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ABSTRACT

Concentrate-rich starter feeds are commonly fed to 
dairy calves to stimulate early solid feed intake and 
growth performance; yet, starter feeds lacking in forage 
fiber may jeopardize gut development. This research 
primarily aimed to test a complete or partial replace-
ment of concentrates with hay of different qualities in 
the starter feed on nutrient intake, growth performance, 
apparent total-tract digestibility (ATTD) of nutrients, 
and blood metabolites in dairy calves. Immediately 
after birth, 40 Holstein Friesian calves were randomly 
allocated to 1 of 4 starter diets, which differed in hay 
quality and concentrate inclusion [MQH = 100% medi-
um-quality hay, 9.4 MJ of metabolizable energy (ME), 
149 g of crude protein (CP), 522 g of neutral detergent 
fiber (NDF)/kg of dry matter (DM); HQH = 100% 
high-quality hay, 11.2 MJ of ME, 210 g of CP, 455 g 
of NDF/kg of DM; MQH+C = 30% medium-quality 
hay + 70% starter concentrate; HQH+C = 30% high-
quality hay + 70% starter concentrate]. The concen-
trate consisted mainly of grains, oilseeds, and mineral 
supplements (13.5 MJ of ME, 193 g of CP, 204 g of 
NDF/kg of DM). Calves were used in the experiment 
from d 1 to 99 of life. During the first 4 wk, all calves 
were fed acidified whole milk ad libitum, and afterward 
they were gradually weaned from wk 5 to 12. Calves 
had ad libitum access to their starter diets and water 
throughout the experiment. Milk, water, and solid feed 
intake was recorded daily, live weight was measured 
once a week, and blood samples were collected on d 
1, 3, 7, 21, 49, 77, and 91 and analyzed for selected 
metabolites. The ATTD was measured in wk 14 of life. 
Total DM intake and daily weight gain of calves were 
not affected by the starter feed during the first 8 wk 

of life. However, from wk 9 to 14, calves fed the MQH 
diet had lower DM, ME, and CP intake and gained less 
weight than calves from the other experimental groups. 
Feeding the HQH diet resulted in similar CP and ME 
intake and growth performance compared with calves 
receiving diets containing concentrates. Furthermore, 
feeding the HQH diet improved the ATTD of NDF, 
resulting in similar ATTD of organic matter with the 
HQH+C and MQH+C groups. Interestingly, calves fed 
the HQH+C diet showed less sorting for concentrate, 
compared with the MQH+C group. Concentration of 
blood metabolites, including glucose, lactate, insulin, 
nonesterified fatty acids, triglycerides, and total pro-
tein, did not differ after the first week of life. However, 
serum β-hydroxybutyrate was higher in calves fed the 
HQH diet starting from wk 11. Both groups fed the 
hay-only diets maintained higher cholesterol levels after 
weaning compared with the groups fed hay-concentrate 
mixtures. In conclusion, feeding high-quality hay can 
fully replace starter concentrates in the feeding of dairy 
calves without adverse effects on performance during 
the rearing period, while increasing forage fiber intake 
and utilization, which enhanced ruminal ketogenesis 
and cholesterogenesis around weaning. Further research 
is needed to evaluate long-term effects of feeding high-
quality hay on health and development of dairy calves, 
especially in terms of the observed improvements in 
ruminal ketogenesis and cholesterogenesis around 
weaning.
Key words: hay quality, calf rearing, feed intake, 
weight gain, calf metabolism

INTRODUCTION

Feeding of calves during the preweaning period is 
crucial for the entire productive cycle of dairy cattle. 
Not only is early nutrition important for the metabolic 
programming of the dairy calf (Opsomer et al., 2016), 
the transition from milk-based to more solid feed intake 
during the preweaning period sets the course for the 
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animal’s adequate development and health. Indeed, 
early and high intake of solid feeds maintains growth 
performance of dairy calves while promoting the devel-
opment of the digestive tract, especially of the rumen 
(Baldwin et al., 2004; Castells et al., 2013; Khan et al., 
2016). In modern dairy calves, both early development 
of the digestive tract and growth performance to reach 
breeding targets are of special importance. Taking into 
account the common breeding strategy in dairy cattle, 
which includes insemination of dairy heifers for the first 
time at 14 to 16 mo, with 60 to 65% of adult BW 
(Fricke, 2004), dairy calves must reach a growth rate of 
700 to 900 g/d during the rearing period.

To achieve this, soon after birth, calves are fed starter 
feeds, commonly made of highly palatable and digest-
ible ingredients such as cereal grains and oilseeds. This 
allows smoother transition from milk to solid feed and 
enhances the solid feed intake. However, such ingredi-
ents in the starter feed lack physically effective NDF, 
which the young ruminant needs for early development 
of the rumen and its digestive processes (i.e., volume, 
muscles, pillars, stratification, and fermentation; Khan 
et al., 2016). Fiber-rich feed sources are commonly 
considered to be less palatable and not preferred by 
young calves, jeopardizing their early intake and the 
afore-mentioned rumen development. To overcome this, 
calves are fed dry TMR as starter diet, comprising con-
centrates rich in energy and nutrients, and low amounts 
of fiber-rich forages (e.g., straw, hay; Aragona et al., 
2020; Mitchell and Heinrichs, 2020).

However, despite little inclusion of forages, starter 
feeds are mainly starch-rich and highly fermentable 
in the rumen, known to increase risk of ruminal and 
metabolic health issues in ruminants. Even when of-
fered as dry TMR, calves might sort against less palat-
able forages, especially after weaning (Miller-Cushon et 
al., 2013; Miller-Cushon and DeVries, 2015; Engelking 
et al., 2020). Studies with adult cattle have repeatedly 
shown that feeding high amounts of starchy concen-
trates increases the risk of ruminal acidosis (Plaizier et 
al., 2012; Zebeli and Metzler-Zebeli, 2012) and causes 
major shifts in the microbial population in the rumen, 
commonly in favor of amylolytic and against fibrolytic 
microbiota (Petri et al., 2013; Wetzels et al., 2016). 
Similar results have been reported in young rearing 
calves fed starch-rich starters (Terré et al., 2015; Khan 
et al., 2016).

