
Available from: URL: https://link.springer.com/chapter/https:// doi. org/ 10. 
1007/ 978‑1‑ 4020‑ 2844‑1_ 21 .

 28. Bristow AW, Whitehead DC, Cockburn JE. Nitrogenous constituents in the 
urine of cattle, sheep and goats. J Sci Food Agric. 1992;59:387–94.

 29. Johnson LM, Harrison JH, Riley RE. Estimation of the Flow of Microbial 
Nitrogen to the Duodenum Using Urinary Uric Acid or Allantoin. J Dairy 
Sci. 1998;81:2406–20.

 30. Kehraus S, Südekum K‑H, Pfeffer E. Einflussfaktoren auf die Ausscheidung 
N‑haltiger Verbindungen im Harn von Wiederkäuern. Übersichten Tier‑
ernährung. 2006;34:125–64.

 31. Martin AK. The origin of urinary aromatic compounds excreted by 
ruminants. 1. The metabolism of quinic, cyclohexanecarboxylic and non‑
phenolic aromatic acids to benzoic acid. Br. J. Nutr. 1982; 47(1):139–54.

 32. Kreula M, Rauramaa A, Ettala T. The effect of feeding on the hippuric acid 
content of cow’s urine. Journal of the Scientific Agricultural Society of 
Finland. 1978;50:372–7.

 33. Sun H, Wang B, Wang J, Liu H, Liu J. Biomarker and pathway analyses of 
urine metabolomics in dairy cows when corn stover replaces alfalfa hay. J 
Anim Sci Biotechnol. 2016;7(1):49–58.

 34. Fenn ME, Baron JS, Allen EB, Rueth HM, Nydick KR, Geiser L, et al. Ecologi‑
cal Effects of Nitrogen Deposition in the Western United States. Biosci‑
ence. 2003;53(4):404–21.

 35. Schäff CT, Gruse J, Maciej J, Pfuhl R, Zitnan R, Rajsky M, et al. Effects of 
feeding unlimited amounts of milk replacer for the first 5 weeks of age 
on rumen and small intestinal growth and development in dairy calves. J 
Dairy Sci. 2018;101(1):783–93.

 36. Aalinkeel R, Srinivasan M, Song F, Patel MS. Programming into adulthood 
of islet adaptions induced by early nutritional intervention in the rat. Am 
J Physiol Endocrinol Metab. 2001;281(3):E640–8.

 37. Boullu‑Ciocca S, Dutour A, Guillaume V, Achard V, Oliver C, Grino M. 
Postnatal diet‑induced obesity in rats upregulates systemic and adipose 
tissue glucocorticoid metabolism during development and in adulthood: 
Its relationship with the metabolic syndrome. Diabetes. 2005;54:197–203.

 38. Kamiya M, Matsuzaki M, Orito H, Kamiya Y, Nakamura Y‑N, Tsuneishi E. 
Effects of feeding level of milk replacer on body growth, plasma metabo‑
lite and insulin concentrations, and visceral organ growth of suckling 
calves. Anim Sci J. 2009;80(6):662–8.

 39. Bartlett KS, McKeith FK, Vandehaar MJ, Dahl GE, Drackley JK. Growth and 
body composition of dairy calves fed milk replacers containing different 
amounts of protein at two feeding rates. J Anim Sci. 2014;84:1454–67.

 40. Symonds ME, Stephenson T, Gardner DS, Budge H. Long‑term effects of 
nutritional programming of the embryo and fetus: mechanisms and criti‑
cal windows. Reprod Fertil Dev. 2007;19(1):53–63.

 41. Martin P, Bateson PPG, Bateson P. Measuring behaviour: an introductory 
guide. Cambridge University Press; 1993.

 42. Zaaijer D, Noordhuizen JPTM. A novel scoring system for monitoring the 
relationship between nutritional efficiency and fertility in dairy cows. Ir 
Vet J. 2003;56:145–52.

 43. Kutas F. Determination of net acid‑base excretion in the urine of cattle. A 
method for the estimation of acid‑base equilibrium. Acta. Vet. Acad. Sci. 
Hung. 1965; (15):147–53.

 44. Shingfield KJ, Offer NW. Simultaneous determination of purine metabo‑
lites, creatinine and pseudouridine in ruminant urine by reversed‑phase 
high‑performance liquid chromatography. J. Chromatogr. B, Biomed. 
Appl. 1999; (723, Issues 1–2):81–94.

 45. Geishauser T. An instrument for collection and transfer of ruminal fluid 
and for administration of water soluble drugs in adult cattle. Bovine Pract. 
1993;27:38–42.

 46. Geissler C, Hoffmann M, Hiokel B. Ein Beitrag zur gaschromatog‑
raphischen Bestimmung flüchtiger Fettsäuren. Arch Tierernahr. 
1976;26(2):123–9.

https://doi.org/10.1007/978-1-4020-2844-1_21
https://doi.org/10.1007/978-1-4020-2844-1_21


Page 15 of 15Schwarzkopf et al. BMC Veterinary Research          (2022) 18:102  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 47. Anonymous. Deutsche Einheitsverfahren zur Wasser‑, Abwasser‑ und 
Schlammuntersuchung, 40. DIN38406, E5–2. Berlin: Beuth and Wiley‑VCH; 
1998.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Weaning age influences indicators of rumen function and development in female Holstein calves
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Characterization of feed intake pattern
	Animal behavior
	Rumen fill and sound
	pH in saliva, feces, and blood
	Variables in urine

	Discussion
	Rumen maturation at early age
	Maturation of acid–base homeostasis in growing calves
	Maturation of N metabolism in growing calves
	Rumen maturity at the age of 5 months

	Conclusion
	Material and methods
	Animals, housing, and diets
	Behavioral assessments and measures of rumen variables
	Collection and analysis of blood, urine, saliva, rumen fluid and fecal samples
	Statistical Analysis

	Acknowledgements
	References


