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1. Feeding milk prior to transport and a short transport duration make the journey of
calves to the veal farm less challenging.
(this thesis)

2. High colostrum IgG levels have long-term effects on the robustness of veal calves.
(this thesis)

3. Large datasets are useful to identify biomarkers of diseases only when correct
statistical approaches are used.
4. The “five freedoms” (Brambell Report, 1965) should be modified and customized
to the welfare needs of each individual animal species.
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5. Art paves the way to positivity by opening the mind, cherishing creativity and
enriching with colours.
6. Challenging training sessions and too high expectations are the Achilles heel of
elite athletes.
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CHAPTER 1

The veal sector
and the use of antimicrobials
The Netherlands is the largest producer of veal in the European Union, accounting for
a production volume of approximately 230,000 metric tons. In the last years, around
1.5 million calves have been slaughtered in The Netherlands on an annual basis and ≈
64 % of calves for veal production are white veal and another 36 % are rosé calves (CBS
statline, 2021). In 2020, approximately 764,700 calves were imported in the Netherlands
and the majority (77%) were imported from Germany (RVO, 2021). An overview of total
number of veal farms and veal calves in The Netherlands is shown in Figure 1.
The veal industry is an important market for male calves born on dairy farms (Bokma
et al., 2020). These male calves together with some surplus female calves might be
considered by-products for the dairy sector because they have a low financial value
and they may not represent a priority (Devant and Marti, 2020). As a consequence,
these animals might receive poor post-natal care, including feeding low amounts of
colostrum of moderate quality and poor navel disinfection after birth (Mee et al., 2008;
Renaud et al., 2017). Providing sufficient amounts of good quality colostrum is essential

1200000

2500

1000000

2000

800000

700

600

1500

600000

1000

400000

500

200000

0

Figure 1.

Total number of veal calves

Total number of veal farms

500

0

Overview of total number of veal farms, total number of veal calves and average
number of calves per veal farm in the Netherlands (CBS statline, 2021).
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to calves, because it confers the maternal immunity via passive transfer of immunoglobulins (Godden et al., 2009; Dunn et al., 2018). However, failure of passive transfer is a
common problem among male calves that enter the veal industry (Wilson et al., 2000;
Pardon et al., 2015; Renaud et al., 2017). Other challenges that future veal calves endure
in their early life (14-20 days) include commingling with calves from many different dairy
farms at a collection center, and (sometimes long term) transportation – from the dairy
farm to a collection center, and from a collection center to a veal farm (von Konigslow
et al., 2020). These challenges are an integral part of the current veal chain, and may
result in the exposure of calves to a multitude of pathogens and stressors (Pardon et al.,
2011; Hay et al., 2014; Pardon et al., 2014). Young calves are still developing their gastrointestinal tract, they have a low ability to regulate their body temperature and still have
immature physiological and immunological systems (Tao and Dahl, 2005; Marcato et
al., 2018). All these challenges between birth and arrival of calves at the veal farm may
contribute to a high incidence of diseases at the veal farm. Bovine respiratory disease
(BRD) and enteric diseases are the most prevalent (Pardon et al., 2012a, 2013). Among
the strategies employed by the veal sector to prevent the spreading of these diseases
antimicrobial use (AMU) plays an important role. However, in 2008, the Dutch government requested the livestock industry to reduce AMU by 70% in 2015, using 2009 as
the reference year. In the Netherlands,
AMU is monitored by the Dutch Veterinary Medicine Authority that makes annual
reports on the national trends on AMU (Holstege et al., 2018). The veal sector in the
Netherlands has been able to reduce AMU by 44% in a short period of time, but reductions seemed to have slowed down since 2013 and 2014 (Bokma et al., 2020; MARAN,
2020). Moreover, as stated by Pardon et al. (2012a) and von Konigslow et al. (2020), herd
treatments with antimicrobials are still commonly administered in the first weeks upon
arrival of calves at the veal farm. In a recent Dutch study, for example, with 32 batches
of calves, Heeres et al. (2017) reported the application of an average of 4.5 herd treatments per batch during the rearing period at the veal farm. Additionally, an average of
31% of calves per batch were also individually treated with antibiotics. Bosman et al.
(2014) showed that especially the antibiotic class of tetracyclines in combination with
Colistin are largely used as oral treatments delivered in the first week upon arrival at
the veal farm, and their use subsequently decreases over time until the end of the
rearing period (Figure 2).
Additionally, antimicrobial resistance has been reported to increase over the years,
and the prevalence of antimicrobial resistance, particularly for (ESC-R) indicative of
Extended Spectrum β-Lactamase (ESBLs) and Plasmid-mediated AmpC (pAmpC), in
white veal calves is still 40% (MARAN 2020). The increase in antimicrobial resistance in
12
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Figure 2.

The average animal daily dosage (ADD) of oral antimicrobial drugs delivered during
the rearing period in 48 veal calf herds (© Cambridge University Press 2013. Originally
published in “Antimicrobial resistance in commensal Escherichia Coli in veal calves is associated with antimicrobial drug use”. Available from Bosman et al. (2014), 142(9), 1893-1904).

commensal and zoonotic bacteria represents a threat for both animal and human health
(Wernli et al., 2011). To prevent these problems related to AMU, the veal sector could
focus on alternative strategies to reduce the use of AMU in the first weeks upon arrival
of calves at the veal farm. One of these alternative strategies is to improve robustness
of calves before their arrival at the veal farm.

Robustness
Robustness can be defined as the capacity of an animal to cope with environmental challenges and to bounce back rapidly after challenges occur (Colditz and Hine,
2016). Robust animals are better equipped to cope with endemic infections and to fight
diseases and thus probably have a lower need for antimicrobials. Robustness can be
measured in terms of physiological indicators (such as fluctuations in glucose levels
and body temperature), which reflect the capacity of an animal to regulate the functions of the body in relation to external stimuli (Scheffer et al., 2018). This in turn might
have an effect on morbidity, mortality and antimicrobial use, which represent additional, and more ultimate, measures of robustness. As shown in Figure 3, robustness
can be shaped by several environmental factors and animal-related characteristics.
These factors can affect the functional reserves of an animal and cause changes in the
homeostasis (Scheffer et al., 2018).
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Mechanisms related to systemic resilience in humans and animals The resilience of
humans and animals depends on the resilience of subsystems that regulate vital parameters, such as temperature, glucose level, and mood. These parameters in turn depend,
among other things, on the functional reserves (overcapacity) of organs that inevitably wear
down with aging, depending on stressors, lifestyle, and genetic make-up (© 2018. Originally
published in “Quantifying resilience of humans and other animals” under the license 4.0 (CC
BY-NC-ND). Available from Scheffer et al. (2018), 115(47), 11883-11890).
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ness include dairy farm management on the dairy farm of origin, and transport-related
factors, whereas factors inherent to the animal include calf and cow characteristics.
Since there are not many studies conducted on ways to improve robustness of young
veal calves (Pardon et al., 2015; Renaud et al., 2018b; Goetz et al., 2021), this thesis will
investigate some factors which are hypothesized to affect robustness of veal calves.
In this thesis, robustness was assumed to be reflected in short-term effects, i.e. how
calves immediately coped with the challenges they were subjected to, as well as in
long term effects, i.e. what were the carry-over effects of early life challenges or predisposing biological factors in the longer run. Thus, robustness was measured in terms of
potential biomarkers of (later) health and performance (such as, for example, blood IgG,
glucose or body weight) of calves, and in terms of prevalences of health problems, the
level of use of herd and individual antibiotic and medical treatments during the rearing
phase of calves.

Aim and outline of the thesis
The overall aim of the thesis is to investigate effects of different environmental and
animal-related factors on robustness of veal calves. To reach this aim, the thesis will
start with a review on biomarkers of health and performance in veal calves (Chapter
2). Then, the subsequent 3 chapters of the thesis describe effects of transport-related
factors (pre-transport diet, transport duration and type of vehicle) on physiology and
metabolism (Chapter 3), immunology (Chapter 4) and health and performance data
of calves (Chapter 5). Chapter 6 and 7 describe effects of calf characteristics (sex and
breed) and cow characteristics (parity, ease of birth) and transport age of calves (14
d vs. 28 d of age) on immunity, health and performance of calves at the veal farm. 
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CHAPTER 1

With regard to veal calves, environmental factors that may have an influence on robust-
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CHAPTER 2
Evaluating
potential
biomarkers
of health and performance
in veal calves
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Abstract
Veal calves undergo many challenges in the early stages of their life. Such challenges,
including mixing procedures and transportation of calves to the veal farm, may have
a negative influence on growth rate, feed intake, metabolism, immunity and disease
susceptibility of calves. As a consequence, many hematological, physiological, metabolic and immunological parameters of stressed calves might be altered on arrival
at the veal farm. Some of these response variables might be useful as biomarkers of
performance of calves at the veal farm as they might provide information about an
ongoing disease process, or may predict future diseases. Biomarkers might be helpful to group and manage calves in different risk categories after arrival. By adopting
treatment decisions and protocols on a risk-group or individual basis, it would be
possible to improve animal health and reduce both disease incidence and antibiotic
use. Moreover, the use of biomarkers might be an economically feasible approach as
some of them do not need invasive techniques and others can be measured in blood
already taken during routine checks. Previous literature mainly assessed the physiological responses of calves to transportation. However, information on the link between
on-farm arrival data and future health and performance of veal calves is limited. This
review, therefore, examined a wide range of papers and aimed to identify potential
biomarkers of future health and performance.
Keywords: veal calves, challenges, health, diseases, biomarkers, stress
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The veal industry plays an important role worldwide as side market of the dairy industry (Pardon et al., 2014). Europe is the main veal producer, accounting for 82% of the
global production in 2010. Within the European context France, the Netherlands and
Italy are the leading veal producing countries with a global market share of 27, 25, and
16%, respectively (Brown and Claxton, 2011). Belgium and Germany represent 6 and
5% of global veal production, whereas other European countries either have a small
veal sector such as Switzerland, or no veal production due to animal welfare restrictions such as the Scandinavian countries. Outside Europe, veal production is relatively
limited; main veal producing countries outside Europe include the United States, with
Canada, Australia and New Zealand each accounting for 3 to 6% of global production
(Pardon et al., 2014). The current review will focus on the European scenario because
Europe is the leader in veal production.
White veal calves face many challenges in the pre-weaning period (Hulbert and Moisa,
2016). These challenges include birth, transportation, mixing procedures, inappropriate management conditions and new housing environments (Brscic et al., 2012). At the
dairy farm, separation of calves from their dams usually occurs immediately after birth.
Subsequently, when calves are 14–20 days of age, they are gathered from different
dairy farms and transported to a collection center, followed by another transport to
the veal farm (Brscic et al., 2012). During these phases, calves from different farms are
mixed and are exposed to new environmental conditions and management practices.
All these challenges occur at an age at which the calf is immature and several physiological systems are still developing. For example, young calves are still developing
their gastrointestinal tract (GIT), and their thermoregulatory (Tao and Dahl, 2013) and
acquired immune systems (Warriss, 2004) are not completely functional yet. During the
first week of life calves may be exposed to pathogens against which they may not have
(maternal) antibodies (Autio et al., 2007; Adenkola and Ayo, 2010). The combination of
the indicated challenges and the immature physiological systems of the calves may
explain the high susceptibility of calves to infections. As a result, calf health and performance at the veal farm are affected (Van de Water et al., 2003; Hulbert and Moisa, 2016).
Calves may develop diseases, among which respiratory diseases (e.g., bovine respiratory diseases, BRD) and enteric diseases are most frequently observed (Nonnecke et
al., 2009; Pardon et al., 2012a, 2013).
Respiratory diseases are common health disorders in veal calves, which have a severe
impact on both animal welfare and the income of producers, because they are the most
important causes of morbidity and mortality (Woolums et al., 2005; Nikunen et al., 2007).
19
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Introduction