Research in adult cattle has also shown that using 
forages with high quality has the potential to replace 
concentrates in the diet for dairy cattle. When har-
vested at an early maturity stage and dried indoors, 
the harvested forages are rich in water-soluble carbo-
hydrates (WSC) and other nutrients such as CP and 
micronutrients. In addition, they are aromatic and pal-

atable and stimulate feed intake, while still maintaining 
a high level of physically effective NDF. For example, 
feeding WSC-rich grasses or hay to dairy cows increased 
DMI as well as DM and nutrient digestibility compared 
with conventional grasses or hays (Moorby et al., 2006; 
Kleefisch et al., 2017). Furthermore, Klevenhusen et 
al. (2017) found significant improvements in ruminal 
microbial populations in favor of fibrolytic bacterial 
community and NDF digestibility when cows were fed 
WSC-rich hay instead of any hays with concentrates. 
Feeding WSC-rich grasses also had an increasing effect 
on feed intake of steers (Lee et al., 2002) and daily 
gains in lambs (Lee et al., 2001).

The potential of feeding such high-quality hay to 
calves and its potential to replace common starter con-
centrates have not been evaluated yet. Therefore, this 
research primarily aimed to test a complete or partial 
replacement of starter concentrates with hay of 2 dif-
ferent qualities on feed and nutrient intake, growth per-
formance, apparent total-tract digestibility (ATTD) of 
nutrients, and blood metabolites in calf rearing. We 
hypothesized that high-quality hay, rich in WSC and 
CP, with high degradability and digestibility, can fully 
replace concentrate-rich starter feeds in dairy calves 
without adverse effects on feed and nutrient intake, 
daily gain performance, and plasma metabolic profile 
during the rearing period.

MATERIALS AND METHODS

Animals, Housing, and Dietary Treatments

The experimental protocols were approved by the 
national authority according to §26 of the Law for 
Animal Experiments, Tierversuchsgesetz 2012-TVG 
(GZ: BMBWF-66.019/0016-V/3b/2019). The feeding 
experiment was conducted at the Agricultural Research 
and Education Centre Raumberg-Gumpenstein (Ird-
ning-Donnersbachtal, Austria, 47°30′ N, 14°6′ E). We 
performed an a priori power analysis to estimate the 
sample size in this experiment with the Proc Power of 
SAS version 9.4 (SAS Institute Inc.). For this, we used 
nutrient intake and digestibility as response variables. 
In the power analysis, we assumed that a difference with 
biological relevance between the control and respective 
treatments would occur if the effect size F ranged be-
tween 0.6 and 1 for an expected standard variation of 
around 0.3. The power analysis indicated that the use 
of 10 biological replicates per group provides sufficient 
power (power 1 − β error probability of >90% with α 
= 0.05) to reject the null hypothesis, H0, if this were 
true. Therefore, a total of 40 Holstein Friesian calves 
(20 males, 20 females) were used in this experiment, 
which lasted from March 2019 until September 2020 
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and covered d 1 to d 99 of life. Immediately after birth, 
calves were randomly allocated to 1 of 4 experimental 
groups (n = 10 calves per group) to obtain 4 groups 
balanced by birth weight (42.9 ± 6.2 kg) and sex.

The experimental design consisted of a 2 × 2 factorial 
arrangement of dietary treatments (i.e., 2 hay qualities 
and 2 different concentrate levels). This allocation of 
the dietary factors yielded the following 4 starter di-
ets: (1) 100% medium-quality hay without concentrate 
(MQH); (2) 100% high-quality hay without concen-
trate (HQH); (3) 30% medium-quality hay and 70% 
concentrates (MQH+C); and (4) 30% high-quality 
hay and 70% concentrates (HQH+C). These starter 
feed treatments were offered to the calves ad libitum 
during the entire experimental period. The MQH was 
a second-cut hay harvested from permanent grass-
land at Agricultural Research and Education Centre 
Raumberg-Gumpenstein at ear emergence and dried in-
doors using a roof solar collector combined with a heat 
pump dehumidifier (HSR Heutrocknung SR GmbH). 
The permanent grassland consisted of approximately 
75% grasses (mainly Alopecurus pratensis, Dactylis 
glomerata, Festuca pratensis, and Trisetum flavescens), 
15% clover (mainly Trifolium repens), and 10% herbs 
(Klingler et al., 2020). The HQH was produced in the 
Austrian federal state Vorarlberg (Rhine valley) and 
consisted mainly of Lolium perenne. It was a mixture 
of first- and second-cut hay, which was harvested at 
the beginning of ear emergence and dried indoors. De-
tails of the HQH harvest and drying procedures used 
are given in Kleefisch et al. (2017). Both hays were 
chopped to approximately 4.0-cm particle length be-
fore feeding. The starter concentrate consisted of 36% 
ground wheat, 35% ground barley, 17% soybean meal, 
10% linseed meal, and 2% mineral premix.

Housing. Calves were born in special-needs boxes 
for cows at the research farm of Agricultural Research 
and Education Centre Raumberg-Gumpenstein. Im-
mediately after birth, calves were fed warm colostrum 
from their dams ad libitum (minimum 2.5 L) via a 
bottle. Afterward calves were brought to individual 
boxes for calves, equipped with straw. Calves were kept 
in individual boxes for the whole experiment, but the 
size of the boxes was adapted according to the Austrian 
regulation for animal husbandry (1. Tierhaltungsver-
ordnung) based on live weight of calves. Fresh straw 
was added each day, and construction of boxes allowed 
visual contact with other calves. Due to health prob-
lems, which were not related to the experimental setup, 
2 calves (1 female of the MQH group and 1 male of 
the MQH+C group) had to be removed from the ex-
periment before the planned end at d 99 of life. These 
calves were not included in data analysis.

Feeding. Starting from d 2 of life, all calves from 
the 4 experimental groups were offered acidified milk 
according to the same milk feeding regimen. All calves 
had access to milk in a milk feeding bucket with teat 
the whole day, and fresh acidified milk was provided 
twice per day at 0600 h and 1700 h. For acidification of 
the milk, approximately 0.1% of 85% formic acid were 
added to raw whole milk to reach a pH of 5.5. During 
the first 4 wk of life, all calves had ad libitum access 
to acidified milk. In wk 5 and 6, milk allowance was 
limited to 8 kg of acidified milk per day, and, from wk 
7 on, daily milk supply was reduced by 1 kg each week. 
Calves were weaned at the end of wk 12, so that in the 
last 2 experimental weeks (i.e., wk 13 and 14), calves 
were fed the experimental solid feeds and water only. 
Calves had ad libitum access to solid feed in separate 
feeders and fresh water (in buckets) from day of birth 
onward. Fresh solid experimental feeds and water were 
provided once a day in the morning and, in case of 
high water intake, also in the evening. Amount of of-
fered milk, solid feed, and water, as well as residues, 
were recorded at each feeding event using a digital bal-
ance (DMA02 Baby, Gassner Wiege- und Messtechnik 
GmbH). Hays and starter concentrate were separately 
weighed in and mixed afterward for the MQH+C and 
HQH+C groups once daily before being fed to the calves. 
After recording, the feed residues of both groups were 
sieved (screen size: 5 mm) to separate hays from starter 
concentrate, and in this way the intake of hay and con-
centrate as well as feed sorting behavior of the calves 
were recorded by difference. Body weight of calves was 
measured on the first 4 d of life and subsequently once 
a week using a cattle scale (maximum weight 500 kg; 
Ortner). Empty BW at the end of the experiment (d 99 
of life) was calculated using the equations published by 
Jahn and Chandler (1976).

