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ABSTRACT

This study investigated how providing hay mixed 
with calf starter to dairy calves affected their solid feed 
intake, feed sorting, growth, and plasma metabolite and 
hormone concentrations. Forty Holstein heifer calves 
were fed a texturized calf starter (23.4% crude protein, 
32.3% starch on a dry matter basis) and chopped Klein 
grass hay as separate components (CONT) or the same 
starter and hay mixed at a 90:10 ratio on an as-fed 
basis (MIX) ad libitum from the date transported to 
the research farm (4–7 d of life) to 90 d of life. Calves 
were provided milk replacer (28% crude protein, 15% 
fat) at up to 557 g/d before the study, 737 g/d from 
d 14 to 20, 1,105 g/d from d 21 to 41, 737 g/d from d 
42 to 48, and 557 g/d from d 49 to 55 on a dry matter 
basis. calves were fully weaned on d 56. Feed sorting 
for the MIX calves was evaluated using the Penn State 
Particle Separator; the sorting index was calculated 
as the actual intake as a percentage of predicted in-
take, with values >100% indicating sorting for and 
values <100% indicating sorting against. Treatment 
did not affect solid feed intake, growth performance, 
or plasma metabolite or hormone concentration during 
the preweaning or weaning periods. However, calves 
in the MIX treatment had less neutral detergent fiber 
intake as a percentage of solid feed intake than CONT 
calves in the preweaning (23.3 vs. 37.0%) and weaning 
(23.5 vs. 25.8%) periods, although MIX calves sorted 
(107.2%) for long particles, which were primarily hay, 
during weaning. During the postweaning period, MIX 
calves had greater neutral detergent fiber intake as a 
percentage of solid feed intake compared with CONT 

calves (23.4 vs. 22.7%), although they sorted against 
long particles (84.4%), and decreased solid feed dry 
matter intake compared with CONT calves (3,292 
vs. 3,536 g/d) and average daily gain (1.20 vs. 1.31 
kg/d). Weaned calves in the MIX treatment also had 
lower plasma concentration of glucagon-like peptide 2 
compared with CONT (0.46 vs. 0.77 ng/mg) but had 
higher plasma concentrations of ghrelin (0.05 vs. 0.03 
ng/mg). These results suggest that feeding a mixture 
of texturized calf starter and chopped hay at the 90:10 
ratio to postweaned calves may decrease solid feed in-
take and growth.
Key words: dairy calf, hay, hay presentation, glucagon-
like peptide 2, ghrelin

INTRODUCTION

Providing hay to calves before weaning has been de-
bated for many years, and the National Research Coun-
cil currently does not have a recommendation (NRC, 
2001) on how it should be provided. Hay inclusion in the 
preweaned diet has been controversial because it could 
decrease calf starter intake (Hill et al., 2008), which 
is the primary contributor to rumen papillae growth 
(Kertz et al., 1979). Adequate papillae growth is impor-
tant because calves are born with undeveloped rumens 
and postnatal development is necessary for calves to 
be able to handle solid feed later in life (Khan et al., 
2011a). However, some studies have reported that hay 
provision does not appear to hinder calf starter intake; 
in fact, hay intake may benefit calves through increased 
starter intake (Castells et al., 2012; Beiranvand et al., 
2014b) as well as increased feed efficiency (Coverdale et 
al., 2004), rumen pH (Suárez et al., 2007; Khan et al., 
2011b; Laarman and Oba, 2011), ADG (Imani et al., 
2017), and rumen development (Castells et al., 2012).

While some previous studies have demonstrated ben-
efits when hay is fed in addition to calf starter, the 
optimum way to present hay to calves early in life has 
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not been evaluated. Hay is typically provided to calves 
separately from calf starter, which allows them to easily 
choose which type of feed to consume. Chopped hay and 
starter can also be combined and provided as a mixture 
to promote more consistent hay intake. If mixing hay 
and calf starter increases solid feed intake, it also has 
the potential to influence the growth and development 
of the calf (Beiranvand et al., 2014a). However, no rec-
ommendation exists for how hay should be provided 
to young calves for optimal growth and development. 
In addition, little information is available about the 
effects of solid feed intake on gut peptides regulating 
feed intake and gut development such as ghrelin and 
glucagon-like peptide (GLP) 2. We hypothesized that 
providing hay mixed with calf starter would promote 
more consistent hay intake and increase ADG. The 
objectives of this study were to evaluate the effects 
of mixing hay with calf starter on solid feed intake, 
ADG and plasma concentrations of peptide hormones 
of dairy calves during the first 3 mo in life.

MATERIALS AND METHODS

This study was conducted November 18 to February 
26, 2018, at the Dairy Technology Research Institute 
of the National Federation of Dairy Co-operative As-
sociations (Nishi-shirakawa, Fukushima, Japan). All 
procedures were approved by the Animal Care and Use 
Committee of Hiroshima University.