According to Pardon et al. (2013), BRD incidence in veal calves during the rearing period
ranges between 4.6 and 43.8%, with an average of 17%. The same authors reported that
of the 5.7% of veal calves which died before the end of the production cycle, 27.1% had
suffered of pneumonia. Approximately two thirds of calves diagnosed with pneumonia
were individually treated for BRD. Post-mortem analysis of lungs at slaughter (Brscic
et al., 2012) revealed that 21.4% of veal calves showed signs of pleuritis and 13.9 and
7.7% signs of pneumonia, respectively. Bovine respiratory disease is characterized by
many clinical signs, including nasal discharge, coughing, fever, inappetence, apathy
and hampered respiration (Brscic et al., 2012). Both subclinical and clinical signs hamper
the growth and welfare of infected calves compared with healthy animals (Snowder
et al., 2006). Bovine respiratory disease is a complex disease that depends on different
interacting factors. The etiology of this respiratory disorder involves several infectious
agents, such as bacteria, mycoplasma and viruses, that act in synergy with stressors,
like weaning, transportation, nutrition and rearing environment (Arcangioli et al., 2008;
Radaelli et al., 2008). Viruses which contribute to the outspread of BRD are mainly bovine
respiratory syncytial virus (BRSV), para-influenza-3 virus (PI3V) and bovine viral diarrhea
virus (BVDV) (Arcangioli et al., 2008).
Enteritis is another disease that is frequently diagnosed during early stages of life and it
is particularly seen in the first 3 weeks after arrival of calves at the veal farm (Pardon et
al., 2013). Pardon et al. (2013) showed that, of 5.7% of calves which died, 7.5% had suffered from enteritis. Different microorganisms, including bacteria, viruses, protozoa and
yeasts are responsible for enteric diseases (Stoltenow and Vincent, 2003). Escherichia
coli, Salmonella sp., and rotavirus are the most common microorganisms, causing enteric diseases and diarrhea in young calves (Liang, 2015).
In an attempt to counteract the negative effects of diseases, the use of therapeutic treatments has become widespread (Verstegen and Williams, 2002). The use of antimicrobial growth promoters has been banned in Europe since 2006 (European Commission,
2003), but since then the use of therapeutic antimicrobials increased (Mevius et al.,
2009a). A recent study demonstrated that antimicrobial use in veal calves is the highest
of all food producing animals (Pardon et al., 2012a). Pardon et al. (2012b) reported that
in Belgium the antimicrobial consumption in white veal calves is approximately 25.2
tons per year. In the Netherlands, one of the main veal producing countries in Europe,
that has similar veal production systems as Belgium, a reduction in antimicrobial use in
veal production has already been achieved during recent years. However, the usage of
antimicrobials is considered still high (Mevius et al., 2009b; Pardon et al., 2012a). There
is growing public concern about the consequences of feeding antibiotics (especially
oral treatments) to farm animals, including veal calves, for both human and animal
20

and Williams, 2002; Di Labio et al., 2007). Therefore, there is a strong need for management strategies in the veal sector that may help to reduce the incidence of diseases
and, consequently, antibiotic use.

Future implications of clinical utility
of potential biomarkers
This review builds on the idea that response variables obtained in calves on arrival
at the veal farm may be used as predictors or biomarkers of later health and performance. A biomarker, per definition, is a marker of a biological process or state and it
can provide information on a current status or future risk of disease of an individual
(Pletcher and Pignone, 2011). The availability of such biomarkers would be helpful, for
example, to identify individual calves at an early stage with an enhanced probability to
develop disease, and to take preventive measures before clinical problems occur. At
herd level, biomarkers might be used for profiling calves according to the magnitude
of stress they have experienced and their predisposition to develop future diseases
(Wilson et al., 2017). Grouping of calves in different risk categories should help the farmer
in managing calves at arrival. By adopting handling procedures, treatment decisions
and protocols on a risk-group or individual basis, farmers might be able to better meet
individual animal needs and improve the health and welfare of calves throughout the
veal production chain (see also Renaud et al., 2018a). Collectively, this may reduce the
incidence of disease as well as the use of antibiotics.
Previous studies (Knowles et al., 1997, 1999a; Grigor et al., 2001; Jongman and Butler,
2014) examined effects of different transport conditions and duration on calf blood
constituents and performance of calves at their arrival at the veal farm. Only a limited
number of studies (Mormede et al., 1982; Knowles et al., 1997, 1999b) assessed relationships between on-arrival blood constituents and future performance of calves at
the veal farm. By examining a much wider range of papers, this review aimed to identify potential on-farm biomarkers of health and performance of calves at the veal farm.

Environmental challenges
Effects on physiological pathways and on biomarkers
Environmental challenges, including road transportation, are known to affect metabolic
(Fazio and Ferlazzo, 2003), physiological (Minka and Ayo, 2010), immunological (Sporer
et al., 2007; Hulbert et al., 2011a, b) and behavioral responses (Broom, 2003; Minka and
Ayo, 2010) of calves. As illustrated in Figure 1, exposure of the animal to environmental
challenges can be short-term or prolonged.
21
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health (e.g., a massive use of antibiotics may cause antibiotic resistance) (Verstegen

In both cases, an increase in plasma concentrations of glucocorticoids and cortisol is
observed. In case of short exposure, a peak production in glucocorticoids determines
an acute stress response. As a result, a calf might experience changes in its biological
functions, with shifts in energy sources that allow the animal to better cope with the
stressor. Moreover, an activation of the immune system, including enhanced cell function, cell-mediated, humoral and innate immunity, might protect calf health (Dhabhar
and Mcewen, 1997). All these changes might restore homeostasis in the short-term and
not affect animal health and welfare on the long run. In case of prolonged exposure,
persistent higher concentrations of glucocorticoids may lead to prolonged/chronic
stress response (Figure 1). Under these circumstances, the activation of the hypothalamic-pituitary-adrenal (HPA) axis is responsible for long-lasting effects on the animal
body. Effects include changes in catecholamine release, growth hormone (GH) secretion
and modulation of thyroid-stimulating hormones. Additionally, calves might experience
BW losses due to increased dehydration and nutrient mobilization accompanied by
changes in rectal temperature, enzymes concentrations in the blood and a suppression of the immune function. As a consequence of prolonged stress exposure, calves
may experience changes of biological functions to an extent that the risk of developing
diseases is increased (Moberg, 2000). This review will first focus on the main effects of
HPA axis activation as one of the main pathways between exposure to environmental
challenges and susceptibility to disease will be discussed. Therefore, a description
in changes in cortisol and BW will be reported. The current review will first discuss
dehydration-related variables and then variables associated with nutrient metabolism.
Then changes in rectal temperature, immune cells and enzyme concentrations will be
discussed. Interactions between different physiological variables and details about the
corresponding biological mechanisms involved will be also explained. All these effects
will be discussed in association with disease development in young veal calves in the
first 3 weeks at the veal farm. Moreover, it will be discussed which parameters might be
the most important biomarkers that could be used at on-farm arrival to predict health
and welfare of calves at the veal farm. For achieving these goals, each paragraph of this
review will contain a description of the physiological role of the variable of interest, how
it is affected by environmental challenges, and the possible association of the variable
with an ongoing disease process or later disease susceptibility. Finally, some conclusive remarks on the potential use of the variables as biomarker will be made and some
advices for future studies will be given.

Cortisol
Cortisol is a glucocorticoid hormone derived from cholesterol. Cortisol is the primary
hormone involved in the stress response and is regulated by the HPA axis. The main
action of cortisol consists of activating biological functions to respond to stress and
22
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Figure 1.