Sampling Procedures

Feed Samples. Once a week, samples of MQH, 
HQH, and concentrate mixture were collected, and DM 
concentration of samples was analyzed by drying in a 
forced-air oven (FD/FED 720, WTB Binder Labortech-
nik GmbH) for 24 h at 105°C. Furthermore, samples of 
4 consecutive weeks were pooled for chemical analyses. 
Before chemical analyses, samples were ground to pass 
through a 1-mm screen (mill: custom-made product, 
Kurz Altaussee GmbH). Chemical analyses were car-
ried out using VDLUFA (2012) methods (DM: method 
3.1; CP: 4.1.2; ether extract: 5.1.1; ash: 8.1; NDF: 6.5.1; 
ADF: 6.5.2; ADL: 6.5.3; enzyme-soluble OM: 6.6.1; 
HCl-insoluble ash: 8.2). The concentration of NFC in 
feeds (g/kg of DM) was calculated according to Sniffen 
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et al. (1992). The ME concentration of feeds was cal-
culated based on chemical analysis, using equations 
published by GfE (2008) for hay and by GfE (2009) for 
concentrates. Data for milk composition were generated 
from milk samples, which were routinely collected by 
the common milk analyses at least 3 times per month. 
These samples were analyzed at a local laboratory 
(Qualitätslabor Österreich, St. Michael, Austria) using 
mid-infrared spectroscopy. The ME content of milk was 
calculated using the results of these analyses, digestibil-
ity coefficients for milk (DLG, 1997), and the equation 
published in GfE (2001). The WSC, ethanol-soluble 
carbohydrates, and fructans in hays were analyzed us-
ing an ELISA Reader (625 nm, Microplate Absorbance 
Spectrophotometer, Bio-Rad GmbH) and calculated 
according to the method published by Yemm and Wil-
lis (1954) and adapted by Greger et al. (2018).

Feces Samples. In wk 14, feces samples were col-
lected for 7 d in the morning and in the evening. These 
samples were pooled and used for determination of DM 
concentration and chemical analyses. Before chemical 
analyses, feces samples were dried at 50 to 55°C in a 
forced-air oven for 72 h and ground through a 1-mm 
screen. The equipment used for drying and grinding, 
as well as the methods used for chemical analyses, were 
the same as described for feed sample analyses. The 
only difference was that fecal nitrogen and protein con-
tent was analyzed in fresh sample material to prevent 
nitrogen losses during the drying process using method 
4.1.1 described by VDLUFA (2012). Based on concen-
tration of nutrients and HCl-insoluble ash (indigestible 
marker) in feeds and feces, apparent digestibility was 
calculated according to Kirchgessner et al. (2008).

Blood Samples. Blood samples were collected on d 
1, 3, 7, 21, 49, 77, and 91. Blood was sampled within 
6 h from birth at d 1, and subsequent samples were 
always taken at 0600 h. Samples were collected from 
the jugular vein using 0.9-mm × 38-mm multiple sam-
pling cannulas, 9-mL serum evacuated tubes, and 6-mL 
evacuated tubes containing sodium fluoride and potas-
sium oxalate (Vacuette, Greiner Bio One International 
GmbH). The samples were allowed to clot for 1.5 h at 
room temperature and were centrifuged at 3,000 × g 
for 20 min at 20°C (Centrifuge 5702, Eppendorf AG). 
Serum and plasma were stored in 2-mL tubes (SafeSeal 
reaction vessel, Sarstedt AG & Co KG) at −80°C until 
analysis. Concentrations of glucose and lactate in plas-
ma and nonesterified fatty acids (NEFA), BHB, cho-
lesterol, total protein, and triglycerides in serum were 
analyzed using standard enzymatic colorimetric assays 
with a fully automated analyzer for clinical chemistry 
(Cobas 6000/c501, Roche Diagnostics GmbH) at the 
laboratory of the Central Clinical Pathology Unit, Uni-
versity of Veterinary Medicine, Vienna, Austria. Serum 

concentrations of insulin were measured with an xMark 
Microplate Absorbance Spectrophotometer (Bio-Rad 
Laboratories GesmbH) using respective methods and 
kits (Mercodia Bovine Insulin ELISA, Mercodia AB).

Statistical Analysis

Statistical analysis was performed using SAS version 
9.4 (SAS Institute Inc.). Normal distribution of data 
was tested using PROC UNIVARIATE. As data on 
DM and nutrient intake were not normally distributed, 
the whole data set was divided into 3 data sets based 
on weeks of life (data set 1: wk 1–4 of life; data set 
2: wk 5–8 of life; data set 3: wk 9–14 of life), which 
were analyzed separately. Furthermore, separated data 
sets were transformed using square root or logarithm 
to obtain normally distributed data. The ANOVA was 
performed using PROC MIXED of SAS. The model for 
analysis of DM and nutrient intake, live weight, daily 
gain, and blood metabolites consisted of the fixed ef-
fects of hay quality, concentrate inclusion, and their 
interaction, as well as calf age (week or day of life), 
sex, and corresponding interactions. Calves within the 
experimental groups were considered as random effects. 
Furthermore, measurements taken on the same calf in 
different weeks or days were considered repeated mea-
sures in the ANOVA using the variance components co-
variance structure, which was chosen based on Akaike 
information criterion. In the analysis of ATTD, birth 
weight, final BW, and final empty BW (and respective 
daily gains), the fixed effects of hay quality, concentrate 
inclusion, and their interaction, as well as the sex and 
the corresponding interactions were tested. Multiple 
comparisons of least squares means were performed with 
the Tukey test. Significant differences were assumed if 
P-values were below 0.05. Milk and water intake were 
not normally distributed even in separated and trans-
formed data sets, and were therefore not statistically 
analyzed and are presented only in a descriptive form.

