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ABSTRACT

The literature on whether or not to feed forage is 
marked by inconsistencies, largely due to various fac-
tors associated with forage inclusion in calf diets. To 
elucidate these factors, we conducted a 3-level meta-
analysis to comprehensively investigate the overall ef-
fects of forage provision in young calves. We searched 
for studies published between 2000 and 2023 in Google 
Scholar, ScienceDirect, and X-Mol. Moderator analyses 
were performed to evaluate the effects of different forage 
sources, forage provision methods, starter forms, milk 
levels, and forage levels on the heterogeneity of growth 
performance, rumen fermentation, and nutrient digest-
ibility outcomes in studies feeding forage to calves. A 
mixed-effect model was used to predict the relationship 
between forage level and performance. Funnel plots and 
Egger’s test were used to determine publication bias. 
A total of 86 treatment comparisons from 36 articles 
were included in the final dataset. The weighted mean 
difference was used to evaluate the effect size, and the 
statistical heterogeneity of the effect size was estimated 
using Cochrane’s Q test. The results showed that forage 
supplementation improved growth performance, struc-
tural growth, and development of rumen fermentation 
in calves. However, moderator analyses revealed that 
several factors, including forage source, feeding method, 
physical form of starter, milk feeding level, and forage 
feeding level might contribute considerably to variabil-
ity, resulting in significant heterogeneity in the effects 
of forage provision in calves. Larger effect sizes were 
found for oat hay (OH) supplementation rather than al-
falfa hay (AH) or straw, and for feeding forage as a free 
choice (FC) compared with a TMR (defined as a mixture 
of calf starter and forage), especially when forage was 
fed as a FC resulting in higher total DMI and body barrel. 
Forage supplementation was more effective in boosting 

calf growth in calves provided with ground starter than 
in calves fed pelleted and textured starter. Greater effects 
were shown for AH supplementation than OH or straw in 
improving rumen fermentation parameters. Furthermore, 
compared with the preweaning period, the effect of pro-
viding forage on calves was more noticeable in the post-
weaning period. The results of the mixed-effects model 
analysis indicated that calves can be efficiently fed 12% 
of DM as forage during the preweaning period to support 
their growth and development. Meanwhile, 9% of DM 
might be the optimal level for feeding OH and straw to 
preweaning calves. More studies are essential to explore 
how different levels of AH dietary supplementation af-
fects calves during the preweaning period and improve 
the consistency and accuracy of the dose-response curve 
predictions. Overall, growth performance and rumen fer-
mentation of dairy calves were affected by forage inclu-
sion. Moreover, forage source, feeding method, physical 
form of starter, milk feeding level, and forage level are 
essential factors that result in different degrees of effect 
on the calf’s performance and rumen fermentation.
Key words: forage, dairy calves, growth performance, 
meta-analysis

INTRODUCTION

The debate on whether calves should be fed forage has 
received considerable attention in recent years, though 
research in this area has occurred since the mid-20th cen-
tury (Pounden et al., 1951; Hibbs et al., 1956; Phillips, 
2004; Movahedi et al., 2017). However, previous studies 
on the effects of forage on calf growth performance have 
yielded inconsistent results (Xiao et al., 2021a), lead-
ing to a lack of uniform recommendations in practical 
applications. Studies in the United States showed that 
operations feeding some form of forage before weaning 
had declined in the recent past from 86.7% to 43.3% in a 
span of 20 years, an indication of changes in preferences 
among dairy producers (Heinrichs et al., 1994; Urie et 
al., 2018). Proponents report that forage supplementa-
tion is beneficial to calves, as it enhances growth as a 
result of improved feed intake and efficiency (Coverdale 
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et al., 2004). Furthermore, it has been argued that giving 
calves forage could modulate the rumen environment, 
as reflected in time spent ruminating (Omidi-Mirzaei 
et al., 2018), improvement of the rumen’s macroscopic 
appearance (Suárez et al., 2007), and enhancement of 
the rumen’s muscular growth (Beiranvand et al., 2014). 
Greater rumination plays a major role in increasing ru-
minal fluid pH (Daneshvar et al., 2015; Lin et al., 2018; 
Xiao et al., 2021a), mitigating ruminal acidosis and thus 
augmenting gut health in the growing calves. On the 
other hand, those against forage feeding counter with 
the thesis that calves have an underdeveloped rumen 
epithelium (Schwartzkopf-Genswein et al., 2003) and 
hence cannot effectively utilize forage during the milk 
feeding stage due to a limited rumen capacity (Hill et al., 
2008). Rather, they suggest calves should be fed concen-
trates which encourage the production of butyrate and 
propionate, which are critical for rumen development 
in the preweaning period (Hibbs et al., 1956). However, 
concentrates are highly palatable and digestible, and 
their feeding might result in abundant production of VFA 
based on the rapidly fermented carbohydrate (Suárez et 
al., 2006) and could aggravate ruminal acidosis in calves 
by impairing rumination and salivation and subsequently 
digestibility of nutrients in the rumen (Khan et al., 2016).

Calves require a sufficient supply of energy and pro-
teins to support growth and attain the recommended BW 
by the time they are weaned. A mature gut improves 
feed digestibility, resulting in more nutrients to support 
metabolism and calf growth. Concentrates readily sup-
ply the nutrients to support the rumen growth and de-
velopment. However, feeding forage can interfere with 
DM digestibility (DMD) and OM digestibility (OMD) 
in dairy calves (Leibholz, 1975; Hill et al., 2019). Com-
pared with calves fed no forage, the total-tract apparent 
DMD, OMD, and CP digestibility (CPD) values were 
lower in calves fed forage (Daneshvar et al., 2015). 
However, the CPD in calves fed alfalfa hay (AH) was 
greater compared with those fed starter without forage, 
but similar to those fed wheat straw and beet pulp (Mo-
vahedi et al., 2017). Furthermore, several investigators 
have noted that no detectable differences were observed 
in DMD, OMD, or CPD when calves were fed either AH 
in addition to concentrate or concentrate only (Hosseini 
et al., 2016; Maktabi et al., 2016). Many factors have 
been linked to the confounding results, including forage 
source, forage levels, physical form of starter (Ghaffari 
and Kertz, 2021), forage feeding methods, and milk feed-
ing strategy (Imani et al., 2017). Moreover, several stud-
ies have indicated that feeding a higher milk plane could 
further improve the performance of dairy calves fed for-
ages (Gelsinger et al., 2016; Bahmanpour et al., 2023). 
Recently, some studies in young calves have found that 

feeding a TMR is a more ideal choice than a free choice 
diet (FC; feeding starter and forage in different buckets; 
Gasiorek et al., 2020). Provision of NDF from AH in 
addition to the calf starter diet was more effective than 
providing beet pulp in improving rumen pH and chewing 
activity, without concomitant effects on starter intake or 
ADG (Maktabi et al., 2016).

Although the issue of forage feeding in growing calves 
has been explored using meta-analytical tools (Imani et 
al., 2017), consensus on whether or not calves should 
be fed forage has remained elusive (NASEM, 2021). 
Similarly, despite increased research output in this area, 
the findings are inconsistent and context-dependent. 
Additionally, the ideal forage level is not known, with 
studies utilizing different types of forages. Experiments 
have used forages such as bromegrass hay (Coverdale 
et al., 2004), oat hay (OH; Gasiorek et al., 2020), and 
AH (Beiranvand et al., 2014). Moreover, comparisons 
between different forage types are limited in the litera-
ture (Antúnez-Tort et al., 2023), although differences in 
the impact of feeding forage on calf performance might 
exist. Meanwhile, because of the hierarchical structure of 
research, the conventional meta-analytical methods are 
prone to inaccuracies (Hedges et al., 2010). Therefore, 
the objectives of this study were (1) to evaluate the effect 
of forage provision to calves on growth performance, 
structural growth, rumen fermentation, and nutrient di-
gestibility; (2) to determine the roles that forage sources, 
method of forage provision, physical form of starter, and 
milk feeding level play in the heterogeneity of responses 
to forage feeding; and (3) to determine the optimal level 
of forage provision to improve growth performance based 
on the data in the articles reporting on the forage level.