Effects of short and long term exposure to environmental challenges on disease
susceptibility. HPA axis = hypothalamic-pituitary-adrenal axis; GH = growth hormone;

BW = body weight; PCV = packed cell volume; Hb = hemoglobin; β-HB = β- hydroxybutyrate; NEFA = non esterified fatty acids; WBC = white blood cells; APPs = acute phase
proteins; CK = creatine kinase; LDH = lactate dehydrogenase; AST = aspartate aminotransferase; CPK = creatine phosphokinase.
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restoring homeostasis after exposure to stress (Mormede et al., 2007). Transportation
of calves to the veal farm, as well as management of calves at the dairy farm of origin
and at the collection center, are challenges that increase the activity of the HPA axis
(Minka and Ayo, 2010). A rise in plasma cortisol concentrations was often observed in
transported calves and it is the main indicator of psychological/physiological stress
(Figure 1) (Alberghina et al., 2001; Odore et al., 2004). The increase in plasma cortisol
concentrations can be transient when normal levels are restored in 1–2 days or chronic
when hyper-cortisolemia continues for at least 4–5 days (Fujiwara, 1996). Grigor et al.
(2001) found significantly higher concentrations of cortisol in transported 10-days-old
calves (up to 25.2 nmol/l) compared with non-transported calves (up to 16.3 nmol/l).
Bernardini et al. (2012) also observed an increase in cortisol (up to 23.7 nM) in young calves
(37 ± 6 days of age) following transportation for 19 h. However, cortisol concentrations
were not extremely high compared to normal levels (18.4 nM) and calves restored their
basal cortisol levels within 2 days.
Aich et al. (2009) found considerably higher cortisol levels the day prior to BRD infection in animals that died compared to those surviving a synergic viral-bacterial infection. However, these concentrations (150 mmol/l cortisol in serum) are indicative of the
current health status of the animal and not maintained beyond that day. In all the previously mentioned studies the rise in cortisol concentrations was observed on a short-term
and there was no information on chronic elevations of cortisol.
Different studies (Fujiwara, 1996; Rosmond, 2005) reported that prolonged high cortisol
concentrations can result in increased glucose metabolism, insulin resistance, inhibition
of glycogen synthase in the skeletal muscle and visceral obesity. As a consequence
of these adverse health effects, the animal might be less resilient to diseases. These
metabolic changes might lead to problems, including hyperglycemia, insulin resistance,
glucosuria and reduced energy utilization at the end of the producing cycle at the veal
farm. Moreover, changes in circulating glucocorticoids concentrations, and thus cortisol,
are responsible for changes in cytokine levels and the production by leukocytes (DeRijk
et al., 1996; DeRijk and Sternberg, 1997; Deuster et al., 1999). Therefore, when calves
are stressed and have high cortisol levels for a prolonged period, calves are at risk for
an altered immune function (Vegas et al., 2011). Figure 2 shows the pathways through
which glucocorticoids affect the immune system and, thus susceptibility to diseases
(Vegas et al., 2011).
Cortisol, by impairing the immune functionality, might be used as biomarker for predicting future diseases. Calves with chronic hyper-cortisolemia and changes in their immune
cell parameters (e.g., neutrophils, lymphocytes and acute phase proteins, APPs) might
24
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Adapted from
Webster et al, 2002

Diagram of routes of communication between the brain and the immune system,
including HPA axis, sympathetic nervous system, and cytokine feedback to the brain
(© 2011. Oscar Vegas, Larraitz Garmendia, Amaia Arregi and Arantza Azpiroz. Originally
published in “Effects of social stress on immunomodulation and tumor development” under
CC BY 3.0 license. Available from Vegas et al. (2011)).
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be profiled as high-risk calves. Further research is needed to establish a relationship
between chronic high cortisol concentrations upon arrival at the veal farm and incidences
of health and metabolic disorders during the subsequent fattening period (4–5 months).
Chronic hyper-cortisolemia might be measured by taking repetitive blood samples, for
example, in the first 2 weeks after arrival at the veal farm. Then, it should be checked
whether the overall cortisol levels in serum are consistently increased during the period
of blood collection. Moreover, future studies should address the relationship between
chronic hyper-cortisolemia and functionality of the immune system. There is a need to
clarify what type of immune cells have the greatest effects on the health of veal calves,
and especially on the probability of developing respiratory or enteric diseases. All this
information will provide useful data for clarifying the role of cortisol as biomarker of
future diseases. However, chronic hyper-cortisolemia can only be assessed by repeated
measurements. With regards to feasibility, it would be preferable to use non-invasive
techniques such as collecting saliva (Negrao et al., 2004) or hair (Cook, 2012) samples
instead of blood to prevent induction of acute stress response during sampling.

Body weight (BW) and BW losses
Measurement of BW losses, defined as the differences in BW before and after transport, is an indicator of the hydration status and/or body nutrient mobilization (e.g., fat
or proteins). Environmental challenges, and especially long transport durations, are
important causes of dehydration, fat mobilization, muscle protein degradation and thus
loss in BW (Figure 1) (Minka and Ayo, 2010). Therefore, BW before transport and upon
arrival at the veal farm may reflect the dehydration and metabolic state of the animal.
Body weight per se, is related to the condition and birth weight of the animal. Calf BW
on arrival at the farm might also influence the performance of the animal in the first
weeks of the producing cycle.
It has been reported that calves may lose between 3 and 11% of their BW during transport to the farm (Warriss, 1990). Bernardini et al. (2012) found that calves unloaded at
the veal farm after 19 h transport had 6.4% BW losses compared with non-transported
calves. Calves may lose BW after long transport durations because of stress coupled
with fasting and mild dehydration (Tarrant et al., 1992; Von Borell, 2001). Calves that lose
more than 8% of BW in 1 day are depressed (clinical symptoms: skin tenting >10 s, eyes
very sunken, dry gums and the calf lays down) and require intravenous treatment; BW
losses >14% might even lead to calf death (Naylor, 1989). There is evidence that BW loss
is highly influenced by feeding and water provision prior to transport of calves to the
veal farm (Knowles et al., 1997; Bernardini et al., 2012). Moreover, an increase in plasma
protein, albumin, osmolality and packed cell volume (PCV) in calves with high BW loss,
suggests that BW losses are particularly due to dehydration of calves.
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the animal. According to Renaud et al. (2018a) the risk of mortality increases when calves
are >10% dehydrated. However, mechanisms underlying the loss of BW as a reflection
of dehydration have to be further explored.
Table 1.

Some associations between body weight (BW) and future risk of respiratory diseases
BW & future risks of respiratory deseases

1

Reference

Mean arrival
BW (kg)

Prevalence (predicted means)
of respiratory diseases

P-value

Brscic et al.
(2012)

≤ 43
43-47
48-51
> 51

7.6 %
6.1 %
6.6 %
2.7 %

0.004

Reference

BW
at arrival

Hazard ratio
for early mortality
(< 21 days after arrival at the veal farm)

P-value

Renaud et al.
(2018b)

Per 1 kg increase

0.93

< 0.01

Reference

BW
at arrival

Hazard ratio for early mortality
(< 21 days after arrival at the veal farm)

P-value

Winder et al.
(2016)

Per pound

0.99

0.03

Reference

Mean arrival
BW (kg)

Incidence Rate
ratio (IRR) for BRD1
morbidity

IRR
for Mortality

P-value

Cernicchiaro et
al. (2012)

272 - 317
318 – 362
> 362

1.08
0.69
0.55

0.99
0.71
0.52

< 0.05

Reference

Mean arrival
BW (kg)

Cumulative mortality risk for BRD

P > χ2

Babcock et al.
(2010)

363 – 408
318 – 362
272 – 317
227- 271
182 – 226
< 182

0.02
0.12
- 0.01
0.04
0.40
0.44

0.0012

Bovine respiratory disease.
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Body weight losses, resulting from dehydration might reduce the adaptive capacity of

It was reported that BW at arrival is associated with the prevalence of respiratory diseases at 3 weeks upon arrival at the farm (Brscic et al., 2012). As shown in Table 1, veal
calves with BW > 51 kg had the lowest probability to develop respiratory diseases at
the veal farm (adjusted R2 = 25%) (Brscic et al., 2012). In recent Canadian studies (Winder
et al., 2016; Renaud et al., 2018a, b) body weight of calves at arrival at the veal farm
was also inversely associated with early mortality (Table 1). Other studies on feedlot
cattle used mean cohort arrival body weight as a useful predictor of future diseases
and health problems (Lechtenberg et al., 1998; Babcock et al., 2010; Cernicchiaro et al.,
2012). Lighter-weight cattle presented a higher incidence of BRD morbidity and overall
mortality compared to heavier cattle (Cernicchiaro et al., 2012) (Table 1).
From these findings, it can be concluded that BW might be a useful parameter to monitor and to predict the health status of calves at the veal farm. At this stage, BW upon
arrival appears to be the most reliable predictor for future diseases at the veal farm.
However, it is still unclear whether lower BW values at arrival are due to lower birth
weights of calves or due to substantial BW losses during transportation, or a combination of both. This should be elucidated in future research. As shown in Table 1, it seems
that differences in BW in the study of Brscic et al. (2012) were likely related to different
factors (e.g. BW losses, age, colostrum management), whereas in the other studies on
feedlot cattle the difference in BW is mainly caused by a different developmental stage
of calves. Breed is another important factor that might be related to differences in BW.
For example, there is an increasing demand in the veal industry for Holstein Friesianbeef breed cross breeds. Moreover, future studies should investigate whether BW
losses are also predictive of the future health state of veal calves. With regard to feasibility, in case of an equal predictive value of both BW losses and BW, BW values are
simpler to obtain than those for BW losses. In fact, for measuring BW, the animal is just
weighed one time upon arrival at the veal farm, whereas in case of BW losses it is necessary to record BW before and after transportation of calves to the veal farm. Therefore,
BW might be a more practical and feasible biomarker compared with BW losses. On
the basis of BW values, a farmer might profile veal calves by separating putatively high-risk calves with a lower BW from the rest of animals. Then, lighter calves might receive
a special daily care and management in order to avoid the spread of diseases and a
lower production performance compared with healthy calves.

