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Abstract: Physical enrichments have been widely used in the dairy cattle systems. Providing more space, outdoor access, objects,
and changes in flooring materials can enhance the welfare of dairy calves, by encouraging natural behaviours. However,
how effective is physical enrichment for dairy calves? We conducted a systematic review regarding the effects of physical
enrichment on the behaviour, feed intake, growth, health, and physiology of dairy calves. A search was conducted using
the Web of Science and PubMed databases to identify and assess peer-reviewed studies published in English before April
2024. The resulting articles (n = 1,033) underwent a PRISMA 4-step appraisal process, resulting in a final sample of 64
studies. Increasing space allowance in calf-rearing environments (assessed in 18 studies) was associated with higher levels
of calves’ activity, including increased grooming and play behaviours, as well as lower cortisol levels. However, there was
no clear evidence that increased space allowance affects growth, while feed intake and health appeared to be unaffected.
Studies (n = 17) that investigated the effects of enclosure types (indoor vs outdoor housing) found associations between
outdoor housing and improved health parameters, while outcomes related to growth and feed intake were inconsistent.
The flooring types evaluated in studies (n = 20) were categorized into harder surfaces, such as concrete or wooden slats,
and softer materials such as straw, rubber mats, or sawdust. Flooring type appeared to influence calf behaviour and feed
intake, while the impact on calves’ growth, health, and physiology varied depending on the flooring types being compared.
Overall, softer and organic materials provided more comfort for calves and provided a cleaner environment, whereas
calves generally avoided harder surfaces for lying down. The use of objects for enrichment (assessed in 19 studies)
influenced calf behaviour. However, there was no effect on growth, feed intake, health, or physiology reported across
these studies. Overall, our findings indicate that physical enrichment increases calf activity. In contrast, the effects on
growth feed intake, health, and physiology are inconsistent or affected only by certain types of enrichment.
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1. Introduction categorized into sensory, occupational (cognitive), nutri-

tional, social, and physical dimensions (Bloomsmith
The ongoing need to improve farm animal welfare has led et al., 1991). Even though the use of EE has shown positive
to a growing body of research on environmental enrich- effects for farmed animals (Orihuela et al,, 2019; Taylor
ment (EE) worldwide (Bachetti et al., 2024). EE can be et al., 2023), it must offer stimuli that allow animals to

acquire information, experience pleasure, and enhance
* E-mail: m.deniz@unesp.br their behavioural adaptability (Veissier et al., 2024) to
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express natural behaviours and satisfy intrinsic motiva-
tions (Newberry, 1995).

EE is also widely used to promote positive affective states
by providing animals with opportunities for sustained
engagement and stimulation, thereby reducing boredom
and monotony in captive environments (Newberry, 1995).
In addition, enrichment may allow animals to exert greater
agency and control over their environment (Abou-Ismail &
Mendl, 2016; Mielke et al., 2022), which is considered an
important component of positive welfare. However, the effec-
tiveness of enrichment can depend on several moderating
factors including the novelty of the stimulus, the level of
challenge it provides, and the potential for habituation
over time. Enrichments that are too simple may fail to main-
tain animals’ interest, whereas overly complex stimuli may
induce frustration (Abou-Ismail & Mendl, 2016; Sambrook &
Buchanan-Smith, 1997). Moreover, not all enrichment strate-
gies directly induce positive experiences; some may primarily
reduce negative states or improve biological functioning. Con-
sequently, the outcomes of enrichment can vary depending
on the type of enrichment provided and the behavioural and
physiological processes it targets.

Physical enrichment is one of the most used forms of EE
for dairy calves, as it can be applied in various ways.
This includes modifying the size or complexity of calves’
enclosures by adding elements such as objects, substrates,
or permanent structures (Mandel et al., 2016). Interest in
the adoption of EE for dairy calves is growing, and literature
reviews have been conducted to systematize the scientific

knowledge obtained so far (Figure 1). For instance, Welk
et al. (2023) reviewed studies evaluating different milk-
feeding practices, while Mota-Rojas et al. (2024) focused on
tactile, auditory, and visual stimulation as EE for dairy cattle.
The social housing of dairy calves was reviewed by Miller-
Cushon & Jensen (2025), Costa et al. (2016), and meta-reviewed
by Donadio et al. (2024). Roland et al. (2016) reviewed the
effects of housing type (indoor vs outdoor) on calves’ thermo-
regulation and their response to climatic conditions. How-
ever, no review has systematically reviewed the literature
to describe how effective physical enrichment is for dairy
calves. Thus, we conducted a systematic review to evaluate
the effects of physical enrichment on the behaviour, growth,
feed intake, health, and physiology of dairy calves.

2. Methods

This review was conducted following the guidelines of
preferred reporting items for Systematic review and
Meta-analysis Protocols (Page et al., 2021). The protocol
used for this systematic review can be found in the Sup-
plementary File S1.

2.1 Search strategy

We searched for studies that evaluated the effect of phy-
sical enrichment on dairy calves (up to 12 months of age)

Environmental enrichment for dairy calves [Mandel et al., 2016 | Veissier et al., 2024]
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Figure 1. Diagram of knowledge gaps in literature reviews regarding EE for dairy calves. For this review, we used physical enrichment
as defined by Mandel et al. (2016) and Veissier et al. (2024).
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in the Web of Science and PubMed databases. Boolean
operators (i.e., AND, OR, NOT) were integrated to string
together words or phrases, as well as wildcard truncations
(denoted as “”) to designate a range of possible word
forms. We used the “*” symbol to consider alternate spel-
ling words (e.g. American English vs British English). All
the search terms are shown in Table 1.

2.2 Study inclusion criteria and screening

Peer-reviewed studies that evaluated the effect of physical
enrichment on dairy calves (up to 12 months of age) pub-
lished before April 2024 were systematically reviewed.
Although the term “calf or calves” is commonly associated
with pre-weaned animals, dairy science literature (Fantuz
et al,, 2024; Van Niekerk et al., 2021) frequently discusses
dairy calves within a broader pre-pubertal developmental
phase extending up to approximately 12 months of age,
depending on breed, growth rate, and management con-
ditions. So, for consistency, the term “calf or calves” in this
review encompasses dairy calves (up to 12 months of age).
The studies included had to present primary research with
either experimental or observational design. Only original
research studies were considered, and full-text access was
required. Eligible studies were required to include one or
more treatment groups addressing one or more of the
following physical enrichment categories (defined by
Mandel et al., 2016): (1) space allowance (e.g. 3 m%calf vs
5 m?/calf), (2) types of enclosures (e.g. indoor vs outdoor
housing); (3) flooring materials (e.g. wood shavings vs
sand); and (4) objects (e.g. brushes, ropes, or balls) or per-
manent structures (e.g. wooden walls or bars). For consis-
tency, the term “flooring” in this review encompasses all
types of surface materials calves walk on, including sub-
strates and bedding.

The search on Web of Science returned 679 results,
while the search on PubMed returned 354 results. The
selection process was conducted in the Rayyan application
(Ouzzani et al., 2016), where first the references were

uploaded and the duplicates were identified and removed
by J.P. Donadio. The remaining studies underwent a four-
step screening process, conducted by J.P. Donadio and B.D.
Alcantara and the disagreements were resolved by a third
investigator (M. Deniz). Step 1: Publications written in a
language other than English were removed. Step 2: Studies
that involved animals other than dairy calves were
removed (exclusion reason: wrong population). Step 3:
Studies addressing topics unrelated to the physical enrich-
ment subject were also excluded (exclusion reason: out of
the subject). Step 4: Finally, review studies regarding EE
for dairy calves were also excluded (but were used in the
discussion section of this review), and full texts of the
remaining studies were read in detail. The remaining stu-
dies were included in the systematic review. During full-
text screening, studies were excluded if they were unavail-
able (exclusion reason: full text unavailable or no feed-
back from the corresponding author), if the outcomes
were unrelated to dairy calves (e.g. fly populations in bed-
ding types; exclusion reason: wrong outcomes), or if the
study was addressed for other location than calf rearing
environment (e.g. space allowance during transportation;
exclusion reason: not rearing environment). Additionally,
reference lists from the remaining studies were checked to
identify potential studies that were missed in the initial
search. Any studies identified that met the inclusion cri-
teria were reviewed in full text and added to the analysis.
All references were managed using the Zotero software
and a full-text data extraction was performed and com-
piled into an Excel sheet.

2.3 Data extraction

Data collection was conducted using Excel® by B.D.
Alcantara and verified by J.P. Donadio and K.T. De-Sousa.
The information extracted from each study was basic
information (authors; journal; volume; issue; pages;
ISSN; year; country); study design (experimental period
[months and year]; number of animals [total and per

Table 1. Population and outcome search term strings used for the final search in the systematic review

Acronym

Search string

Population

Intervention and comparison

(calf OR calves OR heifers) AND (dairy OR milking)

(“environmental enrichment” OR “space allowance” OR (indoor AND outdoor) OR substrate OR floor OR “wood

shavings” OR sand OR accessories OR furnished OR objects OR brush OR ball OR rope OR “dry teat”)

Outcome

(behavio* OR play OR explor* OR lying OR intake OR growth OR “body weight” OR “weight gain” OR mortality OR
health OR diarrhoea OR respiratory)
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treatment]); animals (genetic group; sex; age); housing
system and management (enclosure environment [indoor,
outdoor or semi-open]); housing type (individual; pair;
group [more than three animals]); feeding method
(manual, automatic, bottle, bucket, or nipple bucket);
milk allowance (litres per day); weaning method (gradu-
ally or abrupt); physical enrichment (type [space allow-
ance; enclosure types; flooring; objects]); study design;
treatments; measurements; and main findings. The quality
of each study was assessed by checking if the following
information was available and well described in the text:
study design; statistical analysis; interobserver reliability
(only for observational measures, such as faecal scores
and behaviour observations); and discussion about limita-
tions, potential biases, or sources of error. Finally, to assess
how effective physical enrichment is for dairy calves, we
summarized the direction of evidence regarding the effects
of different types of physical enrichment and classified the
strength of evidence. The strength of evidence was classified
based on the proportion of studies reporting significant
effects for each outcome category. Evidence was considered
strong when >75% of studies reported consistent effects, mod-
erate when 50-74% reported effects, limited when 25-49%
reported effects, inconsistent when studies reported con-
flicting directions of effect, and none when no studies
reported significant effects. To facilitate the interpretation
of the results, figures and schematic illustrations were devel-
oped throughout the manuscript. All figures included in the
manuscript were created by the authors and are original. No
figures were adapted or reproduced from other publications.