RESULTS

Nutrient Composition of the Hays and Diets

As expected, the nutrient analysis showed different 
composition in various nutrients between the 2 hays 
(Table 1). Compared with MQH, HQH was character-
ized by a higher CP concentration and lower contents 
of NDF, ADF, and ADL, resulting in a higher ME con-
tent. The high content of CP and low content of NDF 
in HQH led to almost similar content of NFC among 
hays. However, the carbohydrate analysis revealed that 
contents of WSC, ethanol-soluble carbohydrates, and 
fructans in HQH were higher than in MQH. The differ-
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ence between NFC and WSC was higher for MQH (111 
g/kg of DM) than for HQH (20 g/kg of DM), indicating 
a higher content of soluble fiber fractions (e.g., pectic 
substances) in MQH. The starter concentrate contained 
typical ingredients of starter feeds, resulting in higher 
ME and CP contents in both diets with concentrate.

Milk, Water, and DM Intake

Data of milk, water and DM intake are presented in 
Figure 1. Milk intake was slightly lower in the MQH 
group in the first 4 wk and in MQH+C calves in the 
second week of life compared with the other feeding 
groups. From wk 5 on, milk intake did not differ be-
tween groups, as it was restricted by the milk feeding 
plan. Water intake was below 2.5 L/d in all feeding 
groups in the first 7 wk of life. From wk 8 to 11, calves 
fed HQH drank slightly more water, whereas water in-
take was lower in the MQH group compared with the 
other groups from wk 11 on. Water intake was 10.9, 
13.9, 12.7, and 13.5 L/d in MQH, HQH, MQH+C, and 
HQH+ C groups at the end of the experiment in wk 14. 

The DM intake from solid feeds was lower than 0.5 kg/d 
until wk 8. In wk 1 to 4, calves fed hay plus concentrate 
had higher DMI from solid feed than calves fed hay 
only, whereas no difference between diets was found 
in wk 5 to 8 (Supplemental Tables S1 and S2, https: / 
/ data .mendeley .com/ datasets/ s4nzf3h82c/ 1). Between 
wk 9 and 14, solid and total feed intake increased mark-
edly. In this period, the average daily solid feed and 
total DM intake were lower in the groups fed only hay 
than in the groups with concentrate supplementation 
(Supplemental Table S3, https: / / data .mendeley .com/ 
datasets/ s4nzf3h82c/ 1). Especially low DM intake was 
found for the MQH group in wk 13 and 14 of life (Fig-
ure 1).

Nutrient Intake

In wk 1 to 4, calves fed hay and concentrate had 
higher CP, NFC, and ME intake from solid feed than 
MQH and HQH groups (Supplemental Table S1). In wk 
5 to 8, provision of concentrate increased NFC and low-
ered ADF intake from solid feed (Supplemental Table 
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Table 1. Composition of experimental diets and chemical composition of milk, hays, and starter concentrate (mean ± SD)

Item Milk MQH1 HQH2 Starter concentrate3

Ingredients of experimental feeds (% of fresh matter)     
 HQH  — 100 —
 MQH  100 — —
 HQH+Concentrate  — 30 70
 MQH+Concentrate  30 — 70
Chemical composition (g/kg of DM unless stated)     
 Number of samples (n) 80 20 20 20
 DM, g/kg of fresh matter 130 ± 2 899 ± 24 887 ± 30 891 ± 13
 CP 260 ± 3 149 ± 29 210 ± 11 193 ± 9
 EE4 322 ± 6 18 ± 3 24 ± 3 18 ± 2
 Ash 58 ± 1 76 ± 7 86 ± 3 39 ± 11
 NDF — 522 ± 24 455 ± 15 204 ± 12
 ADF — 329 ± 15 247 ± 11 66 ± 5
 ADL — 49 ± 7 23 ± 3 13 ± 2
 NFC5 360 ± 6 235 ± 34 225 ± 16 547 ± 16
 Water-soluble carbohydrates — 124 ± 34 205 ± 10 —
 Ethanol-soluble carbohydrates — 99 ± 27 167 ± 4 —
 Fructans — 25 ± 10 38 ± 10 —
 ME, MJ/kg DM 19.2 ± 0.1 9.4 ± 0.4 11.2 ± 0.2 13.5 ± 0.2
Particle size distribution6 (% of DM)     
 >19.0 mm — 68 ± 13.3 94 ± 1.4 —
 8.0–19.0 mm — 4.9 ± 1.3 1.3 ± 0.4 —
 <8.0 mm — 27.2 ± 12.0 5.2 ± 1.0 100
 peNDF>8 mm

7 (% of DM) — 38.0 ± 6.3 43.1 ± 0.5 —
1MQH = medium-quality hay.
2HQH = high-quality hay.
3Starter concentrate consisted of 36% ground wheat, 35% ground barley, 17% soybean meal, 10% linseed meal, and 2% mineral premix [180 g 
of Ca, 40 g of P, 60 g of Mg, 80 g of Na, 1,500 mg of Cu, 7,000 mg of Zn, 4,000 mg of Mn, 40 mg of Se, 60 mg of Co, 160 mg of I, 700,000 IU 
of vitamin A, 100,000 IU of vitamin D3, and 2,500 IU of vitamin E (values per kg of feed)].
4EE = ether extract.
5NFC = 1,000 − Ash − CP − EE − NDF; for milk, NFC consisted of lactose.
6Particle size distribution was determined with Penn State Particle Separator (Model C24682N, Nasco).
7peNDF>8 mm = physically effective NDF inclusive particles >8 mm, determined according to Kononoff et al. (2003) by multiplying the analyzed 
NDF content with the proportion of particles >8 mm.