Dehydration-related variables
PCV
Part of BW losses or low BW of calves may be due to dehydration. Some specific variables may be related to dehydration, among which packed cell volume (PCV). PCV is a
variable related to the number of red blood cells (RBC) in an animal. By definition, PCV is
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blood cells and plasma). PCV can be influenced by environmental challenges, such as
transportation of calves to the veal farm. PCV values recorded by Knowles et al. (1997)
range from 39.8% in control non-transported calves to 40.8% in 24-h transported calves.
This finding was confirmed in other studies (Tadich et al., 2005; Minka and Ayo, 2010) on
long-term transport of young cattle. The increase in PCV can also be found in transported calves in combination with fasting of 48–72 h. This is associated with a greater water
loss during transportation as well as the stress of adapting to a new environment (Odore
et al., 2004; Minka and Ayo, 2010). By contrast, other studies demonstrated a decrease
in PCV in animals transported by road (Broom et al., 1996; Knowles et al., 2003). After 8
h transport, calves showed a significantly lower PCV value (33.7%) compared with the
control non-transported calves (38.2%) (Knowles et al., 1997). These results might be
due to restraint and handling procedures before transport or stressors during transport
(Parrot et al., 1988). In fact, an increased cortisol concentration seems to move water
from the rumen into the plasma resulting in a decrease in PCV values (Broom et al., 1996).
Both higher and lower PCV values might be good indicators of an ongoing disease
process. Calves with diarrhea might experience excessive fluid losses that lead to higher
PCV values (Pare et al., 1993). By contrast, lower PCV can be used for the diagnosis of
anemia or other health problems (Turkson and Ganyo, 2015).
As explained previously, PCV values can indicate the extent of dehydration of a calf
on arrival at the veal farm. When a calf is dehydrated, it may experience a weight loss.
Moreover, if not treated immediately, consequences of dehydration might be still visible in the first weeks at the veal farm. Therefore, the ADG and gain:feed ratio may be
negatively affected in the first weeks at the veal farm (Cole et al., 1988). Seifi et al. (2006)
demonstrated that calves up to 14 days of age with PCV values at arrival above 44.17%
were 4 times more likely to die. This was in agreement with Klee et al. (1979) who observed a reduction in treatment efficacy in calves with diarrhea when PCV was above 50%.
An accurate analyses of PCV values may, therefore, provide information on calves that
need to receive extra care in order to minimize body weight losses and reduction in
performance due to water losses in the first weeks at the veal farm. Therefore, by identifying potentially high-risk calves with significantly higher (above 43%) PCV values, PCV
might be a reliable biomarker of diseases at the veal farm.
Total protein
Alongside with PCV, an increase in total protein (TP) and albumin concentrations in
the plasma are also measurements reflecting dehydration of the animal (Swanson
and Morrow-Tesch, 2001). TP is also an important indicator of the amount of colostral
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the ratio of the red blood cells to the volume of whole blood (which contains also white

proteins in young calves, that is reflecting the immune state of these animals (Wilson
et al., 1994). This parameter can be influenced by environmental challenges, including
transport duration. Bernardini et al. (2012) found significantly higher plasma total protein
concentrations (63.9 g/l) in young calves (37 ± 6 d of age) subjected to 19 h transport at
their arrival at the veal farm compared to non-transported calves.
Values of TP are important, especially for predicting mortality in the first weeks at the
veal farm (Wilson et al., 2000). Naylor et al. (1977) observed a significantly lower mortality
in the first 5 weeks of age in calves with TP > 6.1 g/dl. Moreover, Rea et al. (1996) reported that calves with TP < 4.5 g/dl had a higher risk of dying in the first weeks at the farm.
By contrast, other studies suggested that TP cannot be considered a reliable indicator
of diseases and mortality in calves (Wilson et al., 1994; Pardon et al., 2015). Hence, TP is
difficult to interpret in terms of risks for calf health and performance. Higher levels of TP
may indicate higher levels of colostral proteins, which is a positive sign. However, high
levels of TP may also be indicative of dehydration, which is a negative sign.
Albumin
Albumin is the major negative acute phase protein (APP). During the acute phase
response, albumin concentrations decrease for the synthesis of positive APP. Hence,
albumin is a main source of amino acids that animals can use when necessary and it
plays an important role in plasma osmotic pressure (Tothova et al., 2014). As shown by
the study of Knowles et al. (1999a), albumin concentrations increased from 39.8 to 43.1
g/l in calves subjected to transport as a result of dehydration.
Albumin might be used not only as a measure of dehydration, but also as a prognostic marker or to assess the severity of diseases (Horadagoda et al., 1999; Humblet et
al., 2004; Schneider et al., 2013). For example, low albumin concentrations in dairy
cattle were associated with uterine infections (Schneider et al., 2013) and inflammation
(Jacobsen et al., 2004; Petersen et al., 2004).
Limited research (Pardon et al., 2015) has been done in young veal calves, especially
on the predictive value of albumin. The available evidence suggests both high and low
albumin values may indicate a risk. Thus, it is necessary to understand to what extent
an increase or a decrease in albumin values is associated with diseases or future health
problems in veal calves.
Bilirubin
Bilirubin is a product of heme degradation and it functions as antioxidant (Stocker et
al., 1987). This variable is influenced by environmental challenges. Mormede et al.
(1982) found an increase in plasma bilirubin (5–10 μmol/l) in young calves after being
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to long-transport duration.

The higher concentrations of this variable might be determined by an increased dehydration of the animals subjected to transport. However, their increase could also be
related to a compromised health status of calves. Higher bilirubin concentrations were
indicators of impaired hepatic function in dairy cows in a negative energy balance situation and with inflammation (Bertoni et al., 2008). Extrapolated to calves, this would imply
that calves might experience metabolic changes in the liver as a consequence of stress
during transport. However, until now no studies on veal calves examined bilirubin as a
possible biomarker of ongoing health problems or predictor of future diseases.
Electrolytes and minerals
Electrolytes and minerals are responsible for maintaining a good water balance and
for normal functioning of essential biochemical processes in the animal body (Spears,
1999). Calves may experience changes in their electrolyte and mineral balance when
they are transported under stressful conditions (Minka and Ayo, 2010). Cattle have a
substantial blood buffering ability but during transport they show plasma electrolyte
and mineral changes, including sodium, potassium, chloride, calcium and magnesium (Schaefer et al., 1990, 1997; Parker et al., 2003). In a state of stress, there are higher
concentrations of calcium in the extracellular fluids that lead to a greater contractility of
skeletal and heart muscles (Davidson et al., 2004). Moreover, Grigor et al. (2004) found
significantly higher plasma sodium concentrations after 5.25 h of transport in fed calves
(136 mmol/l) compared with the unfed controls (133 mmol/l), but it is unclear what this
relatively small difference in plasma sodium means.
Changes in sodium values might be useful as indicators of calf diarrhea. Calves with
diarrhea generally have significantly lower concentrations of serum sodium than healthy
controls (Klinkon and Ježek, 2012). This is in accordance with Maach et al. (1992), who
found that calves with acute diarrhea had lower plasma concentrations of sodium and
chlorine (131.2 ± 6.8 mmol/l, 95.6 ± 6.9 mmol/l, respectively) in their serum compared
with healthy calves (140.0 ± 9.9 mmol/l, 103.3 ± 6.9 mmol/l, respectively). Calves with
diarrhea can also have hyperkalemia as a consequence of the dysfunction of the Na+/
K+ ATPase (Constable, 2002).
Seifi et al. (2006) found that serum potassium concentrations >5.63 mEq/l in calves
with diarrhea were associated with 4-fold increase risk of mortality. Moreover, hyper-kalemia (K > 5.8 mmol/l) can cause severe dehydration and can be associated with
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transported to the veal farm; this increase was more pronounced in calves subjected

changes in body temperature homeostasis (Trefz et al., 2013). As a consequence of the
alteration of physiological mechanisms, calves might be more predisposed to develop severe diseases.
Osmolality
Transported calves may also experience changes in their plasma osmolality, which is an
indicator of the osmotic pressure of the plasma (Brownlow and Hutchins, 1982; Knowles
et al., 1997, 1999b; Grigor et al., 2001). Knowles et al. (1997) observed the highest values
of plasma osmolality in young calves transported for 24 h (278 mOsm/kg) compared
with control calves (275.4 mOsm/kg). These results indicated that calves become more
dehydrated when they are subjected to a longer transport duration. The effect is likely
to be more pronounced when calves are deprived of food and water prior to transport
(Knowles et al., 1997). Osmolality is, therefore, an important indicator of the hydration
status of the animal (Grigor et al., 2001; Kaneko et al., 2008).
The dehydration status of a calf might be related with an increased likelihood to develop
diseases at the veal farm (Wilson et al., 2017). Griffin et al. (2010) assigned calves suffering
from dehydration, combined with malnourishment and exhaustion to a high-risk class,
with a greater probability of becoming sick. Moreover, Renaud et al. (2018a) reported
that the degree of dehydration at arrival is an important predictor of mortality in the first
21 days after arrival at the veal farm.
Hemoglobin
The white veal calf industry has always raised calves with a low hemoglobin (Hb) status.
Hb acts as a transporter of oxygen from the lungs to the tissues and as a transporter of
carbon dioxide from the tissues back to the lungs. This function depends on the molecular structure of hemoglobin, which contains four heme groups, each with a central
iron molecule (Rifkind et al., 1988). Due to the specific diet based on milk replacers and
solid feeds with low iron content for several weeks, calves might develop anemia, which
has a negative impact on growth and feed conversion ratio (Reece and Hotchkiss, 1987;
Gygax et al., 1993). However, in the interim period or at the end of the fattening cycle,
lower Hb concentrations are desirable because they are associated with low myoglobin and pale meat (Miltenburg et al., 1991).
Nowadays, the industry pays more attention in maintaining Hb values a certain range.
In the Netherlands, all calves are monitored within the first 2 weeks upon arrival at the
veal farm and calves with Hb levels below a certain threshold are treated with supplemental iron. Another systematic monitoring is done between 12 and 14 weeks of fattening (EFSA, 2012). However, outside these moments blood Hb (or iron) values of veal
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develop subclinical anemia. Therefore, measurement of Hb can be used to assess
on-farm anemic state of calves.
Hb might also be used as predictor of diseases in calves. As a consequence of their
anemic status, both health and robustness of calves are affected and calves are more
vulnerable to diseases (Bami et al., 2008). In animals iron deficiency (with blood Hb
lower than 6.0 g/dl) is known to affect both humoral and cell-mediated immunity
(Oppenheimer, 2001). As a consequence of the impaired immune functionality, calves
might be more susceptible to infectious diseases. Steinhardt and Thielscher (2005)
observed that the growth of calves with low Hb values at arrival at the veal farm was
lower compared with calves with normal range of Hb. Gygax et al. (1993) reported also
that iron deficiency can lead to higher infection rates, especially in the respiratory and
the gastrointestinal tract. Therefore, these findings suggested that Hb values upon
arrival at the veal farm may be good biomarkers for predicting calf health and welfare
status after transportation to the veal farm; lower Hb levels are indeed more likely to be
associated with a major risk of poor welfare and a higher incidence of diseases (Blum
and Hammon, 1999; Enjalbert, 2009). Hence, the deliberate attempt by the veal industry
to avoid anemia in young calves is through the administration of iron.