3. Results

3.1 Overview

Sixty-four peer-reviewed studies were included in this
review. The number of studies screened, assessed for elig-
ibility, excluded, and included in this review is presented
in detail in Figure 2. Twenty-one studies (33%) were pub-
lished in the Journal of Dairy Science, 12 (19%) in Applied
Animal Behaviour Science, 5 (8%) in the Journal of Animal
Science, and 3 in Animals (5%). The remaining 23 studies
(35%) were published in 21 different journals (refer sup-
plementary file). The studies were carried out mainly in
the United States (20 studies — 31%), Canada (8 studies —
12%), New Zealand (7 studies — 11%), Turkey (4 studies —
6%), Denmark (4 studies — 6%), Ireland (3 studies — 2%)
,and United Kingdom (3 studies — 2%). Regarding the study
quality assessment, all studies (100%) reported the study

design, 55 studies (86%) described the statistical analysis in
detail, and 19 studies (30%) discussed (discussion section)
caveats and biases of the study. Of the 62 studies
(excluding 2 non-observational studies), only 17 (27%)
reported interobserver reliability. The relatively low
reporting of interobserver reliability may limit confidence
in outcome measures that relied on observer-based assess-
ments across studies.

The average number of calves enrolled in the studies
was 20 per treatment (range: 5-240). Thirty-nine studies
(61%) enrolled calves in the experiment after receiving
colostrum (range: 2-5 days old), and the average duration
of data collection was 85 days (range: 11-364 days). The
most evaluated calf breeds were Holstein (35 studies —
55%), Holstein-Friesian (13 studies — 20%), Friesian-cross
(9 studies — 14%), Jersey (6 studies — 9%), Brown Swiss (3
studies — 5%). Four studies (6%) used other less repre-
sented breeds (e.g., Ayrshire and Guernsey), and 2 studies
(3%) did not specify the animals’ breed. Twenty-five stu-
dies (39%) evaluated female calves, 19 (29%) male calves,
18 (28%) both (male and female), and 3 (5%) did not report
the calf sex.

Regarding liquid diet (milk or substitute), most of the
studies (49 studies; 75%) used manual feeding (e.g.,
buckets; bottles), 5 (9%) used the automatic milking
system, 2 (3%) used both (manual and automatic system),
and 4 (6%) did not report the feeding method used to offer
liquid diet. Five studies (8%) evaluated only weaned calves
and did not report milk-feeding methods, since inconsis-
tencies in the reporting of weaning age and developmental
stages across studies, comparisons between pre-weaning
and post-weaning responses to physical enrichment were
not performed. Considering the studies that fed calves
manually (n = 51), 19 (37%) used nipple buckets, 13 (25%)
used open buckets, 8 (16%) used bottles, 1 (2%) compared
open bucket vs nipple bucket, and 10 (20%) did not specify
the milk delivery method.

Of the 59 studies that evaluated pre-weaned calves, 11
(19%) reported the milk allowance as a percentage of body
weight (range: 5%-12% per day) and 7 (12%) did not report
the milk allowance. Forty-one studies (69%) reported milk
allowance as litres per day; in 16 (39%) of these studies,
milk allowance ranged from 3 to 5 L/day, in 23 (56%) ranged
from 5 to 8 L/day, and in 2 (5%) ranged from 8 to 12 L/day. The
weaning method was gradual (e.g. step-down method) in 22
studies (37%) and abrupt in 12 studies (20%). Overall, weaning
age ranged from 28 to 94 days. Twenty-three studies (39%)
reported weaning age between 30 and 60 days, 9 (15%)
reported weaning after 60 days, and 2 (3%) reported weaning
calves before 30 days of age. Twenty-five studies (42%) did
not report the age and weaning method.
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Figure 2. Flowchart following preferred reporting items for Systematic Review and Meta-Analyses guidelines (Page et al., 2021) showing
the process used to identify and screen articles for eligibility and inclusion in this systematic review.

Forty-two studies (65%) raised calves indoors, 3 (5%)
raised calves outdoors, 3 (5%) evaluated calves in semi-
open environments, and 17 (26%) compared indoor vs out-
door housing. Thirty-four studies raised calves individu-
ally (52%), 6 in pairs (9%), 19 in groups of 3-6 calves (29%),
9 in groups of 7-12 (14%), and 4 in groups of 13-20 calves
(6%). Of the 65 studies that met the selection criteria, 8
(12%) evaluated more than one type of physical enrich-
ment within the same study, leading to repeated counts
for studies involving multiple enrichment types.

Overall, the results indicated that behavioural
responses showed the most consistent positive effects
across enrichment types, whereas effects on growth, feed

intake, and physiology were generally limited or inconsis-
tent among studies. The direction of evidence for each
enrichment type and outcome category is summarized in
Table 2, and the overall strength of evidence is shown in
Figure 3.

3.2 Space allowance

Eighteen studies (28%) evaluated the effects of increasing
the space in calf-rearing environments. The characteristics
and main findings of the included studies that compared
space allowances for dairy calves are summarized in
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Table 2. Summary of the direction of evidence for the effects of physical enrichment type on dairy calves reported in studies (n = 64)
included in this systematic review

Outcomes Physical enrichment type

Space allowance Outdoor access Flooring type Enrichment objects
Behaviour 112 -4 14-o3 114-10-<1 119-10-<0
Growth 12:-10-<4 13:-14-o6 13:13-e7 12:10-<7
Intake 10-10-<5 11135 13132 t1-10-e5
Health t0-10-<3 17112 13124 t0-l1-e5
Physiology 15:12-o1 11102 t14-12-o3 10:10-<2

t improvement or increase associated with enrichment; | reduction associated with enrichment; < no statistically significant effect.
Values represent the number of studies reporting each outcome direction.

Supplementary Table S1. Figure 3 illustrates the space
allowances (m? per calf) used as treatments across the 18
studies. Seventeen studies (94%) reported increasing the
total available area for the calves (range of studied areas
per calf: 0.25-5.75 m?), while one study (6%) maintained
the same total area but increased the resting area from 0.5
to 2 m? per calf. Of the 18 studies investigating the effects of
space allowance, 15 (83%) were conducted indoors, 1 (6%)
was conducted in a semi-open environment, and 2 (11%)
compared indoor vs outdoor systems within the same
study. Housing systems were predominantly individual
(39%), but also included pair housing (6%), groups of 3-6
calves (22%), and larger groups of 6-15 calves (11%)

Evidence Strength Across Physical

allocated to different space allowances. The remaining
studies (22%) evaluated multiple types of housing, such
as individual housing alongside groups of 3-6 calves,
within the same study. Three studies (17%) combined
two social housing types in their comparison of space
allowances (Figure 4).

The outcomes evaluated in the studies were related to
behaviour (n = 16; 89%), intake (n = 5; 28%), growth (n = 6;
33%), health (n = 3; 17%), and physiology (n = 8; 44%).

Of the 16 studies that evaluated calf behaviour, 10
(62%) assessed posture frequency within the home pen.
Findings of 6 studies indicated that larger pen areas
increased activity levels and reduced the lying time

Enrichment Types in Dairy Calves

Physical Enrichment Type

Quitcome Space Outdoor Flooring Enrichment
allowance access type objects

Growth Limited Inconsistent Moderate Limited
Intake Limited | Inconsistent J Moderate Limited
Health None Moderate Limited

Physiology Moderate Limited Moderate None

Strength of Evidence
- Strong Moderate Limited

>75% positive effects

- Inconsistent

Conflicting results

50-74% positive effects

25-49% positive effects

None

No significant effects

Figure 3. Heatmap showing the strength of evidence from studies included in this systematic review (n = 64) evaluating different

physical enrichment types for dairy calves.
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(Calvo-Lorenzo et al, 2016, 2017; Dellmeier et al., 1985;
Feerevik et al., 2008; Hulbert et al., 2019; Sutherland et al.,
2014b) and three studies reported no effect of space allow-
ance in lying time (Jensen & Kyhn, 2000; Neave et al., 2021;
Wilson et al., 1999). Among the six studies that examined play
behaviour, four observed a higher frequency of play in calves
housed in larger areas (Dellmeier et al., 1985; Jensen et al.,
1998; Jensen & Kyhn, 2000; Tapki & Sahin, 2006), while the
remaining two found no significant differences (Feerevik
et al, 2008; Neave et al, 2021). Grooming behaviour was
more frequent in calves provided with larger pen areas in
two (Ferrante et al, 1998; Wilson et al., 1999) of the four
studies that assessed this behaviour, whereas the other two
studies (Feerevik et al.,, 2008; Neave et al., 2021) reported no
differences. Additionally, five studies investigated calves’
responses in behavioural tests, such as arena and reward
tests (Jensen et al,, 1997; Jensen & Kyhn, 2000; Neave et al.,
2021; Rushen & De Passillé, 2014; Sutherland et al., 2014a).
Three studies reported that calves housed in smaller areas
were more active and engaged in more locomotor play (e.g.
running) during arena tests (Jensen & Kyhn, 2000; Rushen &
De Passillé, 2014; Sutherland et al., 2014a).

In five studies, the feed intake was unaffected by
increased space allowance; however, one of these studies
(Hulbert et al,, 2019) reported that calves housed in larger
areas (1.85 m? and 3.71 m? consumed set amounts of feed
(250, 750, and 1,000 g) at earlier ages than calves in smaller

Calvo-Lorenzo et al., 2016 * .
Calvo-Lorenzo et al., 2017
Dellmeier et al., 1985 * g
Faerevik et al., 2008 S i i & e e
Ferrante et al., 1998 M &
Fisher et al., 1985 * *
Friend et al., 1985 . 2
Hulbert et al., 2019 . .
Jensen and Kyhn, 2000 A
Jensen et al., 1997 A
Jensen et al., 1998 A
Neave et al., 2021 .
Rushen et al., 2014
Sutherland et al., 2014a ° °
Sutherland et al., 2014b A A A
Tapki et al., 2006 *
Tripon et al., 2012
Wilson et al., 1999

Author and Year

00 05 10 15 20

areas (123 m?). Of the six studies evaluating calf growth, two
found that calves reared in larger pen areas (3.71 m? vs 1.23
m?) showed greater body weight (8% — Calvo-Lorenzo et al,,
2016; and 10% — Hulbert et al., 2019). In contrast, four studies
found no significant differences (Fisher et al., 1985; Friend
et al.,, 1985; Sutherland et al., 2014b; Tapki & $ahin, 2006).