MATERIALS AND METHODS

Study Search and Eligibility Criteria

We searched for studies published between 2000 and 
2023 in Google Scholar (https:​/​/​scholar​.google​.com/​), 
ScienceDirect (https:​/​/​www​.sciencedirect​.com/​), and X-
Mol (https:​/​/​www​.x​-mol​.com/​) databases. The principal 
search words were “calves,” “forage,” “performance,” 
“rumen,” and “digestibility.” Following the participant, 
intervention, comparison, outcome, and study design 
(PICOS) principle (Liberati et al., 2009), we read the title 
and abstract of the articles to decide which studies could 
be included. We excluded reviews, literature of inves-
tigation, articles with experiments designed using Latin 
square, literature with animals other than calves, and lit-
erature containing no randomized controlled trials. Trials 
must have included a control group that did not feed any 
forage or hay and one or more intervention groups that at 
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least feed one type of forage or hay. Furthermore, some 
essential data had to be presented, such as the number of 
experimental animals, mean, SE or SD, and consistent 
weaning age. In total, according to the inclusion criteria, 
a total of 36 articles (39 studies) with 86 comparisons 
were included in the meta-analysis (White et al., 2016; 
Lean et al., 2019).

Risk of Bias in Studies Included

The Systematic Review Centre for Laboratory Ani-
mal Experimentation bias risk tool was used to evalu-
ate the risk of bias (Hooijmans et al., 2014). The items 
considered were as follows: (1) selection bias: random 
sequence generation, allocation concealment, baseline 
characteristics; (2) performance bias: blinding partici-
pants and personnel, random animal housing; (3) detec-
tion bias: random outcome assessment, blinding outcome 
assessors; (4) attrition bias: incomplete outcome data; 
(5) reporting bias: selective outcome reporting; (6) other 
bias: other sources of bias. Studies were classified as 
having a high, low, or unknown risk of bias for each item.

Data Extraction

The information included in the studies used in the final 
data set included basic information on the publications 
(first author, year of publication), treatments (number of 
samples in each group), calves (initial BW, weaning age, 
duration of the experiment), forage source, forage feed-
ing method, physical form of starter, and milk feeding 
level, which was calculated using the average daily milk 
level in L/d over the milk feeding phase, adjusted for 
12.5% DM.

The following data were selected and used in this 
meta-analysis:

	 (1)	 Growth performance: total DMI (TDMI), starter 
intake, BW, ADG, and feed efficiency (FE).

	 (2)	 Structural growth: body barrel, body length, heart 
girth, withers height, and hip height.

	 (3)	 Ruminal fermentation parameters: total VFA 
(TVFA), acetate, propionate, butyrate, and ac-
etate/propionate ratio (A:P).

	 (4)	 Nutrient digestibility: DMD, OMD, neutral deter-
gent fiber digestibility (NDFD), and CPD.

Because units in different articles differed for some 
parameters, we unified the units where possible. For ex-
ample, the unified unit of starter intake was kg/d.

If the SD of the mean was not reported in the article, 
we calculated it using the formula conversion for SE into 
SD: SD = SE × n.

Statistical Analysis

Due to similarity in the units of extracted data, the 
weighted mean difference (WMD) between the treatment 
group given forage, and the control group without for-
age was used to assess the effect of forage provision on 
dairy calves. In R software (version 4.3.2; http:​/​/​www​.r​
-project​.org) using the “escalc” function in the “metafor” 
package, we calculated WMD and its variance for each 
treatment comparison in all continuous variables. Coeffi-
cients and CI may be inflated by type I error if the number 
of included studies is small or moderate (Tipton, 2015). 
Thus, in our meta-analysis, we used the small-sample ad-
justment function. When multiple studies yield estimates 
based on the same subjects or when non-independent 
studies (e.g., conducted by the same researcher or labora-
tory) are grouped together, the independence assumption 
is broken (Hedges et al., 2010). In this study, the data had 
a hierarchical structure because comparisons were nested 
within experiments, i.e., 86 comparisons from 36 articles. 
Thus, the total effect sizes were computed using a 3-level 
random meta-analytic model (Van den Noortgate et al., 
2013; Assink and Wibbelink, 2016), which accounted for 
various sources of dependence within and across stud-
ies, being superior to the fixed-effects approaches used 
in traditional meta-analyses. Three sources of variance 
were modeled: the sampling variance for each effect size 
(level 1), the variance between effect sizes within studies 
(level 2), and the variance across studies (level 3). We 
ran 2 independent log-likelihood-ratio tests to determine 
if the within-study variation and between-study variance 
were significant. Within-study variance arises from indi-
vidual differences across samples within the same study, 
as well as factors such as measurement error. Between-
study variance indicates the variability of effect sizes 
across studies, which may be caused by factors such as 
differences in study design, sample characteristics, in-
terventions, and measurement tools. If the level 2 and 
level 3 variances were significant, then we concluded 
that there was heterogeneity of effect sizes. Meanwhile, 
the heterogeneity was also examined by calculating the 
distribution of the variance over the 3 levels of the meta-
analytic model. A moderator analysis was carried out if 
the sampling variance was smaller than 75% based on 
the 75% rule (Hunter and Schmidt, 2004), indicating a 
significant variation between effect sizes within studies 
or between studies.

When 8 or more separate studies were available and the 
overall effect of the independent variable was significant 
and with high heterogeneity, a moderator analysis was 
conducted (Tanner-Smith and Tipton, 2014). With WMD 
as the dependent variable, meta-regression analysis was 
used to determine the impact of the covariates (forage 
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source, forage offering method, starter form, milk feed-
ing level and forage feeding level) in calves.

Forest plots represent a very simple and intuitive de-
scription of the statistical results and were the most com-
monly used expression of results in this meta-analysis. 
We chose the random effects model to finish the forest 
plots, as an element of randomness is inevitable when 
pooling data from individual studies.

Publication bias has the potential to undermine the va-
lidity and precision of a meta-analysis's findings. Thus, 
one study with statistically significant findings has a 
higher chance of being published than studies with null 
or nonsignificant findings (Piray and Foroutanifar, 2022). 
When more than 10 separate studies were included, a 
visual inspection of funnel plots and Egger’s test were 
used to determine publication bias. The funnel plot was 
visually examined to determine whether there was bias 
from a subjective point of view by observing the sym-
metry of the funnel plot. The Egger’s test was applied, 
as it further quantitatively assesses the symmetry of the 
funnel plot. If the Egger’s P-value was <0.05, it indicated 
publication bias.

Microsoft Excel (Microsoft Corp., Redmond, WA) was 
used to capture all the data in the study, which were later 
exported into R software (version 4.3.2; http:​/​/​www​.r​
-project​.org) with the “metafor” packages for statistical 
analyses and plots.