Conclusions on dehydration-related variables
All variables discussed in this paragraph are correlated with dehydration and PCV
seems to be the most suitable and practical on farm biomarker. However, their association with disease status may not only be based on dehydration status, but also on
factors like stress, colostrum intake, acute phase proteins and antioxidative status.
Therefore, more research on correlations among these variables and the occurrence
of respiratory or enteric diseases would be necessary to perform. Based on research
currently reviewed, it can be disputed which dehydration related variable is most reliable as on-farm biomarker.

Energy and protein metabolism
Lactate
Besides dehydration, losses of glycogen, protein and fat may affect metabolism and
future diseases in calves. In order to understand the consequences of body glycogen, protein and fat mobilization on future health problems, different variables can be
measured. Calves may experience a rise in lactate levels, especially after a long-distance transport (Todd et al., 2000). This might be the result of the degradation of muscle
glycogen due to stress or exhaustion, that causes the liberation of catecholamines and
a rapid glycogenolysis and gluconeogenesis (Chacon et al., 2005).
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calves are usually not systematically monitored, and it is likely that some animals may

A

= suvived (day 0)

= died (day 0)

B

suvived (day 0)

survived (day 4)

C

=died (day 0)

= died (day 4)

D

died (day 4)

survived (day 4)

Figure 3.

A-D: Metabolite profiles for animals that survived or died. Bar charts for distribu-

tion profile of identified metabolites from 1H-NMR studies for animals that died or
survived following synergic viral–bacterial infection are shown in bar chart form. Error
bars shown indicate 1-standard deviation. Metabolite IDs are shown on the x-axis (The
publisher for this copyrighted material is Mary Ann Liebert, Inc. publishers (Aich et al.,
2009)).

In a study in cattle (Aich et al., 2009), L-lactate levels were higher prior to viral infection.
Moreover, higher L-lactate values are related with higher risk of disease occurrence, like
displaced abomasum and volvulus, in different animal species (Johnston et al., 2007;
Zacher et al., 2010; Boulay et al., 2014), and especially in calves with diarrhea (Lorenz
2004, 2009; Lorenz and Vogt, 2006). A positive correlation (r = 0.55) between acidosis
(determined by L-lactate) and dehydration (determined by PCV) was found in calves
with diarrhea (Naylor, 1987).
Associations between lactate concentrations and measures of later calf health were
also reported by different studies, with contradictory results. Aich et al. (2009) found
that calves which survived had significantly higher lactate concentrations prior to a viral
infection compared to calves which died (Figure 3A). In contrast, in a study by Coghe et
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ciated with an increased likelihood of mortality in the following 24 h.
Buczinski et al. (2015) reported that for each 1-unit increase of the log-lactemia there
was an increase of 36.5 in hazard of dying of BRD. In general, enhanced L-lactate levels
are associated with hypoxemia (Tyler and Ramsey, 1991) and /or endotoxemia (Morris
et al., 1986) that characterizes ongoing BRD episodes. Lower oxygen levels in the lungs
are known to reduce macrophage activity, so pathogens can multiply at higher rates.
As a result, the animal might be more exposed to the action of pathogens and it might
develop respiratory diseases (Guterbock, 2014).
Thus, L-lactate might be considered a biomarker for assessing an ongoing disease
process, such as pneumonia (based on clinical signs and hypoxemia) and for predicting death of clinically ill calves within 24 h. However, contradictory results merit further
research into the use of L-lactate and lactate as biomarkers for respiratory diseases in
young veal calves. At the same time, practical application of this biomarker might be
highly feasible, because it can be measured by a portable analyser at a relatively low
cost and results are available in 60 s (Buczinski et al., 2015).
β-Hydroxybutyrate (β-HB) and Non-esterified fatty acids (NEFA)
Environmental challenges, as depicted in Figure 1, are the main cause of mobilization
of fat resources in young calves (Frohli and Blum, 1988). The mobilization of the adipose
tissue is associated with an increase in plasma concentration of free fatty acids and
β-hydroxybutyrate (β-HB) (Grigor et al., 2001; Winder et al., 2016). Transportation as well
as fasting increase the energy demands of young veal calves, so animals experience
hypoglycaemia and a lack of C3 units in mitochondria (Cole et al., 1986; Ishiwata et al.,
2008). As a result, C2 units accumulate in the mitochondria and are removed via production of ketone bodies. Bernardini et al. (2012) found an increase in NEFA and β-HB above
the normal values (0.13–0.20 mmol) at the end of transportation. These results were in
accordance to Radostits et al. (2007) and Knowles et al. (1997), who found concentrations up to 0.46 mmol/l β-HB and 0.55 mmol/l NEFA in young calves (between 1 and 2
weeks of age) transported for 24 h. Moreover, the increase in NEFA and β-HB appears
to be greater in unfed calves compared with calves that receive feeding prior to transport (Knowles et al., 1997).
β-hydroxybutyrate and NEFA values represent useful indicators of calf energy balance
and of body fat mobilization during and immediately after transportation of calves to
the veal farm (Knowles et al., 1999b).
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al. (2000), relatively high lactate levels (>4 mmol/l) in BRD affected calves were asso-

Changes in energy balance of calves might be associated with changes in biochemical, endocrinological and metabolic pathways underpinning production, maintenance
of health and ability to cope with disease challenges (Van Eerdenburg and Adewuyi,
2005). According to Wilson et al. (2000) and Renaud et al. (2018a) many male calves
entering the veal facility are experiencing suboptimal energy status and low body fat
cover. A suboptimal energy status and higher levels of NEFA in the serum facilitate
disease development and suppress the immune function (Collard et al., 2000). Future
studies should continue to investigate the complex link between the immune system
responses associated with increase in blood NEFA levels and β-HB concentrations. So
far, associations between negative energy balance, NEFA and β-HB have only been
studied in adult dairy cattle (Fenwick et al., 2008), and there is little information available on the effects of these parameters on disease incidence later in life of young veal
calves. Renaud et al. (2018a) reported that NEFA and β-HB might be used as markers of
the energy status, but in this study they were not associated with morbidity or mortality. However, this study was based on short transport duration, thus more research is
needed to explore the effects of long transport duration on energy status.
Urea
Plasma urea concentrations might also be affected by environmental challenges
(Figure 1), including transportation (Minka and Ayo, 2010). Higher plasma urea values
are indicators of protein and nucleic acids breakdown in the muscles as a result of increasing cortisol concentrations and prolonged fasting (Knowles et al., 1999a). Knowles et
al. (1997) observed that young calves (<1 month old) receiving 1 l of glucose/electrolyte
solution during transport showed lower urea (3.58 g/l) values after 24 h transport compared with the control group (4.50 g/l). In another experiment, these authors found higher
plasma urea values in calves subjected to the same transport duration (5.61 g/l in 24 h)
when not being fed during the journey compared with control calves (5.34 g/l) (Knowles
et al., 1997). These results suggest that feeding during long transport durations may help
calves in reducing muscle protein degradation during their journey to the veal farm.
Urea concentrations might be used to assess the acute disease state of calves. In fact,
protein catabolism, growth retardation and excessive nitrogen excretion might be the
consequences of an ongoing disease process (Seppa-Lassila et al., 2017). However,
additional information is needed to understand the underlying physiological and
immune mechanisms involved in disease incidence.
Fayet and Overwater (1978) analyzed several biochemical parameters of newborn
calves and associated these variables with future survival of calves. Among these variables, blood urea concentration was a reliable predictor of survival rate of calves with
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between surviving calves (68.5 ± 35.7 mg/dl) and dead calves (141.4 ± 78.0 mg/dl). Seifi
et al. (2006) conducted another study in young calves (up 14 days of age) with diarrhea.
The authors aimed to investigate the associations between serum biochemical variables and future survival of calves. The results of this study showed that blood urea
nitrogen (BUN) concentrations can be used as valid prognostic indicators. Calves with
diarrhea were 5.6 times more likely to die when their BUN concentrations were higher
than 13.07 mmol/l. Correspondingly, Klee et al. (1979) also demonstrated that the efficacy of treatment in calves with diarrhea was lower when BUN concentrations were
above 28.56 mmol/l. However, given these differences in threshold levels, additional
research is necessary before urea could be used in practice as biomarker.
Glucose
As indicated in Figure 1, higher cortisol and glucocorticoids concentrations following
transportation or other challenges might cause changes in plasma glucose. Previous
studies on changes of plasma glucose concentrations in transported calves revealed
different outcomes. At one hand, some authors (Kent and Ewbank, 1983, 1986a, b;
Swanson and Morrow-Tesch, 2001) found higher plasma glucose levels which may be
a result of elevated stress levels that activate the hypothalamic-pituitary-adrenal axis
(HPA). On the other hand, Trunkfield and Broom (1990) showed that calves experienced
hypoglycaemia after transportation, which may be a consequence of the activation of
HPA axis, higher glucocorticoids and catecholamine concentrations and because of the
higher energy requirements during the journey and restriction of food and water intake
before, during and after transport (Tadich et al., 2005). Mormede et al. (1982) reported a
decrease of 38 and 54%, respectively in plasma glucose level in young calves after short
and long transportation. Alteration in plasma glucose concentrations are highly influenced by the time and plane of feeding before and after transportation of calves (Knowles
et al., 1999a). Differences in this respect may explain the great variability among studies
on glucose in calves after transport. On a short-term and shortly after feeding, higher
cortisol concentrations can cause an increase in plasma glucose, whereas on a longerterm, glycogen stores can be depleted and thus blood glucose concentration is lower.
Studies in cattle reported that a disease challenge initially resulted in hyperglycemia, followed by a period of hypoglycemia (Steiger et al., 1999; Kushibiki et al., 2000).
Montgomery et al. (2009) found lower plasma glucose levels than normal (5.3 ± 0.07
mmol) in an experiment with heifers treated for BRD. Moreover, hypoglycemia was
found to be related to neonatal calf diarrhea and endotoxaemia in calves (Trefz et al.,
2016). However, more research should be done to investigate the association between
hypoglycemia and acute diarrhea in veal calves.
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80% accuracy. The authors found significant differences in average urea concentrations

Cusack et al. (2003) found that low plasma glucose levels in calves on arrival at the feedlot were associated with a greater probability of developing severe BRD at later stages.
This is in accordance with another study on steers transported for 12 h, in which low
blood glucose levels after transport increased the incidence of morbidity and mortality in these animals in the following 56 days (Cole et al., 1988). Additionally, in the study
of Trefz et al. (2016) calves with severe hypoglycemia had a lower survival rate (20.6%)
compared with calves with normal plasma glucose concentrations (74.0%). Mormede
et al. (1982) also reported that hypoglycaemia after transport in combination with lower
growth rate in the first weeks after transport may even affect performance at later
stages. Accordingly, Aich et al. (2009) demonstrated with metabolomic analyses that
higher glucose concentrations in calves of 6 months of age, following a viral BRD infection predicted survival of the animals. Against this background, several studies showed
the potential of glucose as important predictor. Therefore, lower glucose concentrations
might be used as on-farm biomarker of future diseases in veal calves.