None of the three studies assessing health parameters
reported significant differences in disease incidence
across space allowances (Calvo-Lorenzo et al., 2016; Fisher
et al., 1985; Sutherland et al., 2014b). Regarding physiolo-
gical variables (n = 8), seven studies (75%) reported sig-
nificant effects of space allowance on physiological para-
meters (Calvo-Lorenzo et al., 2016, 2017; Ferrante et al,,
1998; Fisher et al., 1985; Friend et al., 1985; Hulbert et al.,
2019; Wilson et al,, 1999) and 1 study (Sutherland et al,,
2014b) found no difference on physiological parameters.
Three studies measured blood cortisol levels, with two
(Calvo-Lorenzo et al., 2017; Wilson et al., 1999) of these
finding that rearing calves in larger spaces (1.36 m? vs
1.00 m* and 3.71 m* vs 1.23 m? reduced cortisol levels
(1.69-1.04 ng/mL and 25.8-24.2 ng/mL).

3.3 Enclosure types

Seventeen studies (23%) included in this review assessed
the effects of outdoor access on dairy calves. Sixteen

Group of
15 calves

A Group of
4 calves

Group of
5 calves

Group of
PS 6 calves

Individual

Lying area for
group of §
calves

X Pair

25 30 35 40 45 50 55

Space allowance (m? per calf)

Figure 4. Representation of different space allowances (m? per calf) and social housing evaluated in 18 studies included in this
systematic review. Each group size evaluated is represented by a symbol.
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studies (94%) directly compared indoor vs outdoor
housing systems, while one (6%) descriptively examined
the impact of providing outdoor access to calves reared
indoors. The outcomes and main findings of these studies
are summarized in Supplementary Table S2. Indoor
housing refers to fully enclosed environments where
calves are sheltered from outdoor weather conditions,
typically with controlled lighting and temperature. In con-
trast, outdoor housing involves exposure to natural
weather conditions and access to diverse stimuli, such as
sunlight, fresh air, views of the landscape, and, in some
cases, pasture.

Housing systems were predominantly individual (n =
7; 39%) but also included pair housing (n = 1; 6%), groups of
3-6 calves (n = 4; 22%), and larger groups of 6-15 calves (n
= 2; 11%) allocated to different space allowances. The
remaining two studies compared individual housing
with group housing of 3-6 calves within the same experi-
ment. Indoor housing systems included pens (n = 11; 65%),
barns (n = 4; 24%), elevated cages (n = 2; 12%), cubicles (n =
1; 6%) and monopitch barn (n = 1; 6%). Outdoor housing
systems consisted of pasture paddocks or yards (n = 9;
53%), hutches (n = 8; 47%), open sheds or shelters (n = 2;
12%), and straw-dust paddocks (n = 1; 6%). The outcomes
evaluated across the studies included calf behaviour (n =7,
41%), growth (n = 13; 76%), feed intake (n = 9; 53%), health
(n =10, 59%), and physiological responses (n = 3; 18%).

Of the seven studies that evaluated calf behaviour, the
most frequently assessed behaviours were standing (n = 6;
86%), comfort behaviours (e.g. grooming; n = 3; 43%), and
play (n = 3; 43%). Reported behavioural effects when com-
paring enclosure types included higher frequency of
standing and comfort behaviours, and locomotor play in
outdoor reared calves compared to calves housed indoors
(Boyle et al., 2008; Dellmeier et al., 1985; Hepola et al., 2006;
Sinnott et al., 2022). Indoor housing systems were asso-
ciated with increased risks of slips, trips, and falls (Boyle
et al., 2008; Dellmeier et al., 1985).

Findings regarding growth and feed intake were
mixed. Among the 13 studies assessing growth parameters,
outdoor-reared calves exhibited greater growth in 3 stu-
dies (23%; Davis et al., 1954; Razzaque et al., 2009; Richard
et al., 1988) and lower in 4 studies (31%; Boyle et al., 2008;
Hill et al,, 2011; Sinnott et al., 2022; A. W¢jcik et al., 2013),
with no difference found in 6 studies (46%; Earley et al.,
2004; Friend et al., 1985; Hepola et al.,, 2006; Jorgenson
et al., 1970; Murley & Culvahouse, 1958; Van Horn et al.,
1976). Similarly, of the nine studies evaluating feed intake,
outdoor calves showed greater intake in only one study
(11%; Murley & Culvahouse, 1958), lower intake in three
studies (33%; Boyle et al., 2008; Hill et al., 2011; J. Wéjcik

et al,, 2013), and five studies reported no differences (55%;
Earley et al., 2004; Hepola et al., 2006; Jorgenson et al.,
1970; Richard et al., 1988; Van Horn et al., 1976).

Health outcomes were assessed in ten studies.
Outdoor-reared calves showed better health outcomes in
seven studies (70%), showing reduced incidences of
respiratory diseases and diarrhoea, lower counts of coc-
cidia oocysts, improved limb lesion scores, cleaner body
conditions, and mortality risk rate (Davis et al., 1954;
Earley et al,, 2004; Murley & Culvahouse, 1958; Razzaque
et al.,, 2009; Richard et al., 1988; J. Wojcik et al., 2013).
However, other two studies (Jorgenson et al., 1970; Sinnott
et al., 2022) reported no significant differences in health
parameters between indoor pens and outdoor hutch sys-
tems and one study (Hill et al., 2011) showed a lower faecal
score on calves housed in an indoor pen compared to out-
door individual hutch housed calves. Physiological para-
meters were affected in just one (Earley et al., 2004) of the
three studies (33%) that assessed this variable. The authors
observed higher serum IgGl concentrations in outdoor
calves wearing jackets, whereas red blood cell parameters
were lower in indoor calves compared to outdoor groups.

3.4 Flooring

Out of the 64 studies included in this review, 20 studies
(31%) investigated the impact of various flooring types as a
form of physical enrichment for dairy calves. A detailed
summary of the study characteristics and key findings is
provided in Supplementary Table S3. Figure 5 illustrates
the distribution of the 18 different flooring types examined
across these 20 studies. Solid flooring materials, including
concrete, wood, stones, and slatted floors, were considered
harder surfaces and typically used as the control (non-
enriched) group. Physical enrichments included softer
flooring like organic and inorganic materials such as
rubber mats, straw, sawdust, sand, hay, grass, rubber
chips, and wood shavings. Less commonly used materials
included chaff, pea gravel, granite fines, bagasse, and rice
hulls. Most studies (n = 16; 80%) focused on flooring types
within indoor systems, while one study examined flooring
in a semi-open environment, and three studies also com-
pared different enclosure types. The outcomes assessed in
these studies were related to calf behaviour (n = 15; 75%),
feed intake (n = 8; 40%), growth (n = 13; 65%), health (n = 9;
45%), and physiological parameters (n = 9; 45%).

Of the 15 studies that evaluated calf behaviour in
response to different flooring types, only one (7%) found
no effect on calves’ behaviour (standing and resting were
measured) comparing rubber mat to concrete flooring
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Figure 5. Illustration of different flooring types used for dairy calves in 20 studies included in this systematic review. Note that all

studies evaluated at least two flooring types.

(Hanninen et al,, 2005). Four studies (27%) specifically
assessed calves’ responses in behavioural tests, such as arena
and preference tests. Calves housed on harder surfaces, such
as stones and wooden slats, displayed reduced playfulness,
increased time lying down, and signs of discomfort in their
environment (Camiloti et al, 2012; Kartal & Yanar, 2011,
Sutherland et al., 2013, 2014b; Yanar et al., 2010). Interestingly,
calves reared on river stones exhibited a high frequency of
play during arena tests (Sutherland et al., 2014a).

Flooring type significantly influenced feed intake in six
of eight studies (75%; Hill et al., 2007, 2011; Hosseini et al.,
2021; Panivivat et al, 2004; Yanar et al, 2010, 2022),
whereas two studies (25%) found no effect (Fisher et al.,
1985; Kartal & Yanar, 2011). Details of outcomes of feed
intake are shown in Supplementary Table S3. Growth
parameters were affected in 6 of 13 studies (46%; Hill
et al., 2007, 2011; Hosseini et al., 2021; Kartal & Yanar,
2011; Yanar et al., 2010, 2022), while 7 of 13 studies (54%)
reported no differences (Fisher et al., 1985; Friend et al.,

1985; Hanninen et al., 2005; Panivivat et al., 2004; Suther-
land et al., 2013, 2014b, 2017). Detailed comparisons showed
that rubber mats resulted in lower body weight at 6
months and lower weight gain between 4 and 6 months
of age compared to concrete and wooden slats (Kartal &
Yanar, 2011). Similarly, another study found that calves
housed on wooden slats achieved greater weight gain
from birth to 4 months and better feed efficiency from
weaning to 4 months compared to those on concrete or
rubber mats (Yanar et al, 2010). However, contrasting
findings were reported by Yanar et al. (2022), who
observed better performance in calves reared on rubber
mats compared with straw bedding, despite greater hay
intake on rubber mats. When comparing straw to inor-
ganic materials such as sand and solid wood, calves reared
on straw showed greater growth (Hill et al., 2007, 2011) and
higher feed intake (Fisher et al., 1985; Hill et al., 2007).
Health outcomes were affected by flooring type in five
studies, while four (44%) found no effect of the flooring
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type on calves’ health. Flooring type played a key role in
calf cleanliness and hygiene. Calves housed on rubber
mats were consistently dirtier; two studies reported that
the pens became wetter over time compared to those on
straw, sand, or wooden slats (Hosseini et al., 2021; Yanar
et al,, 2022). Straw bedding stands out for its superior
absorbency compared to inorganic substrates such as
sand or granite fines, creating a cleaner and more hygienic
environment (Panivivat et al., 2004). In contrast, inorganic
surfaces have been associated with increased joint pro-
blems and eye issues in calves, likely due to the accumula-
tion of moisture and pathogens on less absorbent surfaces
(Hosseini et al.,, 2021). Physiological parameters were
affected in six studies (Friend et al., 1985; Hanninen
et al, 2006; Hosseini et al, 2021; Sutherland et al,,
2013, 2014b, 2017), and three studies found no effects
(Fisher et al., 1985; Panivivat et al., 2004; Worth et al., 2015).

3.5 Objects

Out of the 64 studies included in this review, 19 (29%)
evaluated the usage of objects for EE. The included studies’

Automatic

Stationary Dry teat
brush brush 8 studies
5 studies 12 studies

outcomes and main findings are displayed in
Supplemental Table S4. Figure 6 illustrates the distribution
of the 10 types of objects used for enriching dairy calves’
enclosure over the 19 included studies. Most of the studies
were conducted indoors (n = 15; 79%); one study (5%) was
conducted in a semi-open environment; and three studies
(16%) were conducted in outdoor rearing systems. Four
studies (21%) were conducted with individually housed
calves, 3 studies (16%) used pair housing, 3 studies (16%)
housed calves in groups of 3-6 calves, and 5 studies (32%)
housed calves in groups of 7-20 calves. The remaining
three studies (16%) compared individually and pair
housed calves within the object treatments. Outcomes
were related to behaviour (n = 19; 100%), growth (n = 9;
47%), intake (n = 6; 32 %), health (n = 6; 32%), and phy-
siology (n = 2; 10%).