A mixed-effects model (St-Pierre, 2001) was used to 
predict the optimal forage level in relation to perfor-
mance. This made it possible to analyze the fixed impact 
of independent variables as well as the effect of study, 
which was considered a random factor. The general 
single model is shown as follows:

Yij = B0 + B1Xij + B2X2
ij + si + biXij + eij,

where Yij is the dependent variable (ith study 1, ...m, jth 
observation 1, ...ni), B0 is the overall intercept across all 
studies, B1 is the coefficients of explanatory variables, 
B2 is the quadratic coefficient of explanatory variables, 
Xij is the value of the predictor variable (forage level), 
si is the random effect of study i, bi is the random slope 
associated with the ith study, and eij is the unexplained 
residual error. Both R and StataIC 15 were used to inves-
tigate the mixed regression analysis, and the results were 
the consistent. However, to improve the visualization of 
the data, graphing was done using the R programming 
language.

RESULTS

The screening flowchart of literature and the over-
all risk of bias across studies for various domains are 

as shown in Figure 1. None of the studies met all the 
10 requirements for low risk of bias. In a majority of 
the studies, inadequate reporting led to a high bias risk. 
Considering selection bias, none of the studies accurately 
described the random sequence generation and alloca-
tion concealment. Most studies appeared to be compa-
rable for the baseline characteristics. The random animal 
housing and the blinding of participants and personnel 
reflected a performance bias, whereby authors did not 
report the measures taken to reduce bias. Similarly, it 
was not completely evident from the articles included in 
the meta-analysis which measures were used to reduce 
detection bias: i.e., not describing all of the measures 
that were used to blind outcome assessor from knowing 
which intervention each animal received (item 6) and 
failure to describe which methods were used to randomly 
select animals for outcome assessment (item 7). A major-
ity of the studies had a low risk of bias with regard to the 
incomplete outcome data (attrition bias risk). Moreover, 
neither selective outcome reporting bias nor additional 
sources of bias were identified.

The basic information of the 36 studies used in the 
study is listed in Table 1, including the author, years of 
publication, forage source, forage level, and forage of-
fering method. The forage sources used were diverse and 
included AH, straw (wheat, barley), OH, and others (beet 
pulp, ryegrass hay, grass hay, coastal Bermudagrass, 
timothy hay, and orchard hay). Meanwhile, the methods 
of forage feeding were also presented, which included as 
a TMR and FC.

Using funnel plots and Egger’s tests (Supplemental 
Figure S1, see Notes), ADG and starter intake in the 
preweaning period; weaning hip height, TVFA, and 
propionate concentration in the postweaning period; and 
butyrate concentration presented a publication bias (P < 
0.05).

Effect of Forage Provision on Feed Intake  
and Growth Performance

Table 2 provides the overall effect of forage provision 
on TDMI, starter intake, ADG, FE, and BW in dairy 
calves. The TDMI increased with forage supplementa-
tion in calves during the preweaning (WMD = 0.07 kg/d, 
[0.03, 0.10], P < 0.01), postweaning (WMD = 0.24 kg/d, 
[0.07, 0.41], P = 0.01), and overall (WMD = 0.10 kg/d, 
[0.02, 0.17], P = 0.01) periods. Thus, TDMI was selected 
as the primary indicator of performance to investigate 
the relationship between forage level and growth per-
formance. Using moderator analyses, we determined 
that forage feeding level had a significant impact on the 
preweaning TDMI in calves given forage (P = 0.05). 
Moreover, increased starter intake was evident in calves 
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fed forage during the preweaning (WMD = 0.03 kg/d, 
[0.01, 0.07], P = 0.03) and postweaning (WMD = 0.12 
kg/d, [0.01, 0.23], P = 0.04) periods, whereas a tendency 
toward increase (WMD = 0.05 kg/d, [−0.01, 0.12], P = 
0.09) was observed in the overall period. Compared with 

the control group, forage supplementation significantly 
increased (WMD = 0.03 kg/d, [0.01, 0.04], P < 0.01) and 
tended to increase ADG (WMD = 0.05 kg/d, [0.00, 0.09], 
P = 0.07) in the preweaning period and postweaning pe-
riods. Though forage provision showed no effects on FE 
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Figure 1. (A) The Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) flow diagram. (B) The Systematic Review 
Centre for Laboratory Animal Experimentation (SYRCLE) bias risk, indicating the proportion of studies with low, unclear, or high risk of bias.
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during the preweaning (P = 0.92) and postweaning (P = 
0.16) periods, it tended to decrease FE (WMD = 0.01, 
[−0.02, 0.00], P = 0.08) overall. Supplementation with 
forage increased weaning (WMD = 1.50 kg, [0.99, 2.00], 
P < 0.01) and final (WMD = 2.36 kg [1.26, 4.00], P < 
0.01) BW.

A significant level of heterogeneity was observed for 
pooled TDMI during the preweaning (percentage of vari-
ance explained [%Var.] level 1 = 34.2%), postweaning 
(%Var. level 1 = 22.1%) and overall (%Var. level 1 = 
18.6%) periods, starter intake during the preweaning 
(%Var. level 1 = 21.3%), postweaning (%Var. level 1 = 
15.6%) and overall (%Var. level 1 = 25.2%) periods, and 
final BW (%Var. level 1 = 47.9%). The results of the like-
lihood ratio test showed a considerable variance at both 
the within-study (level 2) and between-study (level 3) 
levels. We hypothesized that the forage source, feeding 
method of forage, starter forms, and milk feeding level 
caused the aforementioned observations in heterogene-
ity. In addition, the number of studies used to obtain the 
results were more than 8. Hence, a moderator analysis 
was conducted to test our hypothesis.

The moderator analysis (Table 3) showed that AH 
(WMD = 0.07 kg/d, [0.02, 0.12], P = 0.01), OH (WMD 
= 0.11 kg/d, [0.04, 0.17], P < 0.01), and straw (WMD 
= 0.06 kg/d, [−0.02, 0.15], P < 0.01) supplementation 
had a significant effect on TDMI during the preweaning 
period. The OH provision tended to increase TDMI dur-
ing the postweaning (WMD = 0.28 kg/d, [0.01, 0.57], P 
= 0.06) and overall (WMD = 0.14 kg/d, [−0.27 0.12], P = 
0.08) periods. Providing forage as an FC (WMD = 0.09 
kg/d, [0.04, 0.14], P < 0.01) and TMR (WMD = 0.06 
kg/d, [0.01, 0.10], P = 0.02) could increase preweaning 
TDMI. Moreover, calves fed forage as a FC (WMD = 
0.30 kg/d, [0.06, 0.54], P = 0.02) and TMR (WMD = 
0.22 kg/d, [0.03, 0.40], P = 0.03) had greater TDMI com-
pared with calves without forage during the postweaning 
period. The moderator tests showed that both the starter 
form (P = 0.02) and the milk feeding level (P = 0.02) 
influenced the effects of forage provision on TDMI. For-
age increased TDMI in calves fed ground starter intake 
during the preweaning (WMD = 0.09 kg/d, [0.06, 0.13], 
P < 0.01), postweaning (WMD = 0.57 kg/d, [0.33, 0.80], 
P < 0.01), and overall (WMD = 0.20 kg/d, [0.08, 0.31], 
P < 0.01) periods. Similarly, calves fed milk at both ≤4 
and >4 to ≤6 L/d showed an increase in TDMI by for-
age provision during the preweaning, postweaning, and 
overall periods (P ≤ 0.05).

Supplementation with OH (WMD = 0.06 kg/d, [0.01, 
0.12], P = 0.03) increased preweaning starter intake com-
pared with the control diet without forage (Supplemental 
Table S1, see Notes). Feeding forage as a FC increased 
starter intake during the preweaning (WMD = 0.06 kg/d, 
[0.02, 0.11], P < 0.01) period. When calves were fed 
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ground starter, forage provision had a significant effect 
on starter intake during the postweaning (WMD = 0.21 
kg/d, [0.03, 0.38], P = 0.02) and overall (WMD = 0.08 
kg/d, [0.00, 0.17], P = 0.05) periods. Providing forage 
to calves fed ≤4 L/d of milk increased starter intake 
during the preweaning (WMD = 0.07 kg/d, [0.01, 0.12],  
P = 0.01), postweaning (WMD = 0.22 kg/d, [0.05, 0.40], 
P = 0.02) and overall (WMD = 0.09 kg/d, [0.01, 0.17],  
P = 0.02) periods.