Body temperature
Temperature homeostasis is important in order to guarantee the functionality of the
main physiological mechanisms in the animal body. Young calves have a limited ability
to regulate their body temperature, especially during transportation (Hemsworth et al.,
1995; Borderas et al., 2009). According to Hemsworth et al. (1995), the thermal comfort
zone of young calves is between 13 and 26°C, and they are sensitive to both heat and
cold stress (Knowles, 1995). Elmer and Reinhold (2002) observed that young calves up
to 6 weeks of age are the least tolerant to high ambient temperature (35°C) compared
to older animals, especially during long journeys. Changes in rectal temperature can be
caused by acute or chronic secretion of catecholamines and glucocorticoids (Burdick
et al., 2010). In case of acute stressors, such as handling and loading procedures prior
to transport, rectal temperature can increase as a result of peak production in glucocorticoids and cathecolamines (Burdick et al., 2010), whereas, prolonged transport, can
decrease rectal temperature to normal temperature (Behrends et al., 2009). Garcia et al.
(2015) classified calves with pneumonia based on rectal temperature ≥39.5°C accompanied by clinical signs of respiratory disease (e.g., mucopurulent nasal discharge,
cough, increased respiratory rate). McGuirk and Ruegg (2017) also reported that rectal
temperature higher than 39.4°C for two successive days in combination with a slower,
lower or lack of milk intake are indicators of diseases. Particularly, rectal temperatures
>41°C are associated with pneumonia (McGuirk and Ruegg, 2017). However, as reported by Galyean et al. (1995), rectal temperature might be influenced by other factors as
well, including processing order, crowding, ambient temperature and humidity. These
factors should be considered when assessing animal performance and, especially BRD
incidence, on the basis of rectal temperature.
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rature of young calves during the first week after transport and first week post-transport

clinical respiratory disease score (points from 0 to 3, and greater scores were associated
with a worse health status). Higher rectal temperatures in transported calves seemed
to indicate a greater clinical response to either BHV-1 inoculations or to other infections.
Calves might also experience hypothermia, which might be considered as an adaptive
response related to post-transport severe dehydration and hypoglycemia. Hypothermia
might cause impairment of the Na+/K+-ATPase, which is temperature dependent, and
as a result animals might be more susceptible to diarrhea or other health problems
(Baptiste et al., 2000).
Collectively, these findings show simple associations between rectal temperature and
current health status of calves but not a clear predictive value of rectal temperature.
However, both high and low rectal temperature might be associated with future health
problems; future studies could investigate whether the negative effects are more pronounced in relation to high or low rectal temperature. With regard to feasibility, measurement of rectal temperature is a very easy, quick and non-invasive approach, thus it
can be used by farmers on a frequent basis to check the health state of calves.

Immunity
Leukocyte count and other immune responses
As shown in Figure 1, environmental challenges affect circulating glucocorticoids (increase in cortisol levels) in calves. As a consequence of stress-driven higher concentrations of stress hormones, the immune system might be affected. On the one hand, acute
stress might result in immuno-preparatory conditions, by helping the animal to reinforce
its defense against pathogens; on the other hand, long-term exposure to stress might
have immunosuppressive effects by making calves less resilient to diseases (Avitsur et
al., 2006). Therefore, in case of chronic stress, the functionality of the immune system
might be impaired and calves might have changes in number of leukocytes, neutrophils in the peripheral circulation and other immune cells (Odore et al., 2004; Yun et al.,
2014). An increase in neutrophil and mononuclear cell ratio (N:M) was reported (Burton
et al., 2005; Gupta et al., 2007). An increase in number of neutrophils was also reported
(Avitsur et al., 2006; Yun et al., 2014), but results vary among studies and other authors
showed the contrary (Bernardini et al., 2012). Moreover, white blood cells (WBC) decreased after transportation (Chacon et al., 2005).
These changes in different immune parameters in the long-term might indicate an
immuno-suppressive effect and they might affect the adaptive capacity of the animal
to the environmental circumstances. Due to a low functionality of defense immune
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Grigor et al. (2001) found a positive correlation (rs = 0.649, P < 0.01) between rectal tempe-

mechanisms, the animal might have a reduction in performance, weight gain and an
increase in susceptibility to diseases (especially respiratory diseases, such as BRD)
(Villarroel et al., 2003; Odore et al., 2011; Yun et al., 2014). Lower immunoglobulin (Ig)
concentrations, especially IgG, of calves upon arrival at the farm was also reported and
may contribute to a decreased resilience of calves to diseases (Mormede et al., 1982).
Pardon et al. (2015) reported that concentrations of immunoglobulins (Ig) upon arrival at
the farm, which are dependent on colostrum intake, may serve to predict BRD hazard
in veal calves. Calves with Ig < 7.5 g/l have a greater probability of dying in the first
weeks at the farm. However, no relationships were found between Ig concentrations
and neonatal calf diarrhea. Interestingly, Renaud et al. (2018a) recently demonstrated
that, similar to IgG, also greater concentrations of cholesterol were associated with
lower risk for mortality in the first 21 days at the veal farm. Although this association
could have multiple explanations, it was argued that cholesterol could be used as a
marker of colostrum intake.
Overall, it could be concluded that measures of immunocompetence may be important
predictors of later life performance, health and welfare. However, it is unclear which
immunological variable or set of variables on-arrival at the veal farm would be the best
predictor and thus suitable as biomarker.
Acute phase proteins (APPs)
Acute phase proteins (APPs) are proteins synthesized in the liver. The release of APPs in
the bloodstream is induced by cytokines in response to many stressors, including transportation (Tothova et al., 2014). Cytokines are produced by cells of the innate immune
system (e.g., macrophages, monocytes) and function as messengers between the
local site of injury and the hepatocytes producing APPs (Conner et al., 1988; Petersen
et al., 2004). APPs exert defensive roles against pathological damage, they are responsible of restoring the homeostasis and they regulate different stages of inflammation
(Tothova et al., 2014). Therefore, APPs can be considered as biomarkers of stress and
immunity (Yun et al., 2014).
An increase in APPs is observed in animals with diseases, thus high levels of APPs
might be used as quantitative measure for identifying sick calves (Murray et al., 2014).
In calves with diseases, the main changes in circulating APPs involve serum amyloid
A (SAA), haptoglobin (Hp), lipopolysaccharide binding protein (LPB), fibrinogen (Fb),
α-1-acid glycoprotein (AGP) and lactoferrin (Yun et al., 2014). Gånheim et al. (2003) indicated a threshold to distinguish between healthy and calves with diseases (age 9–18
weeks), including 0.13 g/l for Hp, 25.6 mg/l for SAA and 6.45 g/l for fibrinogen. Calves
with a clinical or subclinical infection showed prolonged higher APPs concentrations
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trations of Hp were associated with severe bacterial respiratory infections in cattle (r2 =
0.481). Angen et al. (2009) and Hajimohammadi et al. (2013) used Hp to identify calves
with pneumonia and diarrea, respectively. Moreover, Tothova et al. (2010) reported that
the increase in some APPs levels (Hp and SAA) was associated not only with acute
diseases of the respiratory tract, but also chronic cases (P < 0.01). The magnitude and
the duration of the acute phase response reflect the severity of the infection (Skinner
et al., 1991; Hirvonen et al., 1999; Hulten and Demmers, 2002).
Changes in APPs levels can be used not only as a measurement for early diagnosis and
prognosis or for assessing the severity of diseases but also as predictors (Horadagoda
et al., 1999; Humblet et al., 2004; Schneider et al., 2013). Different studies suggested that
Hp might be the most useful APP for predicting diseases and for discriminating between
diseased and healthy calves due to the higher sensitivity in detecting diseases (Carter
et al., 2002; Ganheim et al., 2007; Angen et al., 2009). Higher levels of Hp (more than 0.13
g/l) in the first week of life were reported to be related with an increased odds ratio of
future treatment for BRD (odds ratio (OR) = 2.66; P = 0.048), treatment for other diseases
(OR = 12.59; P < 0.001) and death (OR = 8.67; P = 0.001) (Murray et al., 2014). In contrast,
SAA might be a less suitable predictor of health problems due to its higher sensitivity
to stimuli other than diseases, such as stress (Alsemgeest et al., 1995; Horadagoda et
al., 1999; Heegaard et al., 2000). Therefore, higher values of acute phase proteins, especially Hp, might act either as indicators of an ongoing disease process or as predictors
of diseases, thus they might be suitable as biomarkers.