Animals and Housing

Forty Holstein female calves (4–7 d of age, BW = 
40.7 ± 2.72 kg; mean ± SD) were transported from 
commercial dairies in neighboring prefectures, Japan, 
to the Dairy Technology Research Institute (Yabuki, 
Fukushima, Japan). Calves were born between Novem-
ber 4 and November 27, 2017. Calves were blocked by 
birthdate, BW, and farm origin, and randomly assigned 
to 1 of 2 treatments differing in hay feeding approach 
(n = 20 for each treatment). Calves were raised outdoor 
in individual fiber-reinforced plastic hutches (115 × 230 
× 120 cm) with sand flooring and sawdust for bedding. 
Hutches were cleaned twice daily at 0700 and 1400 h, 
and bedding was added daily after the 1400 h cleaning. 
When calves arrived at the research farm, they received 
5 mL of Terramycin LA (Zoetis Japan, Tokyo, Japan) 
and 0.5 mL of Duphafral Forte (Zoetis Japan) via sub-
cutaneous injection and 5 mL of Ivermec PO (Fujita 
Pharm, Tokyo, Japan) via percutaneous absorption. In 
addition, all calves received 5 mL of Ektecin Liquid 
(Meiji Seika Pharma, Tokyo, Japan) daily for 3 con-
secutive days after arrival and 15 mL of Baycox Bovis 

(Bayer Yakuhin, Osaka, Japan) on d 21 of life via oral 
administration.

Feeding

All calves were fed a milk replacer (MR; 28% CP 
and 15% fat; 166.7 g/L) using a bucket with a soft 
rubber nipple twice daily at 0615 and 1615 h. Each 
liter of MR contained 200 g of MR powder. Before the 
study, MR was offered at up to 557 g/d. When the 
study began, 737 g/d of MR was provided from d 14 
to 20, 1,105 g/d from d 21 to 41, 737 g/d from d 42 to 
48, and 557 g/d from d 49 to 55 on a DM basis. Calves 
were fully weaned on d 56. All calves had free access 
to fresh water supplied by bucket. Calves were fed a 
texturized calf starter (23.4% CP, 32.3% starch, 20.8% 
NDF on a DM basis; Tables 1 and 2) and chopped 
Klein grass hay (10.0% CP, 68.6% NDF on DM basis) 
separately (CONT) or the same starter and hay mixed 
at a 90:10 ratio on an as-fed basis (MIX). Klein grass 
hay was chopped to a theoretical length of 19 mm by a 
cutting machine (CX-201; Yamamoto Co., Ltd., Tendo, 
Yamagata, Japan). The MIX ration was prepared by 
mixing the calf starter and chopped hay for 2 min us-
ing a ribbon mixer (RM-500, Fuji Electric Industry 
Co., Ltd., Kyoto, Japan). Particle distribution of the 
MIX ration was 1.2, 14.2, 82.3, and 2.3% on the upper 
sieve, second sieve, third sieve, and bottom pan of Penn 
State Particle Separator, respectively. Calf starter and 
chopped hay for the CONT treatment and the mixed 
ration for the MIX treatment were offered ad libitum 
from 8-L buckets from d 14. Feeding time of solid feed 
was 1000 h initially, but when calves consumed more 
than 700 g/d (as fed) of starter or mixed ration, respec-
tively, they were fed twice daily (equal amounts at 1000 
and 1500 h). Refused calf starter, hay, and mixed ration 
were collected daily at 1000 h, and each calf’s intake 
was recorded.

Data and Sample Collection

Feed intake for individual calves was recorded daily, 
and BW was recorded weekly. Body weight, withers 
height, hip height, horizontal body length, hip width, 
and heart girth were measured at 0930 h at the start of 
the trial (d 14) and weekly thereafter until the end of 
the trial (d 91).

Blood was collected weekly at 0930 h starting at d 
14 using Vacutainers for plasma collection (Venoject II 
VP-H100K with heparin sodium, Terumo Corp., Tokyo, 
Japan). Aprotinin (500 kallikrein inhibitor units/mL of 
blood; Sigma-Aldrich Inc., Tokyo, Japan) was added to 
blood samples immediately after collection for plasma 
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preparation. Blood samples were then centrifuged at 
1,800 × g at 4°C for 20 min and plasma was collected. 
Plasma samples were stored at −80°C until analysis.

Sample Analyses

Calf starter, hay, and MIX were sampled weekly, 
composited monthly, and stored at room temperature. 
Feed refusals were sampled daily, composited weekly, 
air-dried at 60°C for 48 h, and stored at room tempera-
ture. Particle distribution of MIX and feed refusals for 
calves fed MIX were analyzed using a 3-screen (19, 8, 
and 1.18 mm) Penn State Particle Separator according 
to Kononoff et al. (2003). Particles were separated by 
size into 4 fractions; long (>19 mm), medium (<19 to 
>8 mm), short (<8 to >1.18 mm), and fine (<1.18 mm) 
particles. A sorting index above 100 indicated sorting 

for particles, and a sorting index below 100 indicated 
sorting against particles (Leonardi and Armentano, 
2003).