All studies (n = 19; 100%) that evaluated calves’ beha-
viour reported that the use of objects affected at least one
observed behaviour. Four of these studies (21%) evaluated
calves’ responses in behavioural tests, such as arena and
preference tests (Pempek et al., 2017; Zhang et al., 2021;
Zhang et al.,, 2022a, b). Seventeen studies (89%) used a
brush as an enrichment object; among these, 4 studies

&‘@lazxazuzwa‘

&0 A
Chain Haynet Rope
5 studies 4 studies 3 studies

Others (1 study per object)

Cowhide Tire

Ball

Figure 6. Graphical illustration of the enrichment objects used for enriching dairy calves’ enclosure over 19 studies included in this

systematic review.
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used automatic brushes (Georg et al., 2007; Neave et al,,
2021; Velasquez-Munoz et al.,, 2019; Zobel et al., 2017), 12
used stationary brushes (Horvath et al., 2020; Horvath &
Miller-Cushon, 2019; Miranda et al., 2023; Pempek et al.,
2017; Reyes et al., 2022; Silva et al., 2022; Van Os et al,
2021; Zhang et al., 2021; Zhang et al,, 2022a, b), and 1 used
both types (Strappini et al., 2021). Two studies (Georg et al.,
2007; Pempek et al., 2017) found that the time of brush
usage increased as calves grew older. In two studies,
calves with access to brushes were cleaner (Horvath
et al., 2020; Horvath & Miller-Cushon, 2019). Furthermore,
one study (Strappini et al., 2021) found that calves inter-
acted more frequently with brushes than ropes, when
both were available simultaneously.

Other enrichment objects evaluated in the studies
were dry teats (n = 8; 42%), chains (n = 5; 26%), hay nets
(n = 4; 21%), ropes (n = 3; 16%), and balls, tires, straw piles,
cowhide, a calf “lollie” and barriers at nipples for milk
were each assessed in one study, resulting in six distinct
studies (32%). Calves housed with multiple enrichment
objects exhibited lower incidences of cross-sucking com-
pared to those in barren environments (Ude et al., 2011;
Zhang et al.,, 2021). Furthermore, calves in enriched pens
spent more time eating (Horvath et al., 2020) and displayed
increased exploratory behaviour (Zhang et al.,, 2022a).

Of nine studies that evaluated calves’ growth, two studies
(22%) observed improved growth in calves provided with
access to enrichment objects (Zhang et al, 2021; Zhang
et al,, 2022b), whereas seven (88%) reported no significant
differences (Deikun et al., 2020; Horvath et al., 2020; Pempek
et al.,, 2017; Silva et al.,, 2022; Ude et al., 2011; Veissier et al.,
2002; Velasquez-Munoz et al., 2019). Five studies (83%) that
evaluated feed intake found no differences between calves
with or without access to enrichment objects, but one study
found that enriched calves presented higher feeding effi-
ciency (Zhang et al., 2021). Health outcomes were unaffected
in 83% of studies (n = 5), while one study reported calves
reared on barren environments had a longer time to first
disease (9 days) compared to calves with access to brush (6
days; Velasquez-Munoz et al., 2019). Two studies (100%) that
evaluated physiological parameters found no impact from
the presence of enrichment objects (Silva et al., 2022; Miranda
et al,, 2023).

4. Discussion

Our findings indicate that enriched environments impact
behaviours in calves. Overall, increased space allowances
and outdoor systems stimulate active behaviours, while
softer substrates provide dairy calves with more comfortable

rest areas, a cleaner environment, and better health. Besides,
enrichment objects stimulate calf activity and reduce unde-
sirable behaviours such as cross-sucking. However, feed
intake, growth, health, and physiological parameters are
only influenced by certain types of physical enrichment.
Impoverished conditions are often present in conventional
rearing systems, making it essential to introduce natural
complexity into these environments. Enrichment solutions
should meet the biological needs of animals (e.g. dairy
calves), promote healthier growth and enhance their quality
of life (Veissier et al., 2024). Future research must prioritize
identifying and refining strategies that address the limita-
tions of conventional calf-rearing systems. Addressing these
knowledge gaps will allow us to establish more effective and
sustainable standards for managing dairy calves.

We found that all types of physical enrichment stimu-
lated calf activity. This reinforces the intrinsic motivation
of calves to engage in locomotor behaviours such as
walking, playing, and exploring (Jensen, 1999; Jensen &
Kyhn, 2000). For example, larger space allowances in
calf-rearing systems promoted active behaviours such as
playing and exploring while reducing cortisol levels. The
increase in play behaviour in calves housed in larger
spaces and in outdoor systems likely reflects more than
elevated activity. Play behaviour typically occurs in the
absence of fitness threats and is commonly associated
with positive affective states (Held & Spinka, 2011). Thus,
increased play in enriched environments may indicate
enhanced affective experience or reduced environmental
restriction. Animals that engage in playful and exploratory
behaviours appear to be less likely to experience anxiety
and may be better prepared to cope with future chal-
lenges, as evidenced by studies in other species, including
mice (Richter et al.,, 2016) and humans (Magnuson & Bar-
nett, 2013). Calves naturally explore their surroundings,
engage in social interactions, and perform highly moti-
vated behaviours, such as grooming and sucking (De Pas-
sillé, 2001; Ede et al., 2022; Whalin et al., 2021). In barren or
under-stimulating environments, calves are more prone to
frustration (Hulbert & Moisd, 2016; Mellor, 2012), often
manifesting as undesirable behaviours like non-nutritive
oral activities (Doyle & Miller-Cushon, 2023; Unsal et al.,
2025). Similar patterns have been observed across other
species, including laboratory mice (Bailoo et al., 2018;
Whittaker et al., 2012), growing pigs (Averds et al., 2012;
Chidgey, 2024), and hens (Widowski et al., 2017). Promoting
a positive environment during early life is critical for pro-
moting long-term welfare, as it fosters resilience and
better coping mechanisms (Adcock, 2021; Miller-Cushon
& Jensen, 2025). However, practical challenges, such as
limited housing capacity and potential impacts on
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productivity, often discourage farmers from adopting
enrichment practices. Innovative approaches, such as
providing “play areas” for indoor-housed calves, could
promote active behaviours and mitigate the effects of con-
finement (Jensen et al., 1998).

Establishing the optimal space allowance and flooring
type to stimulate active behaviours, optimize comfort and
hygiene, and balance cost-effectiveness while minimizing
labour requirements is essential in the design of a good
rearing system. Effective shelter provision in outdoor sys-
tems is critical for maintaining calf welfare, protecting
against extreme weather, and preventing thermal stress
(Verdon, 2021). Also, providing softer, well-bedded sur-
faces has been shown to reduce discomfort and promote
lying time, it is an important calf comfort indicator (Fre-
gonesi et al., 2009; Haley et al., 2001; Norring et al., 2010;
Tucker et al.,, 2009). Organic substrates like sawdust and
straw are effective for maintaining better hygiene and
comfort, though they require frequent replacement to pre-
vent contamination and sustain their benefits (Panivivat
et al., 2004). Inorganic materials, such as sand, while dur-
able, tend to retain moisture, which can increase pathogen
exposure and elevate the risk of health issues such as hoof
diseases or respiratory infections (Hosseini et al., 2021).
The choice of substrate plays a pivotal role in ensuring
both animal welfare and operational efficiency. Among
the available options, straw has been demonstrated to
support better growth performance and overall feasibility,
likely due to its ability to provide insulation, cushioning,
and a dry resting surface. Additionally, offering enrich-
ment items should target specific behaviours (as suggested
by Vicino et al, 2022), such as brushes to stimulate
grooming behaviour (Horvath et al, 2020; Horvath &
Miller-Cushon, 2019), while hanging objects (e.g. ropes or
chains; Zhang et al., 2021), teats (Unsal et al., 2025), and
nipple buckets (Donadio et al, 2025) can be used to
redirect oral manipulation to reduce cross-sucking. Proto-
cols successfully developed for other species, such as zoo
or laboratory animals, hold an important role in estab-
lishing models of environments that mimic natural habi-
tats to promote natural behavioural expression (Arecha-
vala-Lopez et al.,, 2022). Furthermore, comprehensive EE
programmes may lead to improved animal welfare out-
comes, increased positive behaviours, and greater resili-
ence in dairy cattle systems.

4.1 Potential limitations

To provide a comprehensive overview of the issue, no
limitations were placed on the sample size, journal, or

country of origin to provide an inclusive overview of the
topic; therefore, some caution is required in extrapolating
our findings. First, caution is required when extrapolating
our results to all dairy cattle age categories, as this review
included five studies that evaluated only weaned calves.
Although dairy calves are commonly defined as animals
during the pre-weaning phase, some studies included post-
weaning evaluations or animals classified differently
according to the original authors’ criteria. In addition, incon-
sistencies among studies regarding the reporting of weaning
age and management practices limited a more detailed stra-
tification between pre-weaning and post-weaning periods.
Another important limitation is that some studies evaluated
the long-term effects of physical enrichment provided during
the pre-weaning phase by assessing animals’ variables (e.g.
weight, average daily gain) after weaning. Consequently,
separating outcomes exclusively according to developmental
stage was not always possible. Furthermore, the relatively
small number of studies involving post-weaning animals lim-
ited our ability to perform deeper comparisons between
enrichment effects during the pre-weaning and post-weaning
phases. For this reason, the review primarily emphasized
outcome variables and overall responses to physical enrich-
ment rather than focusing specifically on age period classifi-
cations. These methodological inconsistencies across studies
also prevented the development of a meta-analysis.
Therefore, this study remained within the scope of a sys-
tematic review following PRISMA guidelines, with emphasis
on qualitative synthesis and strength-of-evidence classifica-
tion. Finally, we recognize that animals of different ages are
morphologically, physiologically, and behaviourally distinct,
which may influence their responses to environmental inter-
ventions. To minimize the heterogeneity, this review specifi-
cally focused on physical enrichment strategies rather than
including broader categories of EE that could generate even
greater variation among age categories.