Enzymes
Along with changes in immune functionality, transportation of calves at the veal farm
and handling procedures are the main cause of other changes in blood plasma, including higher levels of creatine kinase (CK), creatine phosphate kinase (CPK), lactate dehydrogenase (LDH) and aspartate aminotransferase (AST) (Minka and Ayo, 2010). These
enzymes play a significant function in energy homeostasis of tissue cells and they
ensure a constant ATP levels in the cells (Teixeira and Borges, 2012). Changes in enzyme
concentrations may occur due to physical and psychological challenges during transportation, which disrupt the homeostasis and, as a consequence, the metabolism of
calves (Montane et al., 2002; Lopez-Olvera et al., 2006; Averos et al., 2008). In particular,
higher plasma concentrations of CK, CPK and AST are associated with tissue damage,
poor muscular tissue reperfusion, hypoxia and fatigue, and an increased permeability
of muscles membrane following handling procedures and transport stress (Warriss et
al., 1995; Tadich et al., 2005; Averos et al., 2008; Guardia et al., 2009).
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than healthy calves (Yun et al., 2014). Godson et al. (1996) showed that higher concen-

Changes in plasma enzymes concentrations might function as indicators of tissue
damage in diseased animals (Boyd, 1983). However, information on the relationships
between these enzymes and future diseases is lacking in calves and cattle. In human
patients, CK concentrations are useful for the evaluations of disorders involving damage
to the myocardium, skeletal muscle and central nervous system (Cuestas, 1980).
Moreover, evaluation of blood values of this enzyme might be useful to discriminate
between high-risk new-born infants and low-risk new-born (Cuestas, 1980). In other
studies in humans, an increase in blood LDH values seemed to be an important indicator
of lung damage, pulmonary endothelial cell injury or airways problems (Schultze et al.,
1994; Drent et al., 1996). Additionally, AST is strongly related with hepatic function, thus
higher AST concentrations may indicate liver problems (Col and Uslu, 2007). Values of
AST are also assessed together with CK values for diagnosis of muscle damage (Kaneko
et al., 2008). An increase in CK, LDH and AST on arrival of calves at the veal farm was
also reported compared with pre-transport values (Mormede et al., 1982; Uetake et al.,
2009; Jongman and Butler, 2014). It can be speculated that, as in humans, higher values
of these enzymes in veal calves might be associated with health problems, diseases
and muscle damage. However, higher levels of these enzymes could also be positive
indicators of restored homeostasis after transport or other challenges. In fact, when
calves are stressed, they might try to restore their homeostasis by changing several
physiological processes, including the enhancement of CK, LDH, and AST.

Conclusions
and future perspectives
Among all variables listed in this review, there are some that seem to be good predictors of future diseases because there is information available from published studies.
These variables include PCV, BW, lactate, glucose, Ig and Hp. Other variables, including Na, osmolality, neutrophils and enzymes seem to be just indicators of ongoing
diseases but they do not show any concrete association with future diseases. Existing
literature suggests that variables such as cortisol, albumin, bilirubin, K, Hb, BW loss,
β-HB, NEFA, urea and rectal temperature may act as potential biomarkers. However,
due to limited data, more studies are needed to confirm their association with future
diseases. Furthermore, as already indicated, different parameters may be correlated. In
the study of Turkson and Ganyo (2015), Hb was positively correlated with PCV vales (R2 =
0.5504). Moreover, the authors suggested to use the simplified relationship of Hb (g/dl)
= (0.3 PCV) + 3 to estimate Hb concentration from PCV in cattle. PCV measurement is a
simple and cheap approach and therefore it can be used by farmers to assess anemic
status and dehydration of calves at the veal farm. Blood collection for Hb analyses is
performed on routine basis in the veal industry. Different blood samples are collected
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samples may also be used to obtain potential biomarkers, including PCV.
With regards to Hp, concentrations of this APP > 0.13 g/l in combination with higher
rectal temperature, increased nasal score and calf depression are indicators of respiratory diseases such as pneumonia (Murray et al., 2014). Overall, generation of big data
sets including all the afore mentioned variables would allow to establish correlations
between all different parameters. With these datasets, it would be possible in future
studies not only to describe associations between variables, but also to find their predictive value for diseases in later life in veal calves. Eventually, the performance of promising biomarkers of health and performance of veal calves should also be investigated
in terms of quantitative test characteristics such as sensitivity and specificity.
There are other new alternatives that could be considered to obtain more information
on these variables and thus improve on farm health problems. A solution might be the
use of post-genomic technologies of transcriptomics, proteomics and metabolomics
in order to develop new biomarkers for detecting diseases (Ilyin et al., 2004; Seo and
Ginsburg, 2005). So far, only a limited number of post-genomic strategies were applied
in veterinary research (Witkamp, 2005), but their use is of growing interest in animal
studies (Moore et al., 2007). Transcriptomics might be used for detecting and genotyping
animal pathogens and for studying gene mutation in case of diseases (Feilotter, 2004;
Moore et al., 2007). Within this field, DNA microarrays and analysis of gene expression
are interesting tools for the identification of potential biomarkers of future diseases (Ilyin
et al., 2004; Moore et al., 2007). Proteomics might be a useful approach in biomarker
discovery by studying protein component of a cell, tissue and organism (Wilkins et al.,
1996; Moore et al., 2007). Several techniques have been adopted in proteomic studies
and quantitative proteomic strategies are developing with the aim to be applied in
biomarker research. For instance, Aich et al. (2009) analyzed the associations between
apolipoprotein AI and haptoglobin with the risk of developing respiratory diseases in
cattle. Metabolomic studies focus on low molecular weight metabolites and might
be used to investigate pathophysiological processes of animal diseases (Oresic et al.,
2006; Griffin, 2006). Aich et al. (2009) used, for example, lactate and glucose analyses to
predict BRD outcome in cattle. Overall, post-genomic technologies are becoming more
accepted in veterinary studies, but due to many problems related to their feasibility,
cost and practicality the use of these technologies in practice is still limited. Therefore,
further research in these fields is needed to identify biomarkers by using more practical
and feasible solutions that can be applied in routine clinical practice. 
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at specific time points throughout the rearing period. We suggest that these blood
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Abstract
This study aimed to investigate effects of pre-transport diet (rearing milk vs. electrolytes), type of vehicle (open vs. conditioned truck), and transport duration (6 vs. 18 h) on
physiological status of young calves upon arrival at the veal farm. A total of 368 calves
were transported in 2 consecutive batches from a collection center to a veal farm.
Blood samples were collected from calves before transport; immediately post-transport (T0); and 4, 24, and 48 h, and 1, 3, and 5 week post-transport. Blood was analyzed
for glucose, urea, lactate, non-esterified fatty acids (NEFA), β-hydroxybutyrate (β-HB),
creatine kinase, albumin, total protein, osmolality, calcium, sodium, magnesium, and
hematological variables. Body weight, rectal temperature, and skin elasticity were
determined before and immediately post-transport. Blood glucose, NEFA, and urea
concentrations at T0 showed an interaction between pre-transport diet and transport
duration. Milk-fed and electrolyte-fed calves transported for 18 h did not significantly
differ in plasma glucose concentration or serum NEFA concentrations. However, after
6 h of transport, milk-fed calves had higher plasma glucose and lower serum NEFA
concentrations (4.71 mmol/L and 586.5 µmol/L, respectively) than electrolyte-fed
calves (3.56 mmol/L and 916 µmol/L, respectively). After 18 h of transport, milk-fed
calves had lower urea concentrations (5.40 mmol/L) than electrolyte-fed calves (7.38
mmol/L). In addition, at T0, after 6 h of transport, milk-fed calves gained weight (Δ =
0.41 kg), whereas electrolyte-fed calves lost weight (Δ = −0.16 kg). After 18 h of transport, both milk-fed and electrolyte-fed calves showed body weight losses (Δ = −0.67
and −0.74 kg, respectively). Type of vehicle had a limited influence on blood parameters. Concentrations of NEFA and β-HB reached the maximum values at T0 and then
decreased until week 5 post-transport. The increase in NEFA and β-HB concentrations
between prior to and just post-transport (T0) was less pronounced in calves transported for 6 h (746.1 µmol/L and 0.38 mmol/L, respectively) than in calves transported for 18 h (850.6 µmol/L and 0.50 mmol/L). Overall, the recovery rate of calves at
the veal farm seemed rapid; all blood parameters returned to (below) pre-transport
values within 48 h post-transport. We concluded that feeding milk before short-term
transport helps young veal calves cope with transport, whereas this is not the case
during long-term transport.
Keywords: transport, diet, transport duration, physiology, veal calf
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Veal calves have to deal with several challenges, such as mixing procedures and changes in environment, in their early stages of their life (Hulbert and Moisa, 2016). One of the
largest challenges is transport of calves from the dairy farm to a collection center (CC)
or auction center, followed by a second transport to the veal farm (Renaud et al., 2018a).
At the CC, during transport, calves from different farms are mixed together and exposed to new environmental conditions, including new microorganisms, against which
they may not have obtained colostral antibodies (Autio et al., 2007). As a result, diseases can spread among veal calves quite easily. Respiratory diseases, and especially
bovine respiratory disease, have been shown to have a high (up to 17%) incidence at the
veal farms during the entire fattening period (Pardon et al., 2013; Buczinski et al., 2018).
This high disease prevalence might be related to adverse effects of transport on
physiology (Grigor et al., 2001; Minka and Ayo, 2010), immunity (Buckham Sporer et
al., 2008; Hulbert and Moisa, 2016), and health (Schwartzkopf-Genswein et al., 2007;
Earley et al., 2017) of calves. Among cattle, newborn calves are more vulnerable to
transport stress than older calves because they have a lower ability to maintain body
temperature and osmolality during transport (Schrama et al., 1993; Gebresenbet et al.,
2012). Knowles et al. (1997) found relatively greater BW losses and more dehydration
in young calves (less than 1 month old) post-transport compared with older calves
(6 months old). Regarding metabolism, BW losses were more pronounced in calves
transported for 24 h than in calves transported for 8 h (Knowles et al., 1997). Changes
in hematological variables post-transport were noticeable in young calves (Mormede
et al., 1982; Knowles et al., 1999b). Higher levels of plasma cortisol, non-esterified
fatty acids (NEFA ), urea, β-HB, packed cell volume, neutrophils, basophils, and total
white blood cell numbers are commonly found in calves upon arrival at the veal farm
(Knowles et al., 1997; Bernardini et al., 2012) compared with pre-transport values. These
responses are often greater in calves transported for more than 8 h (Knowles et al.,
1997; Knowles et al., 1999b) compared with calves subjected to short-term transport.
Differences in the hematological profile of calves after transport might be related to
different factors, such as age of calves at first transport, handling, pre-transport nutrition, transport conditions, type of vehicle, transport duration (Schaefer et al., 1997),
and recovery time upon arrival at the veal farm (Pardon et al., 2015; Renaud et al.,
2018a). Besides transport duration, to our knowledge no studies have been done on
the effects of a pre-transport diet and type of vehicle on metabolic status of young
calves. Knowles et al. (1999b) investigated effects of feeding during long-distance
transport, but the authors did not include a contrast in diet before transport and they
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Introduction

also did not investigate effects on calf metabolic status. Moreover, Bernardini et al.
(2012) investigated effects of environmental conditions on health of calves, but not the
conditions inside the truck.
The aim of the current study was to investigate effects of a pre-transport diet (rearing
milk vs. electrolytes), transport duration (6 vs. 18 h), and transport condition (open truck
vs. conditioned truck) on metabolic and physiological variables of young calves upon
arrival at the veal farm. Blood parameters were analyzed until week 5 post-transport to study the recovery time of calves after arrival. We hypothesized that a shorter
transport duration has less of an effect on metabolic and physiological parameters of
young calves than a longer transport duration; moreover, feeding milk before transport
combined with transport in a conditioned truck was assumed to help calves recover
faster upon arrival at the veal farm.