The samples were ground using a hammer mill 
(SM1, Retsch GmbH, Haan, Germany) with a 1-mm 
screen and analyzed by Zen-Raku-Ren Analysis Center 
(Kamisu, Ibaraki, Japan) for concentrations of DM, 
ash, CP, ether extract, and starch according to AOAC 
(1990) and for NDF according to AOAC International 
(2002).

Plasma samples were analyzed for IGF-1, GLP-2, 
ghrelin, free fatty acids, glucose, and BHB concentra-
tions. Plasma concentrations of IGF-1, GLP-2, and 
ghrelin were measured by the competitive time-resolved 
fluoroimmunoassay technique using a 2030 Multilabel 
Reader ARVO X4 (PerkinElmer Inc., Waltham, MA). 
Ghrelin and IGF-1 were extracted before analysis by 
using acetone and then evaporated and resuspended 
in a Tris buffer containing 10 U/mL of aprotinin as 
described in Sugino et al. (2002). The plasma IGF-1 
concentration was measured using Eu-labeled human 
IGF-1 and polystyrene microtiter strips (Nalgene Nunc 
Int., Tokyo, Japan) coated with anti-rabbit γ-globulin 
(Laarman et al., 2012a).

Plasma GLP-2 concentrations were measured with 
Eu-labeled human GLP-2 (Peptide Institute Inc., 
Osaka, Japan), Eu-labeled human GLP-2 (Yanaihara 
Institute Inc., Shizuoka, Japan), and polystyrene mi-
crotiter strips coated with goat-anti-rabbit γ-globulin 
(Elsabagh et al., 2017). Plasma ghrelin concentrations 
were measured using Eu-labeled synthetic bovine ghre-
lin, polyclonal anti-rat ghrelin, and polystyrene mi-
crotiter strips (Nalge Nunc Int., Tokyo, Japan) coated 
with anti-rabbit γ-globulin (Fukumori et al., 2012). The 
plasma concentration of metabolites were enzymati-
cally assayed on a Beckman Coulter chemistry analyzer 
(AU480; Beckman Coulter Inc., Brea, CA)

Statistical Analysis

All data were analyzed separately for 3 periods differ-
ing in primary nutrient sources: preweaning (d 14–41), 
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Table 1. Dry matter ratio of ingredients in calf starter formulation

Item Composition

Ingredient, % of DM
  Steam-flaked barley grain 20.2
  Steam-flaked corn grain 9.9
  Beet pulp pellet 4.1
  Alfalfa dehydrated pellet 3.7
  Molasses cane 0.4
  Pellet 61.7
Pellet, % of DM  
  Soybean meal 17.3
  Dry ground corn 14.9
  Wheat bran 9.0
  Heated soybean1 7.07
  Corn gluten meal 2.31
  Soybean flour 2.20
  Wheat feed flour 1.59
  Rapeseed meal 1.26
  Cane molasses 3.35
  Calcium carbonate 1.16
  Salt 0.71
  Calcium phosphate 0.56
  Premix of trace minerals and vitamins2 0.47
1Heated soybean (SoyPlus, West Central Cooperative, Ralston, IA).
2Contained 2,905 kIU/kg vitamin A, 600 kIU/kg vitamin D, 29,800 
mg/kg vitamin E, 1,200 mg/kg thiamin, 1,200 mg/kg riboflavin, 2,400 
mg/kg pantothenic acid, 4,780 mg/kg niacin, 720 mg/kg pyridoxin, 
24 mg/kg biotin, 50 mg/kg folate, 35,720 mg/kg choline, and 5 mg/
kg vitamin B12.

Table 2. Nutrient composition of calf starter, Klein grass hay, and MIX ration; mean ± SD

Composition Calf starter Klein grass hay MIX1

DM, % 87.5 ± 0.17 92.5 ± 0.21 88.5 ± 0.12
Nutrient component, % of DM      
  CP 23.4 ± 0.20 10.0 ± 0.98 20.9 ± 0.61
  Ether extract 3.9 ± 0.12 1.6 ± 0.15 3.7 ± 0.40
  Ash 6.8 ± 0.15 8.5 ± 0.35 6.8 ± 0.45
  NDF 20.9 ± 3.69 68.6 ± 1.61 23.9 ± 0.40
  Starch 32.2 ± 3.00 0.7 ± 0.40 29.1 ± 2.27
1MIX = calf starter and chopped Klein grass hay were mixed at a 90:10 ratio on an as-fed basis.
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during weaning (d 42–55), and postweaning (d 56–90). 
Data were analyzed using JMP Pro 14.2 (SAS Institute 
Inc., Cary, NC) according to the following model using 
compound symmetry as a covariance structure:

	 Yijk = µ + Ti + Wj + TWij + Ck + eijk,	

where Yijk is the dependent variable, µ is overall mean, 
Ti is fixed effect of treatment, Wj is the fixed effect of 
week used as a repeated measure, TWij is the effect of 
treatment by week interaction, Ck is the random effect 
of calf, and eijk is the residual. For analysis of intake and 
growth data, initial BW on d 7 was used as a covariate. 
Sorting index for MIX calves was tested for a difference 
from 100% by using the TTEST procedure. Treatment 
effects were declared significant at P < 0.05, and ten-
dencies were declared at 0.05 ≤ P < 0.10.