https://data.mendeley.com/datasets/s4nzf3h82c/1
https://data.mendeley.com/datasets/s4nzf3h82c/1
https://data.mendeley.com/datasets/s4nzf3h82c/1
https://data.mendeley.com/datasets/s4nzf3h82c/1
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Figure 1. Variation in daily milk intake (a), water intake (b), solid feed (SF) DM intake (c), and total DM intake (d) of rearing calves fed 
hay of different qualities with or without supplementation of concentrates. MQH = 100% medium-quality hay; HQH = 100% high-quality hay; 
MQH+C = 30% medium-quality hay plus 70% concentrates; HQH+C = 30% high-quality hay plus 70% concentrates. Asterisks indicate signifi-
cant differences between diets in respective weeks. Significance was declared at P < 0.05; error bars represent SEM. Values on solid feed DM 
intake in wk 1–14 and on total feed DM intake in wk 1–4 were square root-transformed [square root(x)], and values on total feed DM intake 
in wk 5–14 were log10-transformed [log10(x)] before statistical analysis to reach normal distribution of data. The presented means were back-
transformed.
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Figure 2. Overall effect of hay quality (H), concentrate inclusion (C), and their interaction (H × C) on total CP intake (a), total ME intake 
(b), solid feed NDF intake (c), and solid feed NFC intake (d) of rearing calves from wk 9 to 14 of life. MQH = 100% medium-quality hay; HQH 
= 100% high-quality hay; MQH+C = 30% medium-quality hay plus 70% concentrates; HQH+C = 30% high-quality hay plus 70% concentrates. 
Different letters (a–c) indicate differences among dietary treatments within each week. Significance was declared at P < 0.05; error bars repre-
sent SEM. Values on total CP intake and total ME intake were log10-transformed [log10(x)], and values on solid feed NDF and solid feed NFC 
intake were square root-transformed [square root(x)] before statistical analysis to reach normal distribution of data. The presented means were 
back-transformed.
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S2). Furthermore, feeding HQH with or without con-
centrate resulted in lower ADL intake compared with 
groups fed MQH in the first 8 wk of life. Total DM, CP, 
and ME intakes were not affected by hay quality and 
concentrate inclusion in the first 8 wk of life, except for 
total CP intake in wk 5 to 8. In this period, calves fed 
MQH ingested less CP than those fed HQH. Although 
the ingested amounts were low in wk 1 to 8, the nu-
trient intake from solid feed increased steadily in this 
period. In contrast, total CP and ME intake increased 
until wk 4 of life and decreased between wk 5 and 8 due 
to restricted milk supply from wk 5 on.

From wk 9 to 14 of life, a diet × week interaction was 
found for all analyzed traits of nutrient intake, except 
for total DMI (Figure 2 and Supplemental Table S3). 
In wk 9, total CP and ME intakes were comparable in 
all groups. However, from then on, CP intake remained 
rather constant in MQH-fed calves and increased in 

the other groups. Furthermore, ME intake of the MQH 
group was lower than in the groups with concentrate 
supplementation in wk 10 to 14. The ME intake of the 
calves offered HQH was intermediate, being signifi-
cantly lower compared with the MQH+C and HQH+C 
groups in wk 11 to 13, but higher compared with the 
MQH group in wk 12 to 14. From wk 12 on, NDF 
intake from solid feed was lower in the groups with con-
centrate supplementation compared with those offered 
only hay. The NDF intake from solid feed did not differ 
between MQH and HQH groups, except for a higher 
NDF intake among calves fed HQH compared with the 
MQH group in wk 14. Furthermore, increased sorting 
against MQH hay in the MQH+C group compared 
with calves fed HQH+C compensated for higher NDF 
content in MQH, and resulted in similar NDF intake 
in the MQH+C and HQH+C groups. In wk 9 to 14, con-
centrate intake made up 73.0% of solid feed intake in 
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Figure 3. Proportion of hay (a) and concentrate intake (b) from solid feed intake of rearing calves fed hay of different qualities. MQH+C = 
30% medium-quality hay plus 70% concentrates; HQH+C = 30% high-quality hay plus 70% concentrates; OFFERED = proportion of hay and 
concentrate in starter diet. Significance was declared at P < 0.05; error bars represent SEM. Values on proportion of hay and concentrate intake 
in wk 9–14 were square root-transformed [square root(x)] before statistical analysis to reach normal distribution of data. The presented means 
were back-transformed.
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MQH+C calves compared with 58.6% in HQH+C calves 
(P = 0.082), whereby proportion of concentrate intake 
increased with age of calves in both groups (Figure 3, 
Supplemental Table S4, https: / / data .mendeley .com/ 
datasets/ s4nzf3h82c/ 1). The NFC intake from solid 
feed was higher in groups with concentrate supplemen-
tation but did not differ between hay qualities.

Live Weight, Daily BW Gain, and Feed-to-Gain Ratio

Live weight, daily BW gain, and feed-to-gain ratio 
were not affected by hay quality and concentrate inclu-
sion, and calves gained weight constantly in the first 8 
wk of life (Supplemental Tables S1 and S2). However, 
similar to nutrient intake, a significant diet × week 
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Figure 4. Overall effect of hay quality (H), concentrate inclusion (C), and their interaction (H × C) on live weight (a), daily gain (DG; b), 
and feed-to-gain ratio (c) of rearing calves from wk 9 to 14 of life. MQH = 100% medium-quality hay; HQH = 100% high-quality hay; MQH+C 
= 30% medium-quality hay plus 70% concentrates; HQH+C = 30% high-quality hay plus 70% concentrates. Different letters (a–c) indicate differ-
ences among dietary treatments within each week. Significance was declared at P < 0.05; error bars represent SEM. Values on feed-to-gain ratio 
were log10-transformed [log10(x)] before statistical analysis to reach normal distribution of data. The presented means were back-transformed.

https://data.mendeley.com/datasets/s4nzf3h82c/1
https://data.mendeley.com/datasets/s4nzf3h82c/1
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interaction was found for these variables during wk 9 
to 14 of life (Figure 4). Calves of the MQH+C group 
were heavier than those of the MQH group from wk 10 
on. In wk 14, calves of the HQH and HQH+C groups 
also had higher live weight compared with the MQH 
group. Furthermore, empty BW was also lower in 
calves fed MQH compared with other groups at the 
end of the experiment (Supplemental Table S5, https: 
/ / data .mendeley .com/ datasets/ s4nzf3h82c/ 1). Daily 
BW gain was not different between feeding groups until 
wk 11 of life. In wk 12 to 14, calves of the MQH+C 
group gained significantly more BW than the animals 
of the MQH group. However, daily gains of calves fed 
MQH+C were lower compared with the HQH group in 
wk 13 and compared with HQH and HQH+C groups in 
wk 14. Empty BW gain was lower in the MQH group 
compared with all other groups and higher in calves fed 
HQH+C than in those fed HQH (Supplemental Table 
S5). In the weeks after weaning (wk 13 and 14), calves 
fed MQH or MQH+C consumed more DM per kilogram 
of daily BW gain than calves offered HQH or HQH+C 
(Figure 4, Supplemental Table S3).

Apparent Total-Tract Nutrient Digestibility

A significant hay quality × concentrate inclusion 
interaction was found for ATTD of all examined nutri-
ents, except for NFC. The ATTD of OM and CP was 
significantly lower in the MQH-fed calves compared 
with the other feeding groups (Table 2). The OM di-
gestibility of HQH was similar to the digestibility of the 
MQH+C and HQH+C rations. The ATTD of NDF and 
ADF of HQH averaged 83.2% and 78.2%, respectively, 
both being significantly higher than ATTD of NDF and 
ADF in MQH and both hay-concentrate diets. Concen-

trate inclusion significantly improved the NFC ATTD 
(P < 0.001), and ATTD of NFC tended to be higher in 
HQH than in MQH (P = 0.086).