5. Conclusion

The available evidence supports that physical enrichment
generally improves calves’ welfare compared to barren
rearing environments. Providing calves with larger spaces
enables greater movement and expression of active beha-
viours. Substrates like straw and sawdust enhance com-
fort, and the use of enrichment objects promotes greater
activity, with each object eliciting specific behavioural
responses. However, the variability in outcomes, particu-
larly in terms of calf growth, emphasizes the complexity of
calf-rearing systems. This highlights the importance of
considering not only physical enrichment but also
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management factors to achieve a holistic approach to
enhancing calf welfare. Therefore, we advocate that
some of these practices, including the provision of
minimal space for movement, teats, or nipple buckets,
should not be considered enrichment or a refinement of
the rearing system but rather fundamental requirements
for the calves’ biological functioning.

Acknowledgments

Barbara D. Alcantara acknowledges Sdo Paulo Research
Foundation (FAPESP - https://fapesp.br/en) for the scholar-
ship (Grant n°2023/08449-9) during her Bachelor’s degree in
Animal Science at the School of Veterinary Medicine and
Animal Science, Sdo Paulo State University, Botucatu, Sdo
Paulo, Brazil Jodo P. Donadio acknowledges CAPES
(Coordination for the Improvement of High Education
Personnel, Brasilia, Distrito Federal, Brazil) for the scholar-
ship during his Master’s degree on the Graduate Program in
Animal Science at the School of Veterinary Medicine and
Animal Science, Sdo Paulo State University, Botucatu, Sdo
Paulo, Brazil. Also, we thank the Sdo Paulo Research
Foundation (FAPESP - https://fapesp.br/en) for the financial
support to perform this project. Maria J. Hotzel, Karolini T.
De-Sousa, and M. Deniz acknowledge the support from
CNPq (National Council for Scientific and Technological
Development, Brasilia, Distrito Federal, Brazil).

Funding information

This study was supported by the Sdo Paulo Research
Foundation (Grant n°2023/08449-9).

Author contributions

Conceptualization, J.P.D., K.T.S. and M.D.; Data curation,
J.P.D. and B.D.A,; Formal analysis, ].D.P.; Funding
acquisition, M.D.; Investigation, J.P.D. and B.D.A;
Methodology, K.T.S. and M.D.; Project administration,
K.T.S. and M.D.; Supervision, M.D.; Validation, G.T. and
M.J.H.; Visualization, G.T. and M.]J.H.; Writing — original
draft, J.P.D.; Writing — review & editing, K.T.S., M.D., G.T.
and M.J.H.

Conflict of interest statement

The authors have not stated any conflicts of interest.

Data availability statement

The data presented in this study are available on request
from the corresponding author.

Supplementary material

Supplementary material for this article is available at
https://doi.org/10.17605/0SF.I0/SMYXP.

References

Abou-Ismail, U. A, & Mendl, M. T. (2016). The effects of
enrichment novelty versus complexity in cages of
group-housed rats (Rattus norvegicus). Applied
Animal Behaviour Science, 180, 130-139. doi: 10.1016/j.
applanim.2016.04.014

Adcock, S. J. J. (2021). Early Life Painful Procedures: Long-
Term Consequences and Implications for Farm
Animal Welfare. Frontiers in Animal Science, 2,
759522. doi: 10.3389/fanim.2021.759522

Arechavala-Lopez, P., Cabrera-Alvarez, M. J., Maia, C. M., &
Saraiva, J. L. (2022). Environmental enrichment in fish
aquaculture: A review of fundamental and practical
aspects. Reviews in Aquaculture, 14(2), 704-728. doi: 10.
1111/raq.12620

Averos, X., Brossard, L., Dourmad, J. Y., De Greef, K. H,,
Edwards, S. A., & Meunier-Salaiin, M. C. (2012). Meta-
analysis on the effects of the physical environment,
animal traits, feeder and feed characteristics on the
feeding behaviour and performance of growing-fin-
ishing pigs. Animal, 6(8), 1275-1289. doi: 10.1017/
S$1751731112000328

Bachetti, E. D. S., Viol, L. Y., Viana-Junior, A. B., Young, R. .,
& De Azevedo, C. S. (2024). Global Overview of
Environmental Enrichment Studies: What Has Been
Done and Future Directions. Animals, 14(11), 1613.
doi: 10.3390/ani14111613

Bailoo, J. D., Murphy, E., Boada-Safia, M., Varholick, J. A,
Hintze, S., Baussiére, C., Hahn, K. C, Gopfert, C,
Palme, R., Voelkl, B., & Wiirbel, H. (2018). Effects of
cage enrichment on behavior, welfare and outcome
variability in female mice. Frontiers in Behavioral
Neuroscience, 12, 232. doi: 10.3389/fnbeh.2018.00232

Bloomsmith, M. A, Brent, L. Y., & Schapiro, S. J. (1991).
Guidelines for developing and managing an environ-
mental enrichment program for nonhuman primates.



https://doi.org/10.1016/j.applanim.2016.04.014
https://doi.org/10.1016/j.applanim.2016.04.014
https://doi.org/10.3389/fanim.2021.759522
https://doi.org/10.1111/raq.12620
https://doi.org/10.1111/raq.12620
https://doi.org/10.1017/S1751731112000328
https://doi.org/10.1017/S1751731112000328
https://doi.org/10.3390/ani14111613
https://doi.org/10.3389/fnbeh.2018.00232
https://doi.org/10.17605/OSF.IO/SMYXP
https://fapesp.br/en
https://fapesp.br/en

Physical enrichment for dairy calves

Laboratory Animal Science, 41(4). 372-377. https://
pubmed.ncbinlm.nih.gov/1658487

Boyle, L. A., Boyle, R. M., & French, P. (2008). Welfare and
performance of yearling dairy heifers out-wintered
on a wood-chip pad or housed indoors on two levels
of nutrition. Animal, 2(5), 769-778. doi: 10.1017/
$1751731108001870

Calvo-Lorenzo, M. S., Hulbert, L. E., Fowler, A. L., Louie, A,
Gershwin, L. ], Pinkerton, K. E., Ballou, M. A,
Klasing, K. C., & Mitloehner, F. M. (2016). Wooden
hutch space allowance influences male Holstein calf
health, performance, daily lying time, and respiratory
immunity. Journal of Dairy Science, 99(6), 4678—4692.
doi: 10.3168/jds.2016-10888

Calvo-Lorenzo, M. S., Hulbert, L. E., Ballou, M. A,
Fowler, A. L., Luo, Y., Klasing, K. C.,, & Mitloehner, F.
M. (2017). Space allowance influences individually
housed Holstein bull calf innate immune measures
and standing behaviors after castration at 3 weeks
of age. Journal of Dairy Science, 100(3), 2157-2169.
doi: 10.3168/jds.2016-11833

Camiloti, T. V., Fregonesi, J. A., Von Keyserlingk, M. A. G., &
Weary, D. M. (2012). Short communication: Effects of
bedding quality on the lying behavior of dairy calves.
Journal of Dairy Science, 95(6), 3380—3383. doi: 10.3168/
jds.2011-5187

Chidgey, K. L. (2024). Review: Space allowance for growing
pigs: animal welfare, performance and on-farm prac-
ticality. Animal, 18, 100890. doi: 10.1016/j.animal.2023.
100890

Costa, J. H. C., Von Keyserlingk, M. A. G., & Weary, D. M.
(2016). Invited review: Effects of group housing of
dairy calves on behavior, cognition, performance,
and health. Journal of Dairy Science, 99(4),
2453-2467. doi: 10.3168/jds.2015-10144

Davis, L. R,, Autrey, K. M., Herlich, H., & Hawkins, G. E.
(1954). Outdoor individual portable pens compared
with conventional housing for raising dairy calves.
Journal of Dairy Science, 37(5), 562-570. doi: 10.3168/
jds.S0022-0302(54)91299-0

De Passillé, A. M. (2001). Sucking motivation and related
problems in calves. Applied Animal Behaviour Science,
72(3), 175-187. doi: 10.1016/S0168-1591(01)00108-3

Deikun, L. L., Habing, G. G., Quigley, J. D., & Proudfoot, K. L.
(2020). Health and growth of veal calves provided a
fatty acid supplement and a dry teat. Journal of Dairy
Science, 103(5), 4633-4642. doi: 10.3168/jds.2019-17240

Dellmeier, G. R, Friend, T. H., & Gbur, E. E. (1985).
Comparison of four methods of calf confinement. II.
Behavior. Journal of Animal Science, 60(5), 1102-1109.
doi: 10.2527/jas1985.6051102x

Donadio, J. P., De-Sousa, K. T., Torres, R. D. N. S, Alves, T. C.,
Hotzel, M. J., & Deniz, M. (2024). A meta-analysis
approach to evaluate the effects of early group
housing on calf performance, health and behavior
during the preweaning period. Journal of Dairy
Science, 108(1), 954-967. doi: 10.3168/jds.2024-25159

Donadio, J. P, De-Sousa, K. T., Alves, T. C., Hotzel, M. J., &
Deniz, M. (2025). The use of nipple water trough for
group-housed dairy calves reduces cross-sucking.
Applied Animal Behaviour Science, 289, 106684. doi:
10.1016/j.applanim.2025.106684

Doyle, S. B., & Miller-Cushon, E. K. (2023). Influences of
human contact following milk-feeding on nonnutri-
tive oral behavior and rest of individual and pair-
housed dairy calves during weaning. JDS
Communications, 4(1), 46-50. doi: 10.3168/jdsc.
2022-0264

Earley, B., Murray, M., Farrel, J. A,, & Nolan, M. (2004).
Rearing calves outdoors with and without calf jackets
compared with indoor housing on calf health and live-
weight performance. Irish Journal of Agricultural and
Food Ressearch, 43(1), 59-67. https://www.jstor.org/
stable/25562505

Ede, T., Weary, D. M., & G von Keyserlingk, M. A. (2022).
Calves are socially motivated. J]DS Communications, 3,
44-48. doi: https://doi.org/10.3168/jdsc.2021-0132

Feerevik, G, Tjentland, K., Lgvik, S., Andersen, L. L., &
Boe, K. E. (2008). Resting pattern and social behaviour
of dairy calves housed in pens with different sized
lying areas. Applied Animal Behaviour Science,
114(1-2), 54-64. doi: 10.1016/j.applanim.2008.01.002

Fantuz, F., Fatica, A., Salimei, E., Marcantoni, F., &
Todini, L. (2024). Nutrition, growth, and age at puberty
in heifers. Animals, 14(19), 2801. doi: 10.3390/
ani14192801

Ferrante, V., Canali, E., Mattiello, S., Verga, M,
Sacerdote, P., Manfredi, B., & Panerai, A. (1998).
Preliminary study on the effect of size of individual
stall on the behavioural and immune reactions of
dairy calves. Journal of Animal and Feed Sciences,
7(1), 29-36. doi: 10.22358/jafs/69192/1998