RESULTS

Intake

No differences in MR (P = 0.55) or solid feed intake 
were found between treatments in the preweaning pe-
riod (Table 3). Starch and NDF intake (Figure 1A) also 
did not differ between treatments in the preweaning 
period. During weaning, no differences were observed 

in total DMI, solid feed intake, starch, or NDF intake. 
In the postweaning period, calves in the MIX treatment 
had a lower DMI compared with CONT calves (3,292 
vs. 3,536g/d). Calves in the MIX treatment had lower 
starch intake compared with CONT calves (966 vs. 
1,098 g/d), but NDF intake did not differ.

In the weaning period, MIX calves sorted for long 
(Table 4) and short particles (104.5%) and sorted 
against medium (79.3%) and fine particles (63.4%). 
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Table 3. Effects of feeding hay and calf starter as a mixture or as 
separate components on DMI and nutrient intake (g/d) preweaning (d 
7–41), weaning (d 42–55), and postweaning (d 56–90); LSM ± SEM

Item

Treatment1

SE P-value
CONT 

(n = 20)
MIX 

(n = 20)

Preweaning (d 14–41)      
  Total DMI2 1,167 1,192 71 0.54
  Solid feed DMI3 163 195 71 0.41
  Starch intake 46 56.1 22 0.41
  NDF intake 51 52 15 0.91
Weaning (d 42–55)        
  Total DMI2 1,885 1,801 87 0.45
  Solid feed DMI 1,240 1,155 87 0.45
  Starch intake 370 336 27 0.35
  NDF intake 308 278 19 0.22
Postweaning (d 56–90)      
  Solid feed DMI 3,536 3,292 67 <0.05
  Starch intake 1,098 966 21 <0.01
  NDF intake 800.3  772 14 0.43
1CONT was fed the calf starter and hay separately. MIX was fed calf 
starter mixed with chopped Klein grass hay at 90:10 ratio on an as-
fed basis.
2Total DMI was the sum of milk replacer, calf starter and hay.
3Solid feed intake was the sum of calf starter and hay. The CONT 
calves consumed calf starter and hay at 73 ± 5:27 ± 5, 84 ± 4:17 ± 
4, and 96 ± 0.4:4 ± 0.4 ratios on an as-fed basis preweaning, weaning, 
and postweaning, respectively.

Figure 1. (A) Intake of NDF (g/d) and (B) intake of NDF as a 
percentage of solid feed DMI as a proportion of solid feed intake (%) of 
calves fed hay and calf starter as separate components (COMT) or as 
a mixture (MIX). Results are expressed as LSM ± SEM. *Differences 
between treatments at each time point are significant (P < 0.05).
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Postweaned calves in the MIX treatment sorted for 
short particles (102%) and sorted against long (84%), 
medium particles (91%), and fine particles (80%).

During the preweaning period, MIX calves had 
less NDF intake, as a percentage of solid feed DMI 
(NDFIP), compared with CONT (23.3 vs. 37.0%; 
Table 5 and Figure 1B) and more starch, as a percent-
age of solid feed DMI, compared with CONT calves 
(28.9 vs. 21.6%). In the weaning period, MIX calves 
had less NDFIP (23.5 vs. 25.8%) than CONT calves. 
Postweaned MIX calves had more NDFIP (23.4 vs. 
22.7%), but less starch, as a percentage of solid feed 
DMI than CONT calves (29.4 vs. 31.0%).

Growth

Preweaning ADG and feed efficiency were not af-
fected by treatment (Table 6). During weaning, no 
difference was found in ADG, but feed efficiency was 
lower for MIX than CONT calves (0.50 vs. 0.53 kg/kg 
DM). For the postweaning period, calves in the MIX 
treatment had lower ADG than CONT (1.20 vs. 1.31 
kg/d), but feed efficiency did not differ.

Plasma Metabolites and Hormones

In the preweaning period, no differences were ob-
served between treatments for plasma concentrations 
of ghrelin (Table 7 and Figure 2A), GLP-2 (Figure 
2B), IGF-1 (Figure 2C), free fatty acids (Figure 2D), 
glucose (Figure 2E), or BHB (Figure 2F). During the 
weaning period, no differences were present in plasma 
concentrations of ghrelin, GLP-2, IGF-1, free fatty ac-

ids, glucose, or BHB. In the postweaning period, no 
differences occurred in plasma concentration of IGF-
1, free fatty acids, glucose, or BHB. However, in the 
postweaning period, calves in the MIX treatment had 
higher plasma concentrations of ghrelin in wk 8 and 10 
and lower plasma concentrations of GLP-2 in wk 10 
than CONT calves.