Blood Metabolites

Results of blood metabolites are presented in Figures 
5 and 6. Glucose, insulin, lactate, and NEFA concentra-
tions differed between feeding groups on d 1. In the first 
week after birth, differences between diets were found in 
triglycerides (d 3 and 7) and cholesterol concentrations 
(d 7) in blood of calves. Throughout the rest of the 
experiment, concentrations of glucose, insulin, lactate, 
NEFA, triglycerides, and total protein in blood were 
not affected by diet. In contrast, BHB concentration 
was higher in blood of HQH-fed calves compared with 
other diets on d 77 (wk 11) of life. After weaning (d 91 
or wk 13 of life), calves fed hay and concentrates had 
lower concentrations of both BHB and cholesterol in 
blood than calves offered hay only, independent of the 
hay quality.

DISCUSSION

Supporting early intake of solid feed-based energy 
and forage fiber is of enormous importance for young 
dairy calves’ performance, rumen development, and 
health. Common starter concentrates are low in fiber, 
and young calves hardly eat fiber-rich ingredients dur-
ing early life (Omidi-Mirzaei et al., 2018), jeopardiz-
ing their rumen development. Therefore, this research 
primarily aimed to establish and evaluate a feeding 
strategy for rearing calves based on a complete or par-
tial replacement of starch-rich starter concentrates with 
hay of 2 different qualities. We evaluated whether this 
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Table 2. Apparent total-tract nutrient digestibility of the calves fed 4 different dietary treatments, measured in wk 14 of life

Nutrient digestibility1 
(%)

Diet2

SEM

P-value3

MQH HQH MQH+C HQH+C H C H × C

OM 61.8b 81.5a 79.6a 80.5a 2.8 0.008 0.075 0.023
CP 55.2b 74.9a 76.2a 74.7a 3.8 0.114 0.046 0.039
NDF 59.4b 83.2a 60.0b 66.7b 3.4 <0.001 0.021 0.014
ADF 54.0b 78.2a 50.3b 56.0b 4.7 0.002 0.006 0.043
NFC4 74.3 83.7 92.2 92.9 2.3 0.086 <0.001 0.341
a,bMeans bearing different superscripts differ at P < 0.05.
1Apparent digestibility of rations was analyzed in experimental calves using the method by Kirchgessner et al. (2008). Average solid feed intake 
of calves during the digestibility experiment was 2.32, 3.06, 3.08, and 3.10 for MQH, HQH, MQH+C, and HQH+C groups, respectively. Nutrient 
digestibility values were log10-transformed [log10(x)] before statistical analysis to reach normal distribution of data. The presented means were 
back-transformed.
2MQH = 100% medium-quality hay; HQH = 100% high-quality hay; MQH+C = 30% medium-quality hay plus 70% concentrates; HQH+C = 
30% high-quality hay plus 70% concentrates.
3The effect of hay quality (H), concentrate inclusion (C), and their two-way interaction (H × C). The effects of sex and H × C × sex interaction 
were not significant in any analyzed trait.
4NFC = 1,000 − Ash − CP − ether extract − NDF.

https://data.mendeley.com/datasets/s4nzf3h82c/1
https://data.mendeley.com/datasets/s4nzf3h82c/1
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Figure 5. Overall effect of hay quality (H), concentrate inclusion (C), and their interaction (H × C) on glucose (a), insulin (b), lactate (c), 
and cholesterol concentration (d) in blood of rearing calves. MQH = 100% medium-quality hay; HQH = 100% high-quality hay; MQH+C = 30% 
medium-quality hay plus 70% concentrates; HQH+C = 30% high-quality hay plus 70% concentrates. Different letters (a, b) indicate differences 
among dietary treatments within each week. Significance was declared at P < 0.05; error bars represent SEM.
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Figure 6. Overall effect of hay quality (H), concentrate inclusion (C), and their interaction (H × C) on concentration of triglycerides (a), 
nonesterified fatty acids (NEFA; b), BHB (c), and total protein (d) in blood of rearing calves. MQH = 100% medium-quality hay; HQH = 100% 
high-quality hay; MQH+C = 30% medium-quality hay plus 70% concentrates; HQH+C = 30% high-quality hay plus 70% concentrates. Different 
letters (a–c) indicate differences among dietary treatments within each week. Significance was declared at P < 0.05; error bars represent SEM.
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solid feeding helps maintain high feed and nutrient in-
take, growth performance, and metabolic health while 
enabling high NDF intake and digestibility in rearing 
dairy calves from birth to shortly after weaning. We 
hypothesized that feeding hay rich in WSC and CP can 
fully replace concentrate-rich starter feeds in dairy rear-
ing calves without adverse effects on feed and nutrient 
intake, daily gain performance, and metabolism. This 
hypothesis was based on newly reported knowledge of 
our team (Kleefisch et al., 2017; Klevenhusen et al., 
2017) and others (Moorby et al., 2006) in which such 
hay almost fully replaced concentrates in the feeding of 
dairy cows during early lactation.

Indeed, the most significant findings of our research 
were high total DM, CP, and ME intake as well as 
high daily gains of calves fed HQH after weaning, which 
were on a comparable level with those of calves fed 
concentrate-based starters. In contrast, feeding MQH 
without supplementation of concentrate led to mark-
edly lower DM, CP, and ME intake as well as lower 
daily gains and higher feed-to-gain ratio. This finding is 
important because it shows that forage quality plays an 
essential role in supplying the young rearing calves with 
ME and CP, likely even more than the proportion of 
concentrates in the starter diet, which, as shown in this 
study, increased with the calf’s age. The increased DM 
and ME intake of calves fed HQH compared with those 
offered MQH can be explained by the higher ATTD of 
nutrients. In particular, ATTD of NDF and ADF was 
significantly higher in the HQH diet compared with the 
other diets.