During the postweaning period, calves fed OH (P = 
0.01) using the FC method (P = 0.04), those fed ground 
starter (P = 0.02), and those fed ≤4 L/d of milk (P = 0.03) 
gained ADG (Supplemental Table S2, see Notes) due to 
forage supplementation. Moderator analyses showed a 
significant effect of OH supplementation (WMD = 5.88 
kg/d, [3.12, 8.63], P < 0.01) in calf diets by increasing 
final BW compared with AH (WMD = 1.50 kg/d, [−0.57, 
3.57], P = 0.15), straw (WMD = 2.33 kg/d, [−0.09, 4.74], 
P = 0.06), and other forages (WMD = 2.00 kg/d, [−0.22, 
4.21], P = 0.08). Calves fed forage using the FC method 
(WMD = 3.75 kg/d, [1.97, 5.53], P < 0.01) and a TMR 
(WMD = 1.83 kg/d, [0.24, 3.41], P = 0.03) had a greater 
final BW. Providing forage to calves fed ground starter 
(WMD = 3.34 kg/d, [1.12, 5.56], P < 0.01) and pelleted 
starter (WMD = 3.11 kg/d, [0.97, 5.25], P < 0.01) in-
creased final BW. Similarly, forage supplementation 
caused calves fed ≤4 L/d of milk (P < 0.01) and >4 to ≤6 
L/d of milk (P = 0.04) to increase the final BW.

Effect of Forage Provision on Structural Growth  
of Calves

Table 4 provides the overall effect of forage provision 
on body barrel, body length, heart girth, withers height, 
and hip height in dairy calves. When calves were pro-
vided forage, body barrel (WMD = 2.24 cm, [0.08, 4.40], 
P = 0.04) and body length (WMD = 0.64 cm, [−0.01, 
1.28], P = 0.05) increased during the postweaning pe-
riod. Whether in the preweaning or postweaning period 
(P > 0.27), there were no significant differences in heart 
girth, withers height, and hip height in calves fed forage 
compared with those fed calf starter only. A significant 
heterogeneity was observed in body barrel (%Var. level 
1 = 2.1%), and body length (%Var. level 1 = 66.6%) 
measurements during the postweaning period. Further-
more, more than 8 studies were used to get the outcomes, 
so moderator analyses were carried out (Supplemental 
Table S3, see Notes).

Feeding forage to calves as a TMR (P = 0.07) tended 
to increase final body barrel, and feeding ≤4 L/d milk 
increased body barrel of calves (P < 0.01). Both the for-
age source (P < 0.01) and the feeding method (P < 0.01) 
were found to influence the effects of feeding forage on 
final body length. The OH and straw provision and using 
FC method increased the final body length (P < 0.01). 
Compared with calves without forage, providing forage 
to calves fed ground starter (WMD = 2.61 cm, [0.76, 
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Table 2. The effect size estimates of forage on intake and growth performance in dairy calves1

Item s(k)

WMD [95% CI]

 

Variance component
%Var. 
level 1

%Var. 
level 2

%Var. 
level 3Effect size P-value σ2

level2 (P-value) σ2
level3 (P-value)

TDMI (kg/d)                  
  Preweaning 22 (48) 0.07 [0.03, 0.10] <0.01   0.003 (<0.01) 0.003 (0.05) 34.2 32.2 33.6
  Postweaning 13 (26) 0.24 [0.07 0.41] 0.01   0.013 (0.05) 0.058 (<0.01) 22.1 13.9 64.0
  Overall 18 (46) 0.10 [0.02, 0.17] 0.01   0.002 (0.02) 0.017 (<0.01) 18.6 8.8 72.6
Starter intake (kg/d)                  
  Preweaning 23 (53) 0.03 [0.01, 0.07] 0.03   0.002 (<0.01) 0.002 (0.05) 21.3 36.5 42.2
  Postweaning 16 (41) 0.12 [0.01, 0.23] 0.04   0.023 (<0.01) 0.027 (0.03) 15.6 39.0 45.4
  Overall 16 (40) 0.05 [−0.01, 0.12] 0.09   0.005 (<0.01) 0.007 (0.03) 25.2 31.7 43.1
ADG (kg/d)                  
  Preweaning 29 (63) 0.03 [0.01, 0.04] <0.01   0.000 (0.50) 0.000 (0.18) 77.9 0 22.1
  Postweaning 24 (53) 0.05 [0.00, 0.09] 0.07   0.002 (<0.01) 0.009 (<0.01) 30.8 12.9 56.3
  Overall 22 (55) 0.02 [−0.02, 0.06] 0.33   — — — — —
FE                  
  Preweaning 23 (54) 0.00 [−0.01, 0.01] 0.73   — — — — —
  Postweaning 19 (46) −0.01 [−0.02, 0.01] 0.16   — — — — —
  Overall 22 (56) −0.01 [−0.02, 0.00] 0.08   — — — — —
BW (kg)                  
  Weaning 22 (51) 1.50 [0.99, 2.00] <0.01   0.047 (0.48) 0.000 (0.50) 98.6 1.4 0
  Final 25 (59) 2.63 [1.26, 4.00] <0.01   1.368 (0.17) 6.700 (<0.01) 47.9 8.8 43.3
1TDMI = total DMI; FE = feed efficiency expressed as kg of ADG divided by kg of TDMI ratio; s = number of studies; k = number of effect sizes; 
WMD = weighted mean differences between treatment group with forage supplementation and control group without forage, calculated using a robust 
regression hierarchical model to account for nesting of treatments within study; σ2

level2 = variance between effect sizes within the same study; σ2
level3 = 

variance between studies; %Var. level 1 indicates the degree to which within-individual differences contribute to the total variation; %Var. level 2 in-
dicates the extent to which differences between treatments or conditions within the same study contribute to the total variation; %Var. level 3 indicates 
the proportion of total variation attributable to differences between studies. 
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Table 3. The moderator analyses on TDMI in dairy calves1

Item s(k)

WMD [95% CI]