Fisher, L. ], Peterson, G. B., Jones, S. E., & Shelford, J. A.
(1985). Two housing systems for calves. Journal of
Dairy Science, 68(2), 368-373. doi: 10.3168/jds.S0022-
0302(85)80833-X

Fregonesi, J. A., Von Keyserlingk, M. A. G., & Weary, D. M.
(2009). Cow preference and usage of free stalls com-
pared with an open pack area. Journal of Dairy
Science, 92(11), 5497-5502. doi: 10.3168/jds.2009-2331

Friend, T. H., Dellmeier, G. R, & Gbur, E. E. (1985).
Comparison of four methods of calf confinement. L.


https://pubmed.ncbi.nlm.nih.gov/1658487
https://pubmed.ncbi.nlm.nih.gov/1658487
https://doi.org/10.1017/S1751731108001870
https://doi.org/10.1017/S1751731108001870
https://doi.org/10.3168/jds.2016-10888
https://doi.org/10.3168/jds.2016-11833
https://doi.org/10.3168/jds.2011-5187
https://doi.org/10.3168/jds.2011-5187
https://doi.org/10.1016/j.animal.2023.100890
https://doi.org/10.1016/j.animal.2023.100890
https://doi.org/10.3168/jds.2015-10144
https://doi.org/10.3168/jds.S0022-0302(54)91299-0
https://doi.org/10.3168/jds.S0022-0302(54)91299-0
https://doi.org/10.1016/S0168-1591(01)00108-3
https://doi.org/10.3168/jds.2019-17240
https://doi.org/10.2527/jas1985.6051102x
https://doi.org/10.3168/jds.2024-25159
https://doi.org/10.1016/j.applanim.2025.106684
https://doi.org/10.3168/jdsc.2022-0264
https://doi.org/10.3168/jdsc.2022-0264
https://www.jstor.org/stable/25562505
https://www.jstor.org/stable/25562505
https://doi.org/https://doi.org/10.3168/jdsc.2021-0132
https://doi.org/10.1016/j.applanim.2008.01.002
https://doi.org/10.3390/ani14192801
https://doi.org/10.3390/ani14192801
https://doi.org/10.22358/jafs/69192/1998
https://doi.org/10.3168/jds.S0022-0302(85)80833-X
https://doi.org/10.3168/jds.S0022-0302(85)80833-X
https://doi.org/10.3168/jds.2009-2331

Jodo Pedro Donadio et al.

Physiology 2. jJournal of Animal Science, 60(5),
1095-1101. doi: 10.2527/jas1985.6051095x

Georg, H. Jahn-Falk, D., & Ude, G. (2007). Technology
against boredom: Is an automatic grooming brush
accepted by calves? Landtechnik (Agricultural
Engineering), 62(3), 166-167. doi: 10.15150/1t.2007.971

Haley, D. B., De Passillé, A. M., & Rushen, ]J. (2001).
Assessing cow comfort: Effects of two floor types
and two tie stall designs on the behaviour of lactating
dairy cows. Applied Animal Behaviour Science, 71(2),
105-117. doi: 10.1016/S0168-1591(00)00175-1

Héanninen, L., De Passillé, A. M., & Rushen, J. (2005). The
effect of flooring type and social grouping on the rest
and growth of dairy calves. Applied Animal Behaviour
Science, 91(3-4), 193-204. doi: 10.1016/j.applanim.2004.
10.003

Hénninen, L., Lgvendahl, P., De Passillé, A. M., & Rushen, J.
(2006). The effect of floor type or relocation on calves’
pulsatile growth hormone and cortisol secretion. Acta
Agriculturae Scandinavica, Section A - Animal Science,
56(2), 99-108. doi: 10.1080/09064700601080863

Held, S.D. E., & §pinka, M. (2011). Animal play and animal
welfare. Animal Behaviour, 81(5), 891-899. doi: 10.1016/
j.-anbehav.2011.01.007

Hepola, H., Hanninen, L., Pursiainen, P., Tuure, V.-M,,
Syrjala-Qvist, L., Pyykkonen, M., & Saloniemi, H.
(2006). Feed intake and oral behaviour of dairy calves
housed individually or in groups in warm or cold
buildings. Livestock Science, 105(1-3), 94-104. doi: 10.
1016/j.1ivsci.2006.04.033

Hill, T. M., Bateman, H. G., Aldrich, J. M., & Schlotterbeck, R.
L. (2007). Effects of feeding rate of milk replacers and
bedding material for calves in a cold, naturally venti-
lated nursery. The Professional Animal Scientist, 23(6),
656-664. doi: 10.15232/S1080-7446(15)31037-8

Hill, T. M., Bateman, H. G., Aldrich, J. M., & Schlotterbeck, R.
L. (2011). Comparisons of housing, bedding, and
cooling options for dairy calves. Journal of Dairy
Science, 94(4), 2138-2146. doi: 10.3168/jds.2010-3841

Horvath, K. C., & Miller-Cushon, E. K. (2019). Characterizing
grooming behavior patterns and the influence of
brush access on the behavior of group-housed dairy
calves. Journal of Dairy Science, 102(4), 3421-3430. doi:
10.3168/jds.2018-15460

Horvath, K. C., Allen, A. N., & Miller-Cushon, E. K. (2020).
Effects of access to stationary brushes and chopped
hay on behavior and performance of individually
housed dairy calves. Journal of Dairy Science, 103(9),
8421-8432. doi: 10.3168/jds.2019-18042

Hosseini, S. M. J., Tanha, T., & Maghsoodi, H. (2021). The
effects of different types of bedding on the

performance, skeletal and behavioral characteristics,
hygienic and immunity conditions of suckling
Holstein calves. Journal of the Indonesian Tropical
Animal Agriculture, 46(3), 236-247. doi: 10.14710/jitaa.
46.3.236-247

Hulbert, L. E., & Moisa, S. J. (2016). Stress, immunity, and
the management of calves. Journal of Dairy Science,
99(4), 3199-3216. doi: 10.3168/jds.2015-10198

Hulbert, L. E., Calvo-Lorenzo, M. S., Ballou, M. A,
Klasing, K. C., & Mitloehner, F. M. (2019). Space allow-
ance influences individually housed Holstein male
calves’ age at feed consumption, standing behaviors,
and measures of immune resilience before and after
step-down weaning. Journal of Dairy Science, 102(5),
4506-4521. doi: 10.3168/jds.2018-15368

Jensen, M. B. (1999). Effects of confinement on rebounds of
locomotor behaviour of calves and heifers, and the
spatial preferences of calves. Applied Animal
Behaviour Science, 62(1), 43-56. doi: 10.1016/S0168-
1591(98)00208-1

Jensen, M. B., & Kyhn, R. (2000). Play behaviour in group-
housed dairy calves, the effect of space allowance.
Applied Animal Behaviour Science, 67(1-2), 35-46.
doi: 10.1016/S0168-1591(99)00113-6

Jensen, M. B, Vestergaard, K. S., Krohn, C. C.,, & Munksgaard, L.
(1997). Effect of single versus group housing and space
allowance on responses of calves during open-field
tests. Applied Animal Behaviour Science, 54(2-3),
109-121. doi: 10.1016/S0168-1591(96)01183-5

Jensen, M. B., Vestergaard, K. S., & Krohn, C. C. (1998). Play
behaviour in dairy calves kept in pens: The effect of
social contact and space allowance. Applied Animal
Behaviour Science, 56(2—-4), 97-108. doi: 10.1016/
$0168-1591(97)00106-8

Jorgenson, L. J., Jorgensen, N. A., Schingoethe, D. J., &
Owens, M. J. (1970). Indoor versus outdoor calf rearing
at three weaning ages. Journal of Dairy Science, 53(6),
813-816. doi: 10.3168/jds.S0022-0302(70)86296-8

Kartal, T. Z., & Yanar, M. (2011). Effect of floor types on the
growth performance and some behavioural traits of
brown swiss calves. Veterinarija ir Zootechnika,
55(77), 20-24. https://www.researchgate.net/
publication/279542270

Magnuson, C. D., & Barnett, L. A. (2013). The Playful
Advantage: How Playfulness Enhances Coping with
Stress. Leisure Sciences, 35(2), 129-144. doi: 10.1080/
01490400.2013.761905

Mandel, R., Whay, H. R., Klement, E., & Nicol, C. J. (2016).
Invited review: Environmental enrichment of dairy
cows and calves in indoor housing. Journal of Dairy
Science, 99(3), 1695-1715. doi: 10.3168/jds.2015-9875



https://doi.org/10.2527/jas1985.6051095x
https://doi.org/10.15150/lt.2007.971
https://doi.org/10.1016/S0168-1591(00)00175-1
https://doi.org/10.1016/j.applanim.2004.10.003
https://doi.org/10.1016/j.applanim.2004.10.003
https://doi.org/10.1080/09064700601080863
https://doi.org/10.1016/j.anbehav.2011.01.007
https://doi.org/10.1016/j.anbehav.2011.01.007
https://doi.org/10.1016/j.livsci.2006.04.033
https://doi.org/10.1016/j.livsci.2006.04.033
https://doi.org/10.15232/S1080-7446(15)31037-8
https://doi.org/10.3168/jds.2010-3841
https://doi.org/10.3168/jds.2018-15460
https://doi.org/10.3168/jds.2019-18042
https://doi.org/10.14710/jitaa.46.3.236-247
https://doi.org/10.14710/jitaa.46.3.236-247
https://doi.org/10.3168/jds.2015-10198
https://doi.org/10.3168/jds.2018-15368
https://doi.org/10.1016/S0168-1591(98)00208-1
https://doi.org/10.1016/S0168-1591(98)00208-1
https://doi.org/10.1016/S0168-1591(99)00113-6
https://doi.org/10.1016/S0168-1591(96)01183-5
https://doi.org/10.1016/S0168-1591(97)00106-8
https://doi.org/10.1016/S0168-1591(97)00106-8
https://doi.org/10.3168/jds.S0022-0302(70)86296-8
https://www.researchgate.net/publication/279542270
https://www.researchgate.net/publication/279542270
https://doi.org/10.1080/01490400.2013.761905
https://doi.org/10.1080/01490400.2013.761905
https://doi.org/10.3168/jds.2015-9875

Physical enrichment for dairy calves

Mellor, D. (2012). Animal emotions, behaviour and the pro-
motion of positive welfare states. New Zealand
Veterinary Journal, 60(1), 1-8. doi: 10.1080/00480169.
2011.619047