DISCUSSION

Preweaning Period

In the preweaning period, neither MR and solid feed 
intake nor plasma metabolite and hormone concentra-
tions were affected by treatment, similar to previous 
research results (Miller-Cushon et al., 2013; EbnAli 
et al., 2016; Overvest et al., 2016). As calf intake was 
primarily MR in this period, solid feed intake might 
have been too low for a difference in blood metabolites 
or hormones or in intake to be detected (Overvest et 
al., 2016). Interestingly, while NDF intake (g/d) did 
not differ between treatments, MIX calves had a lower 
NDFIP compared with CONT calves. What CONT 
calves consumed may reflect calf preferences more 
closely than what MIX calves consumed. Because they 
were fed hay and calf starter at a fixed ratio, the MIX 
calves had greater difficulty selecting certain feed com-
ponents. In contrast, CONT calves were able to select 
preferred feed. This suggests that calves may consume 
hay at more than 10% of solid feed intake before the 
weaning period when provided free choice hay.
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Table 4. Sorting index of calves fed hay and calf starter as a mixture 
during weaning (d 42–55) and postweaning periods (d 56–90); mean 
± SEM

Item
Sorting 
index1 SEM P-value

Weaning (d 42–55)    
  Long 107.2 1.48 <0.01
  Medium 79.3 3.15 <0.01
  Short 104.5 0.55 <0.01
  Fine 63.4 1.72 <0.01
Postweaning (d 56–90)      
  Long 84.4 2.05 <0.01
  Medium 91.1 1.52 <0.01
  Short 102.3 0.27 <0.01
  Fine 80.1 1.44 <0.01
1Sorting index was calculated as the ratio of actual intake to predicted 
intake for particle retained on each sieve of the Penn State Particle 
Separator (>19.0 mm, 8.0–19.0 mm, 1.18–8.0 mm, and <1.18 mm). A 
sorting index >100 indicates sorting for particles, and a sorting index 
<100 indicates sorting against particles (Leonardi and Armentano, 
2003).

Table 5. Effects of feeding hay and calf starter as a mixture or as 
separate components on intake, as percentage of total solid DMI (% 
of solid feed intake1) preweaning (d 14–41), weaning (d 42–55), and 
postweaning (d 56–90); LSM ± SEM2

Item

Treatment3

SE P-value
CONT 

(n = 20)
MIX 

(n = 20)

Preweaning (d 14–41)        
  Starch 21.6 28.9 1.88 <0.05
  NDF 37.0 23.3 2.83 <0.01
Weaning (d 42–55)        
  Starch 28.9 29.1 0.49 0.76
  NDF 25.8 23.5 0.75 <0.05
Postweaning (d 56–90)        
  Starch 31.0 29.4 0.12 <0.01
  NDF 22.7 23.4 0.18 <0.01
1Solid feed intake was the sum of calf starter and hay. 
2The CONT calves consumed calf starter and hay at 73 ± 5:27 ± 5, 84 
± 4:17 ± 4, and 96 ± 0.4:4 ± 0.4 ratios on an as-fed basis preweaning, 
weaning, and postweaning, respectively.
3CONT was fed the calf starter and hay separately. MIX was fed calf 
starter mixed with chopped Klein grass hay at 90:10 ratio on an as-
fed basis.
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Weaning Period

During the weaning period, NDFIP continued to be 
lower for MIX calves compared with CONT, although 
MIX calves sorted for long particles, which was pri-
marily hay. Feed sorting is commonly associated with 
TMR feeding in cattle, even from a young age (Miller-
Cushon and DeVries, 2015, 2017). Young ruminants 
select feeds with nutrient contents that promote health 
and growth (Kyriazakis and Oldham, 1993; Bach et al., 
2012; Miller-Cushon and DeVries, 2015). Miller-Cushon 
et al. (2013) reported that preweaned calves sorted for 
hay and against nonfiber carbohydrates, which perhaps 
limits the negative effects associated with lowered ru-
men pH (Costa et al., 2016). Sorting by calves may also 
depend on the other types of feed available to them 
(Miller-Cushon et al., 2013). In the present study, the 
sorting demonstrated by MIX calves may have been 
due to sufficient energy intake from MR to meet re-
quirement. These calves may not have relied on energy 
intake from calf starter as much as MR (Miller-Cushon 
and DeVries, 2015); instead, they opted for hay, per-
haps to prevent health implications associated with a 
low rumen pH (Keunen et al., 2002; Costa et al., 2016). 

Calves in the CONT treatment had free access to hay, 
which led to greater NDFIP. The sorting behavior of 
MIX calves during the weaning period may indicate 
that, as in the preweaning period, MIX calves pre-
ferred more than the 10% hay provided in the mixture. 
However, NDFIP of CONT calves during the weaning 
period decreased compared with the preweaning period 
(25.8 vs. 37.0%), which suggests that calf preference for 
hay may decrease with declining milk allowance.