  β P-value
Test of moderators 

(P-value)Effect size P-value

Preweaning TDMI (kg/d)            
  Source           0.47
    AH (BL) 8 (17) 0.07 [0.02, 0.12] 0.01      
    OH 6 (11) 0.11 [0.04 0.17] <0.01 0.04 0.35  
    Straw 4 (11) 0.06 [−0.02, 0.15] <0.01 0.00 0.94  
    Others 6 (9) 0.03 [−0.04, 0.10] 0.37 −0.04 0.39  
  Method           0.35
    FC (BL) 10 (18) 0.09 [0.04, 0.14] <0.01      
    TMR 15 (30) 0.06 [0.01, 0.10] 0.02 −0.03 0.35  
  Starter form           0.02
    Ground (BL) 8 (19) 0.09 [0.06, 0.13] <0.01      
    Pelleted 8 (14) 0.02 [−0.02, 0.06] 0.31 −0.07 <0.01  
    Textured 4 (10) 0.03 [−0.03, 0.08] 0.28 −0.07 0.05  
  Milk level (L/d)           0.02
    ≤4 (BL) 8 (15) 0.10 [0.05, 0.15] <0.01      
    >4, ≤6 7 (13) 0.11 [0.05, 0.16] <0.01 0.01 0.90  
    >6, ≤8 9 (18) 0.00 [−0.06, 0.05] 0.92 −0.10 0.01  
    >8 1 (2) 0.07 [−0.16, 0.30] 0.54 −0.03 0.79  
Forage level (continuous) 13 (38) 0.00 [−0.01, 0.00] 0.05     0.05
Postweaning TDMI (kg/d)            
  Source           0.15
    AH (BL) 5 (8) 0.39 [0.16, 0.62] <0.01      
    OH 3 (6) 0.28 [0.01 0.57] 0.06 −0.12 0.51  
    Straw 2 (4) −0.05 [−0.37, 0.27] 0.76 −0.44 0.03  
    Others 5 (7) 0.17 [−0.06, 0.40] 0.14 −0.22 0.14  
  Method           0.49
    FC (BL) 5 (7) 0.30 [0.06, 0.54] 0.02      
    TMR 9 (19) 0.22 [0.03, 0.40] 0.03 −0.08 0.49  
  Starter form           0.01
    Ground (BL) 3 (6) 0.57 [0.33, 0.80] <0.01      
    Pelleted 7 (15) 0.12 [−0.05, 0.28] 0.15 −0.45 <0.01  
    Textured 1 (2) 0.19 [−0.20, 0.58] 0.32 −0.38 0.10  
  Milk level (L/d)           0.04
    ≤4 (BL) 4 (7) 0.40 [0.13, 0.68] <0.01      
    >4, ≤6 4 (8) 0.37 [0.13, 0.60] <0.01 −0.04 0.83  
    >6, ≤8 5 (11) 0.01 [−0.21, 0.23] 0.90 −0.39 0.03  
  Forage level (continuous) 11 (22) 0.00 [−0.03, 0.01] 0.28     0.28
Overall TDMI (kg/d)            
  Source           0.13
    AH (BL) 8 (16) 0.07 [−0.05, 0.18] 0.26      
    OH 3 (7) 0.14 [−0.27 0.12] 0.08 0.07 0.45  
    Straw 5 (14) 0.03 [−0.12, 0.19] 0.67 −0.03 0.74  
    Others 5 (9) 0.15 [0.02, 0.27] 0.02 0.08 0.05  
  Method           0.10
    FC (BL) 7 (14) 0.14 [0.05, 0.23] <0.01      
    TMR 13 (32) 0.06 [−0.02, 0.15] 0.12 −0.08 0.10  
  Starter form           0.09
    Ground (BL) 7 (18) 0.20 [0.08, 0.31] <0.01      
    Pelleted 6 (14) 0.08 [−0.03, 0.19] 0.16 −0.12 0.14  
    Textured 4 (11) −0.03 [−0.20, 0.14] 0.74 −0.23 0.03  
  Milk level (L/d)           0.11
    ≤4 (BL) 8 (15) 0.17 [0.06, 0.27] <0.01      
    >4, ≤6 7 (18) 0.12 [0.00, 0.24] 0.05 −0.05 0.52  
    >6, ≤8 5 (10) −0.03 [−0.17, 0.11] 0.64 −0.20 0.02  
    >8 1 (3) 0.01 [−0.25, 0.27] 0.94 −0.16 0.26  
  Forage level (continuous) 15 (39) −0.01 [−0.01, 0.01] 0.32     0.32
1TDMI = total DMI; AH = alfalfa hay; OH = oat hay; FC = free choice; milk level = the milk replacer used in several investigations with varying DM 
were adjusted and harmonized (12.5% DM); Note: 12.5% DM was the default for articles utilizing pasteurized milk and other milk with an unknown 
DM content; s = number of studies; k = number of effect sizes; WMD = weighted mean differences between treatment group with forage supplementa-
tion and control group without forage, calculated using a robust regression hierarchical model to account for nesting of treatments within study; β = 
estimated regression coefficient; (BL) = baseline.
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4.46], P = 0.05) and the ground starter (WMD = 2.48 cm, 
[0.68, 4.29], P = 0.05) had a greater effect on final body 
length.

Effect of Forage Provision on Rumen  
Fermentation Parameters

Table 5 provides the overall effect of forage provision 
on TVFA, acetate, propionate, butyrate, and A:P in dairy 
calves. We found a tendency for preweaning TVFA to 
increase (WMD = 0.31 mmol/L, [0.13, 0.49], P = 0.07) 
with forage provision. Supplementation with forage in 
calves decreased TVFA (WMD = 12.57 mmol/L, [−23.76, 
−1.38], P = 0.03) in the postweaning periods. The pooled 
estimates showed that forage provision increased the con-
centration of acetate in the rumen during the preweaning 
(WMD = by 4.77 mol/100 mol, [2.17, 7.28], P < 0.01) and 
postweaning (WMD = 4.72 mol/100 mol, [2.01, 7.42],  
P < 0.01) periods. Compared with the control group, 
forage provision greatly reduced the ruminal concentra-
tion of propionate (WMD = 3.48 mol/100 mol, [−6.32, 
−0.63], P < 0.01) during the preweaning period. The 
concentration of butyrate was decreased (WMD = 1.8 
mol/100 mol, [1.77, 0.01], P = 0.05) in the postweaning 
period for calves provided forage. Forage supplementa-
tion tended to increase A:P (WMD = 0.36, [−0.01, 0.73], 
P = 0.06) during the preweaning period, and it increased 
A:P (WMD = 0.13, [0.01, 0.25], P = 0.04) in the post-
weaning period. Additionally, as reported in Table 5, sig-
nificant heterogeneity was observed for pooled TVFA, 
acetate, propionate and butyrate concentrations and A:P 
in the preweaning (%Var. level 1 < 14.0%) and postwean-

ing (%Var. level 1 < 29.0%) periods. As the number of 
studies for these parameters were greater than 8, we con-
ducted a moderator analysis (Supplemental Tables S4, S5, 
S6, and S7, see Notes). Regarding the TVFA, moderator 
analysis (Supplemental Table S4) showed that compared 
with the control group without forage, the FC subgroup 
(P = 0.03) had a significantly decreased preweaning 
TVFA, whereas the AH (P = 0.05), OH (P = 0.01), TMR 
(P = 0.03), FC (P = 0.07) and pelleted starter (P = 0.05) 
subgroups had decreased postweaning TVFA. Concern-
ing acetate concentration, AH (P ≤ 0.03), pelleted starter  
(P ≤ 0.01), TMR (P ≤ 0.03), and >6, ≤ 8 L/d milk feeding 
level (P < 0.01) subgroups had significantly increased 
both preweaning and postweaning acetate concentrations 
in calves fed forage (Supplemental Table S5). During the 
preweaning period, feeding forage as a FC (WMD = 6.15 
mol/100 mol, [2.71, 9.58], P < 0.01) and TMR (WMD = 
3.63 mol/100 mol, [0.43, 6.83], P = 0.03) had a greater 
increase on acetate concentration. Calves provided with 
ground starter had a greater increase in the postwean-
ing concentration of acetate (WMD = 4.24 mol/100 mol, 
[0.21, 8.28], P = 0.04). For the preweaning propionate 
concentration, FC (WMD = −3.31 mol/100 mol, [−6.51, 
−0.12], P = 0.04), TMR (WMD = −3.63 mol/100 mol, 
[−6.76, −0.49], P = 0.03), pelleted starter (−6.25 mol/100 
mol, [−10.43, −2.07], P < 0.01), and the >6 to ≤8 L/d 
milk feeding level (−5.78 mol/100 mol, [−9.23, −2.32], 
P < 0.01) subgroups had significantly reduced propio-
nate levels (Supplemental Table S6). Regarding butyr-
ate concentration, the AH (−3.19 mol/100 mol, [−5.73, 
−0.65], P = 0.02), other forages (−2.86 mol/100 mol, 
[−3.65, −0.08], P = 0.06), ground starter (−3.05 mol/100 
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Table 4. The effect size estimates of forage on structure growth in dairy calves1