Because fiber is mainly digested in the rumen, this 
indicates a higher NDF degradability of HQH in the 
rumen of weaned calves. Higher NDF degradability in 
the rumen of the young calves yields greater amounts of 
short-chain fatty acids, especially acetate (our unpub-
lished data), increases the amount of ME available for 
calves, and stimulates feed intake by enhancing ruminal 
turnover of ingested feed (Mertens, 1994; Gruber et 
al., 2005). Khan et al. (2020) fed calves with either a 
concentrate starter or a forage starter (chopped alfalfa-
based silage) until wk 8 of life. The nutritive value of 
the forage starter (60.4% apparent OM digestibility, 9.7 
MJ of ME/kg of DM) was comparable to that of MQH 
in our study, but apparent OM digestibility was ap-
proximately 20% lower, and ME content was approxi-
mately 1.5 MJ/kg of DM lower than in HQH in our 
study. Khan et al. (2020) found that total short-chain 
fatty acid concentration of rumen fluid was 42.4% lower 
in calves fed forage starter compared with concentrate 
starter-fed calves at 7 wk of life. Thus, outcomes of 
the study by Khan et al. (2020) and our experiments 
indicate that medium-quality forage limits ruminal fer-
mentation when fed as the only solid feed source, but 

this is not the case for HQH, due to increased NDF and 
ADF digestibility.

Independent of the diets fed, solid feed intake was 
below 0.50 kg of DM/d until the end of wk 8, at which 
point calves still received 6.0 kg of acidified whole milk 
per day as part of the daily ration. Only further reduc-
tion of milk supply after 8 wk resulted in an appreciable 
increase of solid feed intake. Indeed, models developed 
by Silva et al. (2019) suggested that milk intake and 
age are the main factors affecting solid feed intake in 
calves. At an age of around 8 to 9 wk, they estimated 
a 0.93-g decrease in daily solid feed intake per 100 g of 
DMI from milk. In addition to milk intake preweaning, 
characteristics (e.g., type of carbohydrate, physical form 
of starter feed) and digestibility of the starter feed may 
affect DM and energy intake of calves (Quigley, 2019). 
Furthermore, Quigley et al. (2019) found that nutrient 
digestibility of the starter feed increased with cumu-
lative NFC intake from starter feeds in calves. These 
findings likely explain the markedly lower solid feed 
intake of calves in the current experiment compared 
with earlier studies with lower milk intake of calves, 
especially in the second month of life (Castells et al., 
2012; Terré et al., 2013). However, in wk 14 of life, 
daily DM intake of the HQH, HQH+C, and MQH+C 
groups were on a similar level to that found in the 
study by Aragona et al. (2020), in which calves were 
weaned before d 58 of life and fed a concentrate starter 
supplemented with 5% chopped hay after weaning.

Interestingly, our results regarding the enhancing ef-
fect of feeding high-quality hay on feed intake of calves 
are similar to the outcome of a study with dairy cows 
(Kleefisch et al., 2017), indicating that young rearing 
calves can utilize HQH with the same efficiency as adult 
dairy cattle. In their study, Kleefisch et al. (2017) fed 
either 100% HQH, 75% HQH plus 25% concentrates, or 
60% HQH plus 40% concentrates, and found no differ-
ences between diets regarding apparent OM and CP di-
gestibility. As in the current experiment, apparent NDF 
and ADF digestibility were higher in the 100% HQH 
diet compared with the hay-concentrate mixtures, and 
the opposite was found for apparent NFC digestibility 
(Kleefisch et al., 2017). Because the NFC of HQH is 
primarily made of WSC, these results indicate a rela-
tively lower digestibility of hay oligosaccharides and 
fructans in both young and adult cattle for HQH com-
pared with starch found in the concentrate. Taking into 
account the high level of WSC in the HQH (20.5%), a 
low degradability of sugars might be desirable in terms 
of maintaining rumen health, which was observed in 
dairy cows (Klevenhusen et al., 2019). As reported in 
a companion paper, we observed that ruminal pH was 
higher in calves fed MQH than in groups containing 
either HQH and concentrate-based starters, but the pH 
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was always above 6.0 (Poier et al., 2020), which can be 
considered normal for a healthy rumen. Furthermore, 
a higher ammonia concentration in calves fed HQH 
could be expected, as those ingested similar amounts of 
CP but less ME compared with calves fed concentrate-
based starters. However, results of a companion paper 
(our unpublished data) show that diet did not signifi-
cantly affect ruminal ammonia concentration of calves 
in the second and third month of life. An analysis of 
ruminal degradability of diets could be beneficial to 
obtain more information on the protein and energy 
supplies of ruminal microbes.

In our experiment, the effect of forage quality was 
much less pronounced if forage-concentrate mixtures 
were used as starter diet. The CP and ME intakes were 
not different between MQH+C and HQH+C groups at 
any time during the experiment, although DM intake 
was on a similar level and nutrient content of MQH was 
lower compared with HQH. The absence of differences 
in CP and ME intake between groups with concentrate 
supplementation was due to more distinctive concen-
trate sorting in calves fed the MQH+C diet. According 
to Miller-Cushon and DeVries (2015, 2017), feed sort-
ing can be learned by calves, but is also regulated by 
feedback mechanisms. Accordingly, calves with limited 
energy supply select for concentrate, but calves suffer-
ing from low ruminal pH select for fiber-rich feeds. It is 
explainable that calves fed MQH+C showed higher sort-
ing for concentrates, as MQH had lower CP and ME 
content than HQH. However, as shown in a companion 
paper, there was no difference in the ruminal pH in 
calves fed HQH+C or MQH+C (Poier et al., 2020), indi-
cating that greater sorting for hay in the HQH+C group 
and greater sorting for concentrate in the MQH+C 
group was driven by the differing energy concentrations 
of the hays as well as their palatability, and not by 
ruminal pH. Indeed, research from Miller-Cushon et al. 
(2014) and Miller-Cushon and DeVries (2015) found 
that sensory properties and palatability of feed play 
an important role regarding feed sorting behavior of 
calves. The HQH was based on English ryegrass, early 
cut and dried indoors, resulting in a high proportion of 
leaves and low proportion of stems. In addition to the 
higher content of WSC, the HQH was still green and 
aromatic, likely contributing to the overall palatability, 
as seen in the sorting behavior of the calves in favor of 
hay.