During the weaning period, no differences in growth, 
intake, or blood metabolites and hormones were ob-
served, but feed efficiency was lower for MIX calves. 
This outcome may be due to the lower NDFIP of MIX 
calves, similar to results from Montoro et al. (2013), 
who reported that hay intake increased feed efficiency. 
This increase is possibly attributable to rumination 
induced by NDF in hay, stimulating salivary buffer se-
cretion and raising rumen pH (Allen, 1997; Laarman et 
al., 2012b; Pazoki et al., 2017). This buffer is necessary 
to counteract pH reductions from starch fermentation 
(Forbes and Provenza, 2000; Khan et al., 2008). Starch 
intake during weaning did not differ, but because MIX 
calves had lower NDFIP, they may have had a lower ru-
men pH than CONT calves. Low rumen pH is associated 
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Table 6. Effects of feeding hay and calf starter as a mixture or as separate components on growth preweaning 
(d 14–41), weaning (d 42–55), and postweaning (d 56–90); LSM ± SEM

Item

Treatment1

SE P-value
CONT 

(n = 20)
MIX 

(n = 20)

Preweaning (d 14–41)        
  ADG, kg/d 0.92 0.93 0.027 0.71
  Withers height gain, cm/d 0.25 0.24 0.010 0.62
  Hip height gain, cm/d 0.28 0.25 0.015 0.25
  Heart girth gain, cm/d 0.45 0.49 0.016 0.10
  Horizontal body length gain, cm/d 0.34 0.29 0.017 0.05
  Hip width gain, cm/d 0.12 0.11 0.001 0.55
  Feed efficiency,2 kg/kg of DM 0.81 0.80 0.016 0.55
Weaning (d 42–55)        
  ADG, kg/d 0.99 0.90 0.045 0.17
  Withers height gain, cm/d 0.29 0.31 0.020 0.47
  Hip height gain, cm/d 0.24 0.28 0.027 0.55
  Heart girth gain, cm/d 0.42 0.41 0.035 0.94
  Horizontal body length gain, cm/d 0.36 0.42 0.037 0.26
  Hip width gain, cm/d 0.09 0.11 0.012 0.30
  Feed efficiency,2 kg/kg of DM 0.53 0.50 0.012 <0.05
Postweaning (d 56–90)        
  ADG, kg/d 1.31 1.20 0.026 <0.01
  Withers height gain, cm/d 0.32 0.31 0.009 0.74
  Hip height gain, cm/d 0.32 0.31 0.012 0.46
  Heart girth gain, cm/d 0.44 0.39 0.013 0.02
  Horizontal body length gain, cm/d 0.41 0.38 0.018 0.25
  Hip width gain, cm/d 0.12 0.11 0.005 0.29
  Feed efficiency,2 kg/kg of DM 0.38 0.38 0.008 0.45
1CONT calves were fed the calf starter and hay separately. MIX calves were fed the mixed ration (mixing with 
calf starter and Klein grass hay at 90:10 ratio on an as-fed basis).
2Feed efficiency was calculated to as the ratio of ADG (kg/d) to total DMI (sum of milk replacer, calf starter, 
and hay; kg/d).
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with release of LPS from gram-negative bacteria (No-
cek, 1997), which is absorbed into the bloodstream and 
causes systemic inflammation (Horadagoda et al., 1999; 
Khafipour et al., 2009). If calves in the MIX treatment 
were experiencing inflammation, their immune system 
would require more energy to counteract the inflamma-
tion (Bertoni et al., 2008). This greater energy demand 
would thus reduce the amount of energy available for 
growth, decreasing feed efficiency (Trevisi et al., 2010).

Postweaning Period

Intake and Growth. A change occurred in NDFIP 
over time. Calves in the CONT treatment had a higher 
amount of NDFIP in the preweaning period, but NDFIP 
declined as weaning began and became lower than in 
MIX calves during the postweaning period. This find-
ing may indicate that calves prefer less NDFIP in the 
postweaning period, compared with the preweaning 
and weaning periods, and that the optimum amount of 
hay included in the diet may change as a calf ages. In 
contrast to CONT calves, calves in the MIX treatment 
maintained a relatively constant NDFIP throughout the 
experiment, regardless of period. It appears MIX calves 

also attempted to decrease their postweaning NDFIP 
by sorting against long particles, which was primar-
ily hay, similar to postweaned calves (Miller-Cushon 
and DeVries, 2011) and cattle (DeVries et al., 2007) in 
previous studies. However, despite sorting, MIX calves 
still had a higher NDFIP compared with CONT calves. 
This outcome is explained by CONT calves being easily 
able to reduce hay intake, whereas MIX calves received 
a fixed 10% of hay. Decreasing their NDFIP required 
sorting. It is likely that MIX calves consumed more 
hay because their ration was a mixture. As they at-
tempted to consume starter, they consumed more hay 
than intended. Neutral detergent fiber is a primary 
contributor to rumen fill (Dado and Allen, 1995), and 
because MIX calves had a greater proportion of NDF 
in each bite, they likely experienced faster rumen fill 
than CONT calves, decreasing intake (Chilibroste et 
al., 1997; Gregorini et al., 2007). Although MIX calves 
had greater NDFIP, their NDF intake was similar to 
that of CONT calves, and they likely stopped eating 
upon reaching a certain intake of NDF. Because MIX 
calves reached their maximum NDF intake earlier due 
to greater NDFIP, their overall intake was lower, de-
spite attempting to sort against long particles.