Mielke, J., De Geest, S., Zufiiga, F., Brunkert, T., Zullig, L. L.,
Pfadenhauer, L. M. & Staudacher, S. (2022).
Understanding dynamic complexity in context —
Enriching contextual analysis in implementation
science from a constructivist perspective. Frontiers
in Health Services, 2, 953731. doi: 10.3389/frhs.2022.
953731

Miller-Cushon, E. K., & Jensen, M. B. (2025). Invited review:
Social housing of dairy calves: management factors
affecting calf behavior, performance, and health — A
systematic review. Journal of Dairy Science, 108(4),
3019-3044. doi: 10.3168/jds.2024-25468

Miranda, C. O., Lima, M. L. P., Vercesi Filho, A. E., Salles, M.
S. V., Simili, F. F., Negrdo, J. A., Ribeiro, E. G., & Faro, L.
E. (2023). Benefits of tactile stimulation and environ-
mental enrichment for the welfare of crosshred dairy
calves. Journal of Applied Animal Research, 51(1),
130-136. doi: 10.1080/09712119.2022.2162531

Mota-Rojas, D., Whittaker, A. L., Dominguez-Oliva, A,
Strappini, A. C,, Alvarez-Macias, A., Mora-Medina, P.,
Ghezzi, M., Lendez, P., Lezama-Garcia, K, &
Grandin, T. (2024). Tactile, auditory, and visual stimu-
lation as sensory enrichment for dairy cattle. Animals,
14(9), 1265. doi: 10.3390/ani14091265

Murley, W. R., & Culvahouse, E. W. (1958). Open shed and
portable pens versus conventional housing for young
dairy calves. Journal of Dairy Science, 41(7), 977-981.
doi: 10.3168/jds.S0022-0302(58)91031-2

Neave, H. W., Webster, J. R., & Zobel, G. (2021). Anticipatory
behaviour as an indicator of the welfare of dairy
calves in different housing environments. PLoS One,
16(1 January). doi: 10.1371/journal.pone.0245742

Newberry, R. C. (1995). Environmental enrichment:
Increasing the biological relevance of captive envir-
onments. Applied Animal Behaviour Science, 44(2-4),
229-243. doi: 10.1016/0168-1591(95)00616-Z

Norring, M., Manninen, E., De Passillé, A. M., Rushen, J., &
Saloniemi, H. (2010). Preferences of dairy cows for
three stall surface materials with small amounts of
bedding. Journal of Dairy Science, 93(1), 70-74. doi:

10.3168/jds.2009-2164
Orihuela, A., Mota-Rojas, D., Velarde, A. Strappini-
Asteggiano, A., Vega, L. T. D. L, Borderas-

Tordesillas, F. & Alonso-Spilshury, M. (2019).
Environmental enrichment to improve behaviour in
farm animals. CABI Reviews, 1-25. doi: 10.1079/
PAVSNNR201813059

Ouzzani, M., Hammady, H., Fedorowicz, Z., &
Elmagarmid, A. (2016). Rayyan — A web and mobile
app for systematic reviews. Systematic Reviews, 5(1),
210. doi: 10.1186/s13643-016-0384-4

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I,
Hoffmann, T. C., Mulrow, C. D., Shamseer, L.,
Tetzlaff, J. M., Akl, E. A, Brennan, S. E., Chou, R,
Glanville, J., Grimshaw, J. M. Hrdébjartsson, A.,
Lalu, M. M, Li, T.,, Loder, E. W., Mayo-Wilson, E.,
McDonald, S., McGuinness, L. A., Stewart, L. A,
Thomas, J., Tricco, A. C., Welch, V. A., Whiting, P,,
Moher, D. (2021). The PRISMA 2020 statement: An
updated guideline for reporting systematic reviews.
International Journal of Surgery, 88, 105906. doi: 10.
1016/j.ijsu.2021.105906

Panivivat, R., Kegley, E. B,, Pennington, J. A., Kellogg, D. W.,
& Krumpelman, S. L. (2004). Growth performance and
health of dairy calves bedded with different types of
materials. Journal of Dairy Science, 87(11), 3736-3745.
doi: 10.3168/jds.S0022-0302(04)73512-2

Pempek, J. A, Eastridge, M. L., & Proudfoot, K. L. (2017). The
effect of a furnished individual hutch pre-weaning on
calf behavior, response to novelty, and growth.
Journal of Dairy Science, 100(6), 4807-4817. doi: 10.
3168/jds.2016-12180

Razzaque, M. A, Abbas, S., Al-Mutawa, T., & Bedair, M.
(2009). Performance of pre-weaned female calves con-
fined in housing and open environment hutches in
Kuwait. Pakistan Veterinary Journal, 29(1), 1-4.

Reyes, F. S., Gimenez, A. R, Anderson, K. M., Miller-
Cushon, E. K, Dorea, J. R, & Van Os, J. M. C. (2022).
Impact of stationary brush quantity on brush use in
group-housed dairy heifers. Animals, 12(8). doi: 10.
3390/ani12080972

Richard, A. L., Muller, L. D., & Heinrichs, A. J. (1988). Ad
libitum or twice daily feeding of acidified milk
replacer to calves housed individually in warm and
cold environments. Journal of Dairy Science, 71(8),
2193-2202. doi: 10.3168/jds.S0022-0302(88)79793-3

Richter, S. H., Kastner, N., Kriwet, M., Kaiser, S. &
Sachser, N. (2016). Play matters: The surprising rela-
tionship between juvenile playfulness and anxiety in
later life. Animal Behaviour, 114, 261-271. doi: 10.1016/j.
anbehav.2016.02.003

Roland, L., Drillich, M., Klein-J6bstl, D., & Iwersen, M.
(2016). Invited review: Influence of climatic conditions
on the development, performance, and health of
calves. Journal of Dairy Science, 99(4), 2438-2452.
doi: 10.3168/jds.2015-9901

Rushen, J., & De Passillé, A. M. (2014). Locomotor play of
veal calves in an arena: Are effects of feed level and


https://doi.org/10.1080/00480169.2011.619047
https://doi.org/10.1080/00480169.2011.619047
https://doi.org/10.3389/frhs.2022.953731
https://doi.org/10.3389/frhs.2022.953731
https://doi.org/10.3168/jds.2024-25468
https://doi.org/10.1080/09712119.2022.2162531
https://doi.org/10.3390/ani14091265
https://doi.org/10.3168/jds.S0022-0302(58)91031-2
https://doi.org/10.1371/journal.pone.0245742
https://doi.org/10.1016/0168-1591(95)00616-Z
https://doi.org/10.3168/jds.2009-2164
https://doi.org/10.1079/PAVSNNR201813059
https://doi.org/10.1079/PAVSNNR201813059
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1016/j.ijsu.2021.105906
https://doi.org/10.1016/j.ijsu.2021.105906
https://doi.org/10.3168/jds.S0022-0302(04)73512-2
https://doi.org/10.3168/jds.2016-12180
https://doi.org/10.3168/jds.2016-12180
https://doi.org/10.3390/ani12080972
https://doi.org/10.3390/ani12080972
https://doi.org/10.3168/jds.S0022-0302(88)79793-3
https://doi.org/10.1016/j.anbehav.2016.02.003
https://doi.org/10.1016/j.anbehav.2016.02.003
https://doi.org/10.3168/jds.2015-9901

Jodo Pedro Donadio et al.

spatial restriction mediated by responses to novelty?
Applied Animal Behaviour Science, 155, 34-41. doi: 10.
1016/j.applanim.2014.03.009

Sambrook, T. D., & Buchanan-Smith, H. M. (1997). Control
and Complexity in Novel Object Enrichment. Animal
Welfare, 6(3), 207-216. doi: 10.1017/S0962728600019801

Silva, M. D., Silva, A. P, Coelho, M. G., Poczynek, M.,
Toledo, A. F., Virginio Junior, G. F., Costa, J. H. C., &
Bittar, C. M. M. (2022). Evaluation of different liquid
diets associated with environmental enrichment in
the performance and behaviour of dairy calves.
Tropical Animal Health and Production, 54(5), 334.
doi: 10.1007/s11250-022-03331-3

Sinnott, A. M. Bokkers, E. A. M., Murphy, J. P, &
Kennedy, E. (2022). A comparison of indoor and out-
door calf housing systems using automated and
manual feeding methods and their effect on calf
health, behavior, growth, and labor. Journal of
Animal Science, 100(4), skac079. doi: 10.1093/jas/
skac079

Strappini, A. C, Monti, G., Sepulveda-Varas, P., De
Freslon, I, & Peralta, J. M. (2021). Measuring Calves’
Usage of Multiple Environmental Enrichment Objects
Provided Simultaneously. Frontiers in Veterinary
Science, 8, 698681. doi: 10.3389/fvets.2021.698681

Sutherland, M. A., Stewart, M., & Schiitz, K. E. (2013). Effects
of two substrate types on the behaviour, cleanliness
and thermoregulation of dairy calves. Applied Animal
Behaviour Science, 147(1-2), 19-27. doi: 10.1016/j.
applanim.2013.04.018

Sutherland, M. A., Worth, G. M., Schiitz, K. E., & Stewart, M.
(2014a). Rearing substrate and space allowance influ-
ences locomotor play behaviour of dairy calves in an
arena test. Applied Animal Behaviour Science, 154,
8-14. doi: 10.1016/j.applanim.2014.02.008

Sutherland, M. A., Worth, G. M., & Stewart, M. (2014b). The
effect of rearing substrate and space allowance on the
behavior and physiology of dairy calves. Journal of
Dairy Science, 97(7), 4455-4463. doi: 10.3168/jds.
2013-7822

Sutherland, M. A., Worth, G. M., Cameron, C., Ross, C. M., &
Rapp, D. (2017). Health, physiology, and behavior of
dairy calves reared on 4 different substrates. Journal
of Dairy Science, 100(3), 2148-2156. doi: 10.3168/jds.
2016-12074

Tapki, I, & Sahin, A. (2006). Comparison of the thermore-
gulatory behaviours of low and high producing dairy
cows in a hot environment. Applied Animal Behaviour
Science, 99(1-2), 1-11. doi: 10.1016/j.applanim.2005.
10.003

Taylor, P. S., Schrobback, P., Verdon, M., & Lee, C. (2023).
An effective environmental enrichment framework
for the continual improvement of production animal
welfare. Animal Welfare, 32, el4. doi: 10.1017/awf.
2023.5

Tucker, C. B.,, Weary, D. M., Von Keyserlingk, M. A. G., &
Beauchemin, K. A. (2009). Cow comfort in tie-stalls:
Increased depth of shavings or straw bedding
increases lying time. Journal of Dairy Science, 92(6),
2684-2690. doi: 10.3168/jds.2008-1926