Item s(k)

WMD [95% CI]

 

Variance component
%Var. 
level 1

%Var. 
level 2

%Var. 
level 3Effect size P-value σ2

level2 (P-value) σ2
level3 (P-value)

Body barrel (cm)                  
  Weaning 8 (22) 0.26 [−0.88, 1.40] 0.65   — — — — —
  Final 8 (23) 2.24 [0.08, 4.40] 0.04   4.779 (<0.01) 4.903 (0.05) 2.1 48.3 49.6
Body length (cm)                  
  Weaning 13 (31) 0.20 [−0.26, 0.65] 0.38   — — — — —
  Final 11 (29) 0.64 [−0.01, 1.28] 0.05   0.023 (0.50) 0.027 (0.07) 66.6 0 33.4
Heart girth (cm)                  
  Weaning 14 (32) −0.09 [−0.82, 0.64] 0.80   — — — — —
  Final 13 (30) 0.39 [−0.32, 1.10] 0.27   — — — — —
Withers height (cm)                  
  Weaning 14 (30) −0.17 [−0.75, 0.41] 0.55   — — — — —
  Final 12 (28) 0.11 [−0.43, 0.65] 0.67   — — — — —
Hip height (cm)                  
  Weaning 12 (32) −0.04 [−0.58, 0.50] 0.89   — — — — —
  Final 11 (30) 0.32 [−0.30, 0.94] 0.30   — — — — —
1s = number of studies; k = number of effect sizes; WMD = weighted mean differences between treatment group with forage supplementation and 
control group without forage, calculated using a robust regression hierarchical model to account for nesting of treatments within study; σ2

level2 = 
variance between effect sizes within the same study; σ2

level3 = variance between studies; %Var. level 1 indicates the degree to which within-individual 
differences contribute to the total variation; %Var. level 2 indicates the extent to which differences between treatments or conditions within the same 
study contribute to the total variation; %Var. level 3 indicates the proportion of total variation attributable to differences between studies.
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mol, [−5.70, −0.40], P = 0.03), and >4 to ≤ 6 L/d milk 
feeding level (−3.67 mol/100 mol, [−6.61, −0.72], P = 
0.02) subgroups had a decreased concentration of butyr-
ate during the postweaning period compared the calves 
without forage. For the A:P ratio, supplementation of calf 
diet with AH (0.43 mol/100 mol, [0.04, 0.83], P = 0.03), 
other forages (0.13 mol/100 mol, [0.19, 1.07], P < 0.01), 
FC (0.58 mol/100 mol, [0.18, 0.98], P < 0.01) increased 
A:P during the preweaning period (Supplemental Table 
S7). The postweaning A:P was higher when forage was 
fed as a TMR (0.14 mol/100 mol, [0.00, 0.27], P = 0.05) 
and given to calves fed ground starter (0.21 mol/100 mol, 
[0.05, 0.37], P = 0.01).

Effect of Forage Provision on Nutrient Digestibility

Table 6 provides the overall effect of forage provision 
on DMD, OMD, CPD, and NDFD in dairy calves. Be-
cause there were fewer than 8 separate studies on DMD, 
OMD, NDFD, and CPD during the preweaning period 
and the pooled results were not statistically significant, 
we did not further perform a meta-analysis. Likewise, 
forage provision had no significant effect on the overall 
effect of DMD, CPD, NDFD, and OMD in postweaning 
period.

Forage Level and Growth Performance

Moderator analyses indicated that forage level had a 
significant effect on preweaning TDMI. Furthermore, 
we conducted a distinct response analysis to the forage 

level (Table 7). During the preweaning period, we found 
a consistent quadratic relationship between the impact of 
forage level on TDMI (P < 0.01, square root of the esti-
mated residual variance [Srrv] = 0.077, R2 [conditional] 
= 0.933) and the effect on TDMI, peaking at ~12%. 
Based on these results, a deeper analysis showed that the 
connections were consistently quadratic between the ef-
fect of AH level and TDMI (P = 0.456, Srrv = 0.066, R2 
[conditional] = 0.931), OH level and TDMI (P = 0.233, 
Srrv = 0.075, R2 [conditional] = 0.797), and straw level 
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Table 5. The effect size estimates of forage on rumen fermentation parameters in dairy calves1

Item s(k)

WMD [95% CI]

 

Variance component
%Var. 
level 1

%Var. 
level 2

%Var. 
level 3Effect size P-value σ2

level2 (P-value) σ2
level3 (P-value)

TVFA (mmol/L)                  
  Preweaning 12 (31) 0.31 [0.13, 0.49] 0.07   8.813 (<0.01) 217.848 (<0.01) 0.2 3.9 95.9
  Postweaning 15 (35) −12.57 [−23.76, −1.38] 0.03   20.939 (<0.01) 385.259 (<0.01) 0.1 5.2 94.7
Acetate (mol/100 mol)                  
  Preweaning 12 (31) 4.77 [2.17, 7.28] <0.01   7.841 (<0.01) 11.762 (0.03) 0.8 39.9 59.3
  Postweaning 14 (33) 4.72 [2.01, 7.42] <0.01   4.682 (<0.01) 18.376 (<0.01) 0.2 20.3 79.5
Propionate (mol/100 mol)                  
  Preweaning 12 (31) −3.48 [−6.32, −0.63] 0.02   0.000 (0.50) 18.686 (<0.01) 14.0 0 86.0
  Postweaning 14 (33) −1.71 [−4.39, 0.98] 0.21   — — — — —
Butyrate (mol/100 mol)                
  Preweaning 13 (32) −0.19 [−1.43, 1.05] 0.76   — — — — —
  Postweaning 14 (33) −1.8 [−1.77, 0.01] 0.05   0.57 (<0.01) 8.61 (<0.01) 0.6 6.1 93.3
A:P                  
  Preweaning 10 (27) 0.36 [−0.01, 0.73] 0.06   0.033 (<0.01) 0.296 (<0.01) 1.7 9.9 88.4
  Postweaning 11 (28) 0.13 [0.01, 0.25] 0.04   0.008 (0.01) 0.025 (<0.01) 29.0 17.7 53.3
1TVFA = total VFA; A:P = acetate: propionate ratio; s = number of studies; k = number of effect sizes; WMD = weighted mean differences between 
treatment group with forage supplementation and control group without forage, calculated using a robust regression hierarchical model to account 
for nesting of treatments within study; σ2

level2 = variance between effect sizes within the same study; σ2
level3 = variance between studies; %Var. level 

1 indicates the degree to which within-individual differences contribute to the total variation; %Var. level 2 indicates the extent to which differences 
between treatments or conditions within the same study contribute to the total variation; %Var. level 3 indicates the proportion of total variation at-
tributable to differences between studies.

Table 6. The effect size estimates of forage on nutrient digestibility in 
dairy calves1

Item s(k)

WMD [95% CI]

Effect size P-value

DMD (%)      
  Preweaning 2 (6) — —
  Postweaning 9 (21) −0.65 [−2.60, 1.30] 0.49
CPD (%)      
  Preweaning 2 (6) — —
  Postweaning 9 (21) 1.88 [−0.66, 4.41] 0.14
NDFD (%)      
  Preweaning 2 (6) — —
  Postweaning 9 (21) 0.18 [−3.89, 4.25] 0.93
OMD (%)      
  Preweaning 2 (6) — —
  Postweaning 8 (18) −0.85 [−3.55, 1.84] 0.51
1DMD = DM digestibility; OMD = organic matter digestibility; NDFD = 
neutral detergent fiber digestibility; CPD = crude protein fiber digestibil-
ity; s = number of studies; k = number of effect sizes; WMD = weighted 
mean differences between treatment group with forage supplementation 
and control group without forage, calculated using a robust regression 
hierarchical model to account for nesting of treatments within study.
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and TDMI (P = 0.041, Srrv = 0.083, R2 [conditional] = 
0.567). Accordingly, the optimal TDMI for preweaning 
calves may be achieved with 9% OH and 9% straw. In-
terestingly, the estimated AH level for best performance 
for TDMI was 19%, which was much higher than the one 
suggested for OH and straw levels.