Although experimental feeds differed markedly in 
chemical composition, concentrations of glucose, in-
sulin, lactate, triglycerides, and NEFA did not differ 
between experimental groups, except for the first week. 
These differences may not be related to different feed-
ing strategies, as solid feed intake was very low in the 
first week of life. The different concentrations of these 

metabolites in blood can only be explained by differ-
ent intakes of milk during the first week, which, again, 
was independent of the solid feed intake. In contrast, 
feeding the hay-based starter led to higher BHB and 
cholesterol concentrations in blood of calves compared 
with the groups with concentrate supplementation. The 
difference of higher serum BHB was already evident 
before weaning in calves fed the HQH (wk 11), whereas 
after weaning both BHB and cholesterol were higher 
in the hay-fed calves independent of the hay quality. 
The study by Khan et al. (2020) found higher BHB 
concentrations but also lower NEFA concentrations at 
weaning in calves fed only forage compared with those 
fed only concentrates. High NEFA and BHB levels in 
blood are often related to energy mobilization as a con-
sequence of acute glucose shortage in blood. The NEFA 
are generated by lipolysis, and subsequently they are 
transported to the liver to generate energy by oxidation 
or are converted into ketone bodies, such as BHB, when 
glucose (oxaloacetate) is missing (Drackley, 1999). How-
ever, glucose concentration in blood was within refer-
ence levels for calves in all experimental groups (Mohri 
et al., 2007), and concentrations of NEFA and triglyc-
erides did not differ between feeding groups in the pres-
ent study. Besides conversion from NEFA in the liver, 
BHB are also generated in the rumen epithelium via 
ruminally produced butyrate (Bergman, 1990). About 
90% of ruminal butyrate is metabolized in the rumen 
epithelium, being converted mainly to BHB (Bergman, 
1990) via 3-methylglutaryl CoA (HMG-CoA; Baldwin, 
1998), leading to high BHB concentration in blood, 
which is used as an energy source by the peripheral tis-
sues (Sutton et al., 1963). Research by Kleefisch et al. 
(2017) showed an increased butyrate proportion in the 
rumen of dairy cows fed HQH compared with animals 
receiving diets that contain both hay and concentrates. 
It is known that the ruminal degradation of WSC re-
sults in increased butyrate and acetate in the rumen 
(Klevenhusen and Zebeli, 2021), and this may explain 
the already increased ruminal ketogenesis before wean-
ing in calves fed the HQH starter diet.

Butyrate is the preferred substrate for rumen epi-
thelial metabolism, and a high butyrate concentration 
in the rumen promotes not only ketogenesis but also 
the development of the rumen epithelium, leading 
to a higher metabolic capacity (Sander et al., 1959; 
Sutton et al., 1963). Thus, the choice of solid feeds 
in calf rearing may also affect development of rumen 
morphology and metabolism. In other research, feeding 
forages as supplementation to concentrates resulted in 
higher rumen and reticulorumen weights (Baldwin et 
al., 2004; Khan et al., 2011), as well as higher ruminal 
pH (Khan et al., 2011; Castells et al., 2013; Terré et al., 
2013), lower incidence of poorly developed rumen mu-
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cosa (Suárez et al., 2007), and lower risk of subclinical 
ruminal acidosis (Laarman and Oba, 2011). However, 
information is lacking on whether and to what extent 
hay quality affects development of the gastrointestinal 
tract in young calves, especially at the histological and 
molecular levels, which warrants further research.

In this experiment, serum cholesterol increased from 
roughly 30 to 50 mg/100 mL on d 1 and 3 to about 80 
mg/100 mL on d 7 of life, and maintained this level 
until d 77 (wk 11), which is within the reference levels 
reported for young calves (Yu et al., 2019). However, 
after weaning, the cholesterol concentration decreased 
in both groups fed the concentrate-based starter feed 
but not in the hay-fed calves. Cholesterol is an impor-
tant constituent of cellular membranes and hormones, 
so that its concentration is tightly regulated by both 
its biosynthesis and also the efflux. Biosynthesis is 
modulated mainly by the need for new cholesterol and 
is orchestrated by an array of regulatory pathways 
(Dempsey, 1974), which are affected by the presence 
of precursor substances (Bionaz et al., 2020). Because 
the calves in our study were all growing and healthy, 
we assume that the need for new cholesterol should 
have been the same, but the levels of precursors coming 
from the rumen might have been different, especially 
the levels and profiles of short-chain fatty acids affect-
ing the availability of HMG-CoA, which, in addition to 
ruminal ketogenesis, may also be used for cholesterol 
biosynthesis (Steele et al., 2011). In ruminants, acetate 
and glucose are believed to be the key precursors for 
cholesterol biosynthesis occurring mainly in adipose 
tissue and small intestine (Liepa et al., 1978; Bionaz et 
al., 2020), but recent indications of increased cholester-
ogenesis in the rumen of adult bovines fed a forage-rich 
diet also exist (Steele et al., 2011). The onset of rumen 
and hindgut fermentation starting from d 7 (our unpub-
lished data) likely stimulated biosynthesis of cholesterol 
in all calves, whereas the higher cholesterol concentra-
tion maintained in calves fed only hay can be explained 
by higher NDF intake and ruminal acetate production 
observed in these calves (our unpublished data). It is 
possible that feeding of concentrates downregulated the 
biosynthesis of cholesterol in weaned calves in the same 
way as observed in adult cattle via decreased ruminal 
cholesterogenesis. Accordingly, Steele et al. (2011) found 
downregulation of the genes responsible for cholesterol 
biosynthesis in the rumen epithelium of dry cows fed 
65% grain in the diet, and this effect was modulated 
not only by changes in the diet but also by the drop 
of pH, acidosis, and inflammation, which increase the 
removal of cholesterol from blood. Calves in our study 
did not show signs of ruminal acidosis and inflamma-
tion, despite feeding 70% grain (our unpublished data). 
Therefore, the concentration of serum cholesterol can 

only be affected by its biosynthesis, which obviously 
was stimulated in the rumen by feeding the hay di-
ets, whereas concentrate feeding depressed it. Further 
long-term research is needed to establish the role of 
increased cholesterogenesis in the health and develop-
ment of calves fed hay-rich diets.

CONCLUSIONS

Overall, this research showed that high-quality hay 
as the only solid feed can substitute concentrate-rich 
starter feeds in dairy calves without adverse effects 
on calves’ feed intake and growth performance, espe-
cially during the highly sensitive phase of weaning. In 
contrast, feeding medium-quality hay led to lower feed 
intake and lower daily gain. The high apparent digest-
ibility of nutrients and the high CP content enabled 
calves fed high-quality hay to ingest daily amounts 
of CP and ME similar to those of calves provided 
concentrate-rich starter feeds, while stimulating the 
intake of WSC and NDF. This was associated with 
an increase in serum BHB concentration even before 
weaning, and both BHB and cholesterol concentration 
after weaning, suggesting higher metabolic capacity of 
the rumen epithelium with an improved ruminal keto-
genesis and cholesterogenesis in calves around weaning. 
Further research is needed to evaluate the long-term 
consequences of feeding high-quality hay on the health 
and development of dairy calves, especially in terms of 
the observed improvements in ruminal ketogenesis and 
cholesterogenesis around weaning.
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