The reductions in NDFIP demonstrated by CONT 
calves over time may have been in response to the 
change in nutrient provision; calves in the preweaning 
period had access to high volumes of milk, which would 
meet the majority of their energy requirement (Miller-
Cushon and DeVries, 2015) as previously described. 
Costa et al. (2016) provided young calves with free 
choice calf starter in addition to a TMR composed of 
starter, silage, and hay, and found that calves sorted for 
long particles in the TMR initially. However, when calf 
starter was removed and only the TMR was available, 
calves changed their sorting preference to fine particles, 
as they no longer had free choice starter as an energy 
source. In the present study, MIX calves sorted for long 
particles, which were primarily hay, when they were 
also provided MR, but when MR provision declined, 
the calves started to sort against long particles. This 
sorting may have occurred because ruminants can 
make dietary choices based on nutritional demands and 
postingestive feedback (Provenza, 1995; Forbes and 
Kyriazakis, 1995). Postweaned calves may prefer starter 
to hay to compensate for decreased energy intake from 
MR, which may explain why MIX calves tried to sort 
against long particles.

Perhaps due to the higher NDFIP by MIX calves, 
DMI and consequently ADG were also lower. This out-
come is consistent with meta-analysis results showing 
that ADG is lower when calves are provided starter 
and a forage source as a mixture rather than separate 
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Table 7. Effects of feeding hay and calf starter as a mixture or as 
separate components on plasma hormones and metabolites preweaning 
(d 14–41), weaning (d 42–55), and postweaning (d 56–90); mean ± 
SEM

Item

Treatment1

SE P-value
CONT 

(n = 20)
MIX 

(n = 20)

Preweaning (d 14–41)        
  IGF-1, ng/mg 57.8 59.6 3.78 0.74
  GLP-2,2 ng/mg 0.67 0.69 0.09 0.90
  Ghrelin, ng/mg 0.06 0.07 0.01 0.68
  Free fatty acids, µEq/L 73.6 84.0 5.75 0.21
  Glucose, mg/dL 121 119 3.27 0.60
  BHB, μmol/L 66.9 71.0 3.84 0.45
Weaning (d 42–55)        
  IGF-1, ng/mg 100 114 9.62 0.32
  GLP-2, ng/mg 0.65 0.58 0.07 0.49
  Ghrelin, ng/mg 0.07 0.06 0.01 0.45
  Free fatty acids, µEq/L 91.2 93.2 7.36 0.85
  Glucose, mg/dL 124 118 3.21 0.23
  BHB, μmol/L 106 114 9.26 0.55
Postweaning (d 56–70)        
  IGF-1, ng/mg 109 96.7 7.70 0.26
  GLP-2, ng/mg 0.77 0.46 0.08 <0.05
  Ghrelin, ng/mg 0.03 0.05 0.01 <0.01
  Free fatty acids, µEq/L 92.5 101 5.73 0.28
  Glucose, mg/dL 113 110 1.59 0.19
  BHB, μmol/L 389 401 21.5 0.70
1Treatment: CONT calves were fed the calf starter and hay separately, 
MIX calves were fed the mixed ration (mixing with calf starter and 
Klein grass hay at a 90:10 ratio on an as-fed basis).
2GLP = glucagon-like peptide.
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Figure 2. Plasma concentrations of (A) plasma ghrelin, (B) plasma glucagon-like peptide 2 (GLP-2), (C) plasma IGF-1, (D) total free fatty 
acids, (E) total glucose, and (F) total BHB for calves fed calf starter and hay as separate components (COMT) or as a mixture (MIX). Results 
are expressed as LSM ± SEM. *Differences between treatments at each time point are significant (P < 0.05).
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components (Imani et al., 2017). Mitchell and Heinrichs 
(2019) found that increasing hay inclusion rate beyond 
10% decreased intake and growth in calves less than 16 
wk old. Similarly, Aragona et al. (2019) reported that 
DMI of postweaned calves increased from 0 to 5% hay, 
but DMI and ADG decreased beyond 5%. The findings 
of the present and previous studies may suggest that 
when hay mixed with starter is provided, 10% hay is 
too high for calves in the first month of the postweaning 
period because it may reduce intake and growth. How-
ever, other studies have shown that calves’ hay intake 
can range between 5 to 30% of total DMI when they 
are offered both hay and starter (Khan et al., 2011b; 
Castells et al., 2012; Miller-Cushon et al., 2013). This 
variation may be explained by the characteristics of 
forage used in each study (Miller-Cushon and DeVries, 
2015) because intake can be affected by forage source 
(Castells et al., 2012) and chop length (Montoro et al., 
2013; Nemati et al., 2015). Given that different hay 
proportions, sources, and chop lengths may result in 
different intakes of solid feed, hay characteristics should 
be considered when providing solid feed to calves.