DISCUSSION

Calf Performance

Although Imani et al. (2017) previously explored the 
effects of forage provision in dairy calves on growth 
performance and rumen fermentation, our study differed 
from theirs in several ways. First, they focused on the 
forage source, forage levels, forage offering methods, 
the physical form of starter feed, and grain sources. In 
our study, we expanded on the forage sources, such that 
instead of only comparing AH against other forages 
(bromegrass, beet pulp, OH, corn silage, barley straw, 
and so on), we have included AH, OH, straw, and others 
as levels of comparison. Furthermore, we explored the 
role that the milk feeding level might play on response 
variables in calves fed forages. Second, to the best our 
knowledge, this is the first meta-analysis to report the ef-
fect of forage feeding in calves on nutrient digestibility. 
Third, we explored the optimal levels for feeding forage 
on TDMI and growth performance. Fourth, we used the 
hierarchical 3-level meta-analysis, which increased the 
precision in estimating the effect sizes and thus improved 
the interpretation of results and decision making.

Our analysis revealed that forage provision increased 
TDMI, starter intake, and ADG, and tended to decrease 
FE during the postweaning period. Several studies have 
shown that forage feeding was associated with increased 
TDMI (Hosseini et al., 2016; Movahedi et al., 2017; Ba-
gheri et al., 2021) without necessarily increasing starter 
intake (Bagheri et al., 2021). However, calves fed forage 
as a FC had a greater TDMI than those fed as a TMR. 
Moderator analyses further showed high heterogeneity 
for TDMI suggesting that the outcomes might have been 
affected by certain factors such as milk feeding level and 
calf starter form. Although Imani at al. (2017) reported 
an increase in starter intake during the overall period, we 
observed only a tendency toward an increase in the same 
period, but with a high heterogeneity. Our results might 
have been a reflection of the greater variability in the treat-
ment durations and an unexplained variability in results 
among the studies. Indeed, some of the studies reported a 
significant increase in starter intake only before, whereas 
others showed an increase only after weaning. Due to the 
increase in starter intake, concomitant differences were 
observed in ADG and BW, consistent with Imani et al. 
(2017), who reported greater ADG in calves fed >10% 
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as forage. Compared with shorter particles, longer hay 
particles might remain in the rumen for a longer period 
of time due to limited digestive capacity and a slow tran-
sit rate of digesta in the gut (Hill et al., 2008), resulting 
in an increase in BW from a larger gut fill (Montoro et 
al., 2013). A recent perspective and commentary recom-
mended that calves be fed a well-texturized calf starter 
to optimize functional rumen development and thus limit 
the necessity of feeding forage or roughage before wean-
ing (Kertz, 2023). No differences were observed in the 
postweaning NDFD, implying that the DMI and nutrient 
supply were adequate to support the improved growth 
observed after weaning (Khan et al., 2016). Alternatively, 
feeding chopped forage could have improved rumen pH 
before and after weaning, resulting in greater ADG and 
starter intake in the postweaning period (Hosseini et al., 
2019).

Moderator analyses showed that forage source, starter 
physical form, forage feeding method, and milk level 
had no effect on the between-study or within-study het-
erogeneity of postweaning ADG and final BW, which 
might be connected to differences in the duration of the 
experimental period and the age at which calves started 
feeding on forage (Xiao et al., 2023a). The data revealed 
that when OH and AH were supplemented in the starter 
feed, further improvements were observed in TDMI dur-
ing the preweaning and postweaning periods. The greater 
TDMI in calves fed either OH or AH could be linked to 
greater palatability of these forages compared with the 
rest of the forages tested in this meta-analysis. However, 
some authors have reported that feeding forages like bar-
ley straw could result in greater concentrate intake and 
growth in calves than when AH is fed (Antúnez-Tort et 
al., 2023). Compared with AH, the OH showed a higher 
preweaning TDMI, possibly due to OH being of superior 
quality, the forage feeding level, the age at which for-
age was introduced (Hosseini et al., 2016), the treatment 
duration, or an interaction between these factors.

Effects of forage on starter intake have been studied us-
ing different forages such as wheat straw (Hosseini et al., 
2019), AH (Beiranvand et al., 2014), and OH (Gasiorek 
et al., 2020), and under different feeding methods. The 
results have been inconsistent, with some studies report-
ing improvement (Beiranvand et al., 2014; Hosseini et al., 
2019), and others reporting no improvement in growth 
and performance parameters. The nutritional profile of 
the forage, such as higher pectin and lower hemicellulose 
and NDF contents in AH than in OH, might explain the 
observed differences in intakes (Gasiorek et al., 2020), 
as the calves consuming the former could experience 
reduced emptying of the rumen and hence decreasing in-
take. Improved understanding of how individual forages 

contribute to improved growth may shed more light on 
the importance of forage feeding in dairy calves.

During the postweaning period as opposed to the pre-
weaning period, calves fed ground starter had greater 
intakes, which could be ascribed to increased palatability 
of concentrates in the absence of milk derived nutrients. 
In a recent review, Ghaffari and Kertz (2021) also re-
ported that calves supplemented with hay and fed ground 
starter ate more starter compared with those fed without. 
Therefore, although texturized starter has been shown 
to have more benefits in growing calves, meta-analytic 
data show that ground starter could be fed with hay and 
give optimal performance to calves compared with the 
other starters. Moreover, calves given between 0 and 4 
L/d compared with those fed 4 and 6 L/d of milk before 
weaning realized improved growth advantages (TDMI, 
starter intake, ADG, and BW) during the postweaning 
period. To encourage greater concentrate intake, fa-
cilitate weaning, and avoid decreased growth, a feasible 
gradual reduction in the volume of liquid feed fed in the 
final weeks before weaning has been suggested (de Paula 
et al., 2017).

Structural Growth

The structural parameters (body barrel and body 
length) are reliable predictors of the calf's development, 
management, and feeding. The increase in body barrel 
could be ascribed to gut fill in calves fed forage (Khan 
et al., 2012). A 10% forage (AH) consumption has been 
associated with an increase in gut fill (Castells et al., 
2012). In particular, increased TDMI and decreased FE 
and NDFD in calves fed forage could further consoli-
date the gut fill. In this meta-analysis, calves fed forage 
had larger body barrel and length measurements during 
the postweaning period. This was mainly attributable to 
improved growth after weaning. In addition, the high 
heterogeneity of body length was most likely due to the 
source of forage and feeding method.

Rumen Fermentation Parameters

Rumen fermentation begins early in young calves 
(Žitnan et al., 1998), with the concentration of VFA 
reported to increase with age (Beharka et al., 1998; 
Coverdale et al., 2004). Both concentrates and forage 
consumption are critical for stimulation of the rumen mi-
crobial population that produces end products necessary 
to initiate rumen epithelial development. Early rumen 
fermentation is especially possible with concentrates, 
which have high carbohydrate contents and are fermented 
rapidly by rumen bacteria in calves, generating abundant 
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VFA and lactic acid, accompanied by a decrease in pH 
(Warner et al., 1956, Suárez et al., 2006). Meanwhile, a 
low amount of saliva is generated in young calves (Kay, 
1960), and the rumen epithelium is not fully developed, 
which might result in limited capacity to absorb the VFA 
(Schwartzkopf-Genswein et al., 2003).