Ude, G., Georg, H., & Schwalm, A. (2011). Reducing milk
induced cross-sucking of group housed calves by an
environmentally enriched post feeding area.
Livestock Science, 138(1-3), 293-298. doi: 10.1016/j.
livsci.2010.12.004

Unsal, G., Johnson, K. F., Stergiadis, S., Bennett, R, &
Barker, Z. E. (2025). A systematic review and meta-
analysis of physical environmental enrichment to
improve animal welfare-related outcomes in indoor
cattle. Animal Welfare, 34, e37. doi: 10.1017/awf.2025.28

Van Horn, H. H,, Olayiwole, M. B., Wilcox, C. J., Harris, B., &
Wing, J. M. (1976). Effects of Housing, Milk Feeding
Management, and Ration Formulation on Calf
Growth and Feed Intake. Journal of Dairy Science,
59(5), 924-929. doi: 10.3168/jds.S0022-0302(76)84299-3

Van Niekerk, J. K. Fischer-Tlustos, A. J., Wilms, J. N,
Hare, K. S., Welboren, A. C, Lopez, A. ], Yohe, T. T,
Cangiano, L. R, Leal, L. N, & Steele, M. A. (2021). ADSA
Foundation Scholar Award: New frontiers in calf and
heifer nutrition — From conception to puberty.
Journal of Dairy Science, 104(8), 8341-8362. doi: 10.
3168/jds.2020-20004

Van Os, J. M. C, Goldstein, S. A., Weary, D. M., & von
Keyserlingk, M. A. G. (2021). Stationary brush use in
naive dairy heifers. Journal of Dairy Science, 104(11),
12019-12029. doi: 10.3168/jds.2021-20467

Veissier, I, De Passillé, A. M., Després, G., Rushen, J.,
Charpentier, I, Ramirez De La Fe, A. R., & Pradel, P.
(2002). Does nutritive and non-nutritive sucking
reduce other oral behaviors and stimulate rest in
calves? Journal of Animal Science, 80(10), 2574-2587.
doi: 10.1093/ansci/80.10.2574

Veissier, 1., Lesimple, C., Brunet, V., Aubé, L., & Botreau, R.
(2024). Review: Rethinking environmental enrichment
as providing opportunities to acquire information.
Animal, 18(9), 101251. doi: 10.1016/j.animal.2024.101251

Velasquez-Munoz, A. Manriquez, D., Paudyal, S,
Solano, G., Han, H., Callan, R., Velez, J., & Pinedo, P.
(2019). Effect of a mechanical grooming brush on the
behavior and health of recently weaned heifer calves.



https://doi.org/10.1016/j.applanim.2014.03.009
https://doi.org/10.1016/j.applanim.2014.03.009
https://doi.org/10.1017/S0962728600019801
https://doi.org/10.1007/s11250-022-03331-3
https://doi.org/10.1093/jas/skac079
https://doi.org/10.1093/jas/skac079
https://doi.org/10.3389/fvets.2021.698681
https://doi.org/10.1016/j.applanim.2013.04.018
https://doi.org/10.1016/j.applanim.2013.04.018
https://doi.org/10.1016/j.applanim.2014.02.008
https://doi.org/10.3168/jds.2013-7822
https://doi.org/10.3168/jds.2013-7822
https://doi.org/10.3168/jds.2016-12074
https://doi.org/10.3168/jds.2016-12074
https://doi.org/10.1016/j.applanim.2005.10.003
https://doi.org/10.1016/j.applanim.2005.10.003
https://doi.org/10.1017/awf.2023.5
https://doi.org/10.1017/awf.2023.5
https://doi.org/10.3168/jds.2008-1926
https://doi.org/10.1016/j.livsci.2010.12.004
https://doi.org/10.1016/j.livsci.2010.12.004
https://doi.org/10.1017/awf.2025.28
https://doi.org/10.3168/jds.S0022-0302(76)84299-3
https://doi.org/10.3168/jds.2020-20004
https://doi.org/10.3168/jds.2020-20004
https://doi.org/10.3168/jds.2021-20467
https://doi.org/10.1093/ansci/80.10.2574
https://doi.org/10.1016/j.animal.2024.101251

Physical enrichment for dairy calves

BMC Veterinary Research, 15(1). doi: 10.1186/s12917-
019-2033-3

Verdon, M. (2021). A review of factors affecting the welfare
of dairy calves in pasture-based production systems.
Animal Production Science, 62(1), 1-20. doi: 10.1071/
AN21139

Vicino, G. A, Sheftel, J. J, & Radosevich, L. M. (2022).
Enrichment is simple, that’s the problem: Using out-
come-based husbandry to shift from enrichment to
experience. Animals, 12(10), 1293. doi: 10.3390/
ani12101293

Welk, A, Otten, N. D., & Jensen, M. B. (2023). Invited
review: The effect of milk feeding practices on dairy
calf behavior, health, and performance — A systematic
review. Journal of Dairy Science, 106(9), 5853-5879.
doi: 10.3168/jds.2022-22900

Whalin, L., Weary, D. M., & Von Keyserlingk, M. A. G. (2021).
Understanding Behavioural Development of Calves in
Natural Settings to Inform Calf Management. Animals,
11(8), 2446. doi: 10.3390/ani11082446

Whittaker, A. L., Howarth, G. S., & Hickman, D. L. (2012).
Effects of space allocation and housing density on
measures of wellbeing in laboratory mice: A review.
Laboratory Animals, 46(1), 3-13. doi: 10.1258/1a.2011.
011049

Widowski, T. M., Caston, L. J., Hunniford, M. E., Cooley, L.,
& Torrey, S. (2017). Effect of space allowance and cage
size on laying hens housed in furnished cages, Part I:
Performance and well-being. Poultry Science, 96(11),
3805-3815. doi: 10.3382/ps/pex197

Wilson, L. L., Terosky, T. L., Stull, C. L., & Stricklin, W. R.
(1999). Effects of individual housing design and size on
behavior and stress indicators of special-fed Holstein
veal calves. Journal of Animal Science, 77(6), 1341. doi:
10.2527/1999.7761341x

Wojcik, A., Nalecz-Tarwacka, T., & Golebiewski, M. (2013).
Comparison of calves’ rearing parameters in two dif-
ferent housing systems: Indoor versus outdoor
hutches. Archives Animal Breeding, 56(1), 628-637.
doi: 10.7482/0003-9438-56-063

Wojcik, J., Pilarczyk, R., Bilska, A., Weiher, O., & Esselink, P.
(2013). Performance and health of group-housed
calves kept in igloo calf hutches and calf barn.
Pakistan Veterinary Journal, 33(2), 175-178. http://
www.pvj.com.pk/pdf-files/33_2/175-178.pdf

Worth, G. M., Schiitz, K. E., Stewart, M., Cave, V. M.,
Foster, M., & Sutherland, M. A. (2015). Dairy calves’
preference for rearing substrate. Applied Animal
Behaviour Science, 168, 1-9. doi: 10.1016/j.applanim.
2015.04.003

Yanar, M., Kartal, T. Z., Aydin, R., Kocyigit, R., & Diler, A.
(2010). Effect of different floor types on the growth
performance and some behavioural traits of
Holstein Friesian calves. Journal of Animal and Plant
Sciences, 20, 175-179. https://api.semanticscholar.org/
CorpusID:55630945

Yanar, M., Diler, A., Ozdemir, V., Aydin, R., Kogyigit, R., &
Gul, M. (2022). Effects of flooring types on growth per-
formance, behaviour and health of dairy calves.
Journal of the Hellenic Veterinary Medical Society,
73(3), 4399-4406. doi: 10.12681/jhvms.27254

Zhang, C., Juniper, D. T., & Meagher, R. K. (2021). Effects of
physical enrichment items and social housing on
calves’ growth, behaviour and response to novelty.
Applied Animal Behaviour Science, 237, 105295. doi:
10.1016/j.applanim.2021.105295

Zhang, C., Juniper, D. T., McDonald, R., Parsons, S., &
Meagher, R. K. (2022a). Holstein calves’ preference
for potential physical enrichment items on different
presentation schedules. Journal of Dairy Science,
105(10), 8316-8327. doi: 10.3168/jds.2021-21715

Zhang, C., Juniper, D. T., & Meagher, R. K. (2022b). Effects of
physical enrichment and pair housing before weaning on
growth, behaviour and cognitive ability of calves after
weaning and regrouping. Applied Animal Behaviour
Science, 249, 105606. doi: 10.1016/j.applanim.2022.105606

Zobel, G., Neave, H. W., Henderson, H. V., & Webster, J.
(2017). Use an automated brush and a hanging rope
when pair-housed. Animals, 7(11), 84. doi: 10.3390/
ani7110084


https://doi.org/10.1186/s12917-019-2033-3
https://doi.org/10.1186/s12917-019-2033-3
https://doi.org/10.1071/AN21139
https://doi.org/10.1071/AN21139
https://doi.org/10.3390/ani12101293
https://doi.org/10.3390/ani12101293
https://doi.org/10.3168/jds.2022-22900
https://doi.org/10.3390/ani11082446
https://doi.org/10.1258/la.2011.011049
https://doi.org/10.1258/la.2011.011049
https://doi.org/10.3382/ps/pex197
https://doi.org/10.2527/1999.7761341x
https://doi.org/10.7482/0003-9438-56-063
http://www.pvj.com.pk/pdf-files/33_2/175-178.pdf
http://www.pvj.com.pk/pdf-files/33_2/175-178.pdf
https://doi.org/10.1016/j.applanim.2015.04.003
https://doi.org/10.1016/j.applanim.2015.04.003
https://api.semanticscholar.org/CorpusID:55630945
https://api.semanticscholar.org/CorpusID:55630945
https://doi.org/10.12681/jhvms.27254
https://doi.org/10.1016/j.applanim.2021.105295
https://doi.org/10.3168/jds.2021-21715
https://doi.org/10.1016/j.applanim.2022.105606
https://doi.org/10.3390/ani7110084
https://doi.org/10.3390/ani7110084

	1 Introduction
	2 Methods
	2.1 Search strategy
	2.2 Study inclusion criteria and screening
	2.3 Data extraction

	3 Results
	3.1 Overview
	3.2 Space allowance
	3.3 Enclosure types
	3.4 Flooring
	3.5 Objects

	4 Discussion
	4.1 Potential limitations

	5 Conclusion
	Acknowledgments
	Funding information
	Author contributions
	Conflict of interest statement
	Data availability statement
	Supplementary material
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