In addition to rumen fill, voluntary intake can be 
controlled by starch intake because rapid starch fer-
mentation decreases rumen pH and leads to depressed 
DMI (Khan et al., 2007). However, in the present study 
rumen fill seemed to play a greater role than rumen 
fermentation in feed intake regulation because NDF in-
take (g/d) was similar between treatments, while starch 
intake was lower for MIX calves. If voluntary intake 
was controlled by starch intake, starch intake between 
treatments would have been similar because starch-
induced rumen fermentation would limit feed intake of 
calves (Khan et al., 2007; Nemati et al., 2015). Starch 
may have had a greater impact on solid feed intake if 
starch content of starter was greater than that used 
in the present study as additional fermentation would 
have occurred, perhaps reducing intake (Suárez et al., 
2006). The physical form of calf starter may also play 
a role in animal response as calves fed texturized calf 
starter have greater starter intake than calves fed pel-
leted starter (Franklin et al., 2003; Bach et al., 2007).

Hormones. Ghrelin responds to nutrient intake, 
with larger meals being more effective in lowering plas-
ma ghrelin concentrations (Callahan et al., 2004; Blom 
et al., 2005; Cummings, 2006), perhaps through the 
production of VFA, which lower plasma ghrelin concen-
tration (Fukumori et al., 2011; 2012). Calves with lower 
intake display higher plasma concentrations of active 
ghrelin (Bohan et al., 2007), such as MIX calves in wk 
8 and 10. The lower starch intake of postweaned MIX 
calves may have resulted in less rumen fermentation, 
lower production of VFA, and overall higher plasma 

ghrelin concentrations (Fukumori et al., 2011, 2012). 
Starch intake was similar between treatments in the 
preweaning and weaning periods, which likely explains 
why no difference in plasma ghrelin concentration was 
observed during those periods. Additionally, the ghrelin 
secretory system has been suggested to be immature 
in calves 3 mo or younger (Miura et al., 2004), thus 
the calves in the present study may not have produced 
enough ghrelin for significant differences to be observed 
before wk 8.

Intake likely also influenced plasma GLP-2 con-
centrations in the present study, with lower intake of 
starch by MIX calves stimulating less GLP-2 produc-
tion than in CONT calves. A part of starch ferments 
to butyrate in the rumen (Kotarski et al., 1992), which 
increases plasma GLP-2 concentration (Górka et al., 
2009; Elsabagh et al., 2017). In calves, GLP-2 has been 
shown to promote proliferation of intestinal crypt cells, 
increase nutrient absorption and gut integrity, and de-
crease apoptosis and gut mucosal epithelium inflamma-
tion (Taylor-Edwards et al., 2011, 2012; Connor et al., 
2013). Each of these GLP-2 functions can contribute 
to gastrointestinal development, preventing gastroin-
testinal infections and improving calf feed efficiency 
and welfare (Steele et al., 2016). The lack of differences 
in plasma GLP-2 concentrations between treatments 
before wk 10 was possibly due to lower intake of solid 
feed, and previous research suggested that a calorie 
threshold must be met for GLP-2 secretion to increase 
(Dubé and Brubaker, 2004; Castro et al., 2016). The 
current study demonstrated that nutritional manage-
ment can affect GLP-2 secretion in calves in the first 
month of the postweaning period. Lower plasma GLP-2 
concentration in MIX calves may be associated with 
less gut development, but gut weight was not measured 
in the current study. Effects of GLP-2 on gut develop-
ment need to be evaluated in future studies.

CONCLUSIONS

The results of the present study suggest that mixing 
hay with starter has little effect on feed intake, growth, 
and plasma metabolites and hormones of calves during 
the preweaning period. During weaning, calves fed hay 
mixed with starter had less NDFIP and lower feed ef-
ficiency than calves fed feed as separate components, 
but growth and plasma metabolite and hormone con-
centrations were not affected by treatment. During the 
postweaning period, mixing hay with starter decreased 
solid feed intake and ADG, as well as plasma concentra-
tion of GLP-2, and increased plasma concentration of 
ghrelin. Calves fed hay mixed with starter had greater 
NDFIP despite sorting against long particles, resulting 
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in greater gut fill, decreased DMI, and a lower ADG 
compared with calves fed hay and starter separately. 
We conclude that mixing 10% hay with calf starter does 
not promote intake and ADG compared with providing 
hay and calf starter separately.
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