Our results revealed that VFA concentrations de-
creased with forage provision in the preweaning and 
postweaning periods. A higher concentration of acetate 
and A:P were observed, indicating that forage intake 
promotes the growth of fibrolytic bacteria in the rumen. 
Unlike the results of Imani et al. (2017), which showed 
a trend toward significance, we found a significantly 
negative effect of forage supplementation on postwean-
ing TVFA. Most studies show a decrease in TVFA in 
calves fed forage in both pre- and postweaning periods 
(Castells et al., 2013; Beiranvand et al., 2014; Danesh-
var et al., 2015; Hosseini et al., 2019). Our meta-
analysis showed that effects of forage feeding on rumen 
fermentation began in the preweaning period and were 
enhanced during the postweaning period due to various 
factors. It was expected that calves fed forage created 
more VFA than calves fed roughage, as evidenced by 
a postweaning TDMI 210 g/d higher than that of the 
controls. However, forage feeding can improve the de-
velopment of rumen environment, resulting in improved 
production and absorption of VFA (Silper et al., 2014) 
through favorable ruminal fermentation, rumination, 
and optimal ruminal pH.

Indeed, some of the earlier studies argued that the 
fermentation rate could not be accurately reflected by 
the concentrations of TVFA in rumen, by reason of their 
rapid clearance and the greater variability in the volume 
of rumen digesta liquid (Dijkstra et al., 1993). However, 
the ratio between individual VFA may indicate the type of 
fermentation (Gasiorek et al., 2020). As indicated by the 
outcomes of this meta-analysis, including forage in the 
starter feed has been shown to increase the concentration 
of acetate, probably due to the greater growth of cellulo-
lytic bacteria and greater degradation of the forage fiber 
(Castells et al., 2013). Higher A:P concentrations were 
observed in the preweaning and postweaning periods, 
consistent with the study of Gasiorek et al. (2020), who 
fed OH, but contrary to a study in which calves were fed 
AH as forage and in which there was a tendency toward 
decrease (Castells et al., 2013). The increase in the A:P 
ratio could be ascribed to greater concentration of acetate 
in the forage fed calves. Both butyrate and propionate 
from fermentation of dietary concentrates regulate ru-
minal epithelial differentiation and papilla development 
(Flatt et al., 1958; Mentschel et al., 2001; Khan et al., 
2016). Although propionate concentration decreased in 
preweaning periods, forage supplementation reduced the 
concentration of butyrate in the postweaning period only 

(Terré et al., 2013). More studies are required to under-
stand how changes in papilla development and rumen 
mass in the young calf and concomitant nutrient intake 
might influence its digestive and absorptive capacities 
(Baldwin and Connor, 2017).

Moderator analyses indicated that forage source, feed-
ing method, starter form, and milk level did not influence 
the effects of forage in calves, which might be linked to 
the quality of forage, and hence determining the amount 
of fermentable substrate available and the amount of in-
dividual VFA produced in the rumen (Poier et al., 2022). 
Alternatively, the factors (forage source, feeding method, 
starter physical form and milk feeding level) we explored 
might significantly interact with each other, as well as 
with potentially additional factors (age at which forage 
was introduced, level of forage feeding, and cut length), 
leading to high heterogeneity.

Feeding chopped or ground diets results in higher total 
ruminal VFA concentrations in calves fed concentrates 
(Coverdale et al., 2004), which subsequently lower ru-
men pH and populations of cellulolytic bacteria (Beharka 
et al., 1998). These studies are in conflict with the results 
observed in the current study, showing a lower TVFA in 
postweaning calves fed ground starter with forage. More-
over, in terms of overall rumen development in calves 
fed forage, ground starters showed a greater effect than 
pelleted and textured starters. This may be due to for-
age promoting rumination and saliva flow into the rumen 
(Santini et al., 1983). In our study, providing forage to 
calves fed ground starter had a greater effect on rumen 
development during the postweaning period.

Nutrient Digestibility and Milk Yield

Nutrient digestibility along the gut is subject to nutri-
ent sources in dairy calves. Increasing dietary fiber in calf 
diets can reduce nutrient digestibility in calves (Porter et 
al., 2007). Several studies have shown that adding fiber 
to calf diets can reduce OMD and CPD, with no differ-
ences observed in DMD, NDFD, and ADFD (Daneshvar 
et al., 2015; Xiao et al., 2023b) during the postweaning 
period. Forage provision had no effect on DMD, CPD, 
NDFD, and OMD in the postweaning period in our study, 
suggesting forage supplementation might not affect nu-
trient absorption in the intestinal tract of calves.

Forage Level and Growth Performance

A representative indicator (TDMI) was chosen to 
investigate the optimal forage level appropriate for 
calf growth. According to our results, calves fed for-
age experienced considerable improvements in TDMI; 
most particularly, the greatest effect forage feeding 
level was during the preweaning period, which might 
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partially explain the observed positive effects of for-
age feeding on the rumen environment. In one of the 
studies, despite offering calves forage up to 30% of the 
diet on a DM basis, no effect was observed on growth 
performance (Suárez et al., 2007). On the other hand, 
providing calves AH up to 25% of DM achieved bet-
ter calf performance (Nemati et al., 2016). Moderator 
analysis further showed that forage level was a source 
of heterogeneity influencing the performance outcomes 
relative to preweaning TDMI. We further explored the 
association between forage level and TDMI (Figure 2) 
using regression analysis, whereby the optimal forage 
feeding level was estimated to be ~12% DM of the calf 
diet during the preweaning period. However, the optimal 
level for OH and straw were determined to be slightly 
lower, at ~9%, when examining each forage type. 
Meanwhile, compared with OH and straw, calves could 
theoretically consume AH at a higher level (19%) in the 
preweaning period, which was consistent with majority 
of the trials that designed their studies such that calves 
were projected to consume 15% of their starter feed as 
forage. Alfalfa hay is a high-protein forage, but this does 
not imply that greater consumption corresponds to better 
performance. It is suggested that higher levels of forage 

could be used in subsequent studies to improve the ac-
curacy of the regression curves. During the postweaning 
period, we had limited number of studies in each forage 
group, which could explain the lack of a significant rela-
tionship between TDMI and AH, OH, or straw, resulting 
in inaccurate regression analysis.

CONCLUSIONS

The current meta-analytic study provides evidence that 
forage supplementation could benefit calves by improv-
ing growth performance and rumen environment. The 
positive effects on calf growth were especially prominent 
in calves fed supplemental OH in the starter feed com-
pared with AH or straw. Moreover, calves are more likely 
to benefit more when forage is fed as a FC rather than as 
a TMR. The improved performance could be associated 
with the calves consuming more TDMI in the prewean-
ing period when they are fed forage at the rate of 12% 
DM of starter feed. To be more specific, calves fed OH 
or straw should be fed at a rate of 9% DM to achieve op-
timal performance in preweaning calves. Depending on 
the real feeding conditions, farms might decide whether 
or not to supplement forage preweaning.

Xiao et al.: EFFECTS OF FORAGE FEEDING ON CALF PERFORMANCE

Figure 2. (A) The relationship between forage level and TDMI (kg/d) during the preweaning period. (B) The relationship between AH level and 
preweaning TDMI. (C) The relationship between OH level and preweaning TDMI. (D) The relationship between straw level and preweaning TDMI.
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efficiency; GMPL = geometrical means particle length; 
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