Materials and methods
The current experiment was done under commercial conditions and followed common
procedures (calves were transported from different German dairy farms to a German CC
and additionally to a Dutch veal farm). All calves were complying with minimal weight
and health status requirements (BW >36 kg; age: minimum 14 d; no signs of disease and
injury; SBK, 2018). The experimental design was approved by the Central Committee on
Animal Experiments (The Hague, the Netherlands; approval number 2017.D-0029). The
study was conducted in January 2018 in 2 consecutive batches with a 1-week interval
in between. Calves were transported from a CC, located in Bocholt-Barlo, Germany, to
a veal farm in Veghel, the Netherlands.

Experimental design and animals
The experiment was set up as a complete 2 × 2 × 2 factorial arrangement with 3 factors:
(1) provision of rearing milk or electrolytes before transport, (2) transport duration (6 or
18 h), and (3) transport condition (open truck or conditioned truck). This resulted in 8
treatments: (1) milk, 6 h of transport, conditioned truck; (2) milk, 18 h of transport, conditioned truck; (3) milk, 6 h of transport, open truck; (4) milk, 18 h of transport, open truck;
(5) electrolytes, 6 h of transport, conditioned truck; (6) electrolytes, 18 h of transport,
conditioned truck; (7) electrolytes, 6 h of transport, open truck; and (8) electrolytes, 18 h
of transport, open truck. The study included 368 male Holstein-Friesian and crossbred
calves (18 ± 4 d; 45.3 ± 3.3 kg of BW; ± SD), divided over 2 consecutive batches (n = 184/
batch). The sample size was based on the availability of resources and no formal sample
size calculation was completed. However, based on previous comparable experiments
we expected that the number of replicates was sufficient to obtain reliable results.
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At the CC, calves were randomly allocated by the manager of the CC to 1 of the 8 treatment groups. Within each batch, 8 calves per treatment group were randomly selected
for blood sampling (completed by personnel that were blinded to the treatment groups).
After blood sampling, calves were weighed with a digital weighing scale, and rectal
temperature (RT) and skin elasticity were determined. Skin elasticity was performed
according to Constable et al. (1998) to measure the degree of clinical dehydration of
calves and was scored as 0 or 1 with 0 = normal, skin tent <1 s, and 1 = dehydrated, skin
tent >1 s. Thereafter, calves were fed via bucket with nipples, with 1.5 l of rearing milk
(125 g of milk powder/L; ME = 4,028 kcal/kg, CP = 190 g/kg, digestible lysine = 18.7 g/kg;
Tentofok KO, Tentego, the Netherlands) or a mixture of electrolytes (20 g of electrolytes/L of water; Navobi, Staverden, the Netherlands) dissolved in 1.5 L of water. All calves
ingested the respective amount of milk or electrolytes, thus no refusals were observed.
After feeding, calves rested for approximately 2 h and thereafter they were loaded on
the vehicle that was equipped with straw bedding. The vehicle consisted of 2 parts: the
truck was conditioned, which means it was provided with a side-ventilation system, it
was isolated, and the climate was controlled with regard to inlet and outlet of air (KVM
Livestock Transport System, Kleventa BV, Lichtenvoorde, the Netherlands). Settings
were according to those provided by the manufacturer and applied by the transporter.
The trailer was regular, open, and lacking a ventilation system or climate control. In Table
1, the actual temperatures and relative humidities during transport in the conditioned
and open trucks are presented.
Table 1.

Mean and range of actual temperature and relative humidity inside the conditioned and
open trucks during short1 or long2 transportation of young calves to the veal farm.
Conditioned truck
Batch 1
T(°C)3

RH (%)4

Open truck

Batch 2
T(°C)

Batch 1

RH (%)

T(°C)

T(°C)

RH (%)

6h

9.2
66.0
13.0
74.1
(8.2 – 10.3) (61.0 – 75.1) (11.7 – 13.9) (65.0 – 81.0)

18 h

7.8
68.2
13.6
77.9
6.6
75.8
14.0
77.3
(4.5 – 11.2) (58.5 – 78.9) (11.2 – 16.3) (65.4 – 83.9) (3.9 – 9.6) (66.3 – 86.5) (10.8 – 16.6) (66.2 – 86.2)

1

6 h; 2 18 h; 3T = temperature; 4 RH = relative humidity.
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7.4
(6.2 – 9.1)

RH (%)

Batch 2

74.1
11.5
80.3
(66.3 – 84.2) (10.4 – 12.5) (67.6 – 88.8)
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Measurements at the CC and transport of calves to the veal farm

The settings of the climate control system as applied in practice did not result in notable
differences in temperature or relative humidity inside the truck between the conditioned and open vehicles. The actual temperature and relative humidity inside the vehicles were recorded by loggers (n = 8; Escort imini, Cryopak Verification Technologies
Inc., Buchanan, VA). Each logger was positioned in the middle of each compartment of
truck and trailer, and recorded temperature and humidity every 10 min. Both truck and
trailer were divided into 4 compartments with straw bedding: 2 at the lower deck (3.60
m length × 2.45 m width × 1.35 m height) and 2 at the upper deck (3.60 m length × 2.45
m width × 1.45 m height). Each compartment contained 23 calves and had the same
stocking density (0.383 m2 per calf). Each compartment contained calves of 1 of the 8
treatments. Treatments were distributed in the vehicle according to a design that allows
for estimation of all main effects and relevant interactions, while avoiding any other
confounding (Appendix 1A, B). After loading, transport started with 2 drivers. Drivers
switched every 3 h. No food or water were provided to calves during transport. After 6
h of transport, the truck arrived at the veal farm and all calves were unloaded. Calves
assigned to 6 h of transport were placed in the veal farm, whereas the calves assigned
to 18 h of transport were reloaded on the truck and trailer (in the same compartments
as before) and transported for another 12 h. The time invested for the unloading and
reloading procedures took approximately 1 h.

Measurements at the veal farm
At the veal farm, a total of 64 pens were available, divided over 8 similar compartments, each containing 8 pens, with 5 or 6 calves per pen. Within each compartment,
all treatments were randomly distributed across pens. For the first 3 week after arrival
at the veal farm, calves were individually housed within each pen. After 3 week, the
temporary partitions were removed and calves were effectively kept in groups thereafter. Upon arrival at the veal farm, calves (n = 368) were weighed and placed in pens.
Immediately after placement (T0) and 4 h (T4) later, 2 calves per pen were selected
for blood sampling (same calves as at the CC) and the individual calf was considered
as the experimental unit. In between these 2 blood sampling moments, RT and skin
elasticity were measured for all animals. All calves received electrolytes (20 g of electrolytes/L of water; Navobi, Staverden, the Netherlands) dissolved in 3 L of water after
blood sampling. Calves selected for blood collection, transported for either 6 or 18 h,
were subjected to blood sampling again 24 h (T24) and 48 h (T48) after arrival at the
veal farm. Furthermore, blood samples of these calves were collected after 1, 3, and 5
week after arrival at the veal farm.
In the current experiment, the times of feeding at the collection and of departure of
the vehicle from the CC (14.00 h) were the same for all calves. This means that calves
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18 h group arrived in the morning (08.00 h of the next day). Despite the difference in the
actual clock time, for both groups of calves, provision of electrolytes dissolved in water
always took place directly post-transport and the first milk replacer meal was given
9 h post-transport. Therefore, intervals between feeding times and blood sampling
times were the same for both transport durations. At the veal farm, calves were also
fed milk replacer (125 g of milk powder/L; ME = 4,028 kcal/kg, CP = 210 g/kg, lysine =
26.0 g/kg; Navobi).

Blood sampling and analyses
Blood samples were taken via jugular venipuncture at the CC before transport, T0, T4,
T24, T48, and week 1, 3, and 5 after arrival at the veal farm. Blood was collected in different vacutainer tubes (Vacuette, Greiner BioOne, Kremsmunster, Austria), including
heparin and EDTA for plasma and serum. All samples were stored at 4°C before the
analyses, with the exception of serum samples that were stored at room temperature.
Part of the samples was then analyzed by fluorescence flow cytometry (XT1800VET,
Sysmex Europe GmbH, Norderstedt, Germany) for hemoglobin (Hb), hematocrit (Ht),
red blood cells (RBC), mean corpuscular hemoglobin (MCH), mean corpuscular volume
(MCV), mean corpuscular hemoglobin concentration (MCHC), and red cell distribution
width (RDW). These analyses were only done on samples collected at the CC and at
T0. The other blood samples were centrifuged (3,000 × g for 10 min, 4°C) and plasma or
serum was decanted and stored at −20°C. Plasma samples were analyzed for glucose,
lactate, urea, albumin, total protein (TP), calcium, and magnesium. Serum samples
were analyzed for NEFA, β-HB, creatine kinase (CK), and sodium. Glucose was analyzed with a commercially available kit (Roche Diagnostics Nederland B.V., Almere, the
Netherlands). Mass spectrophotometry based on commercially available kits was used
for analyzing lactate (Diagnostic Systems GmbH, Holzheim, Germany), urea, albumin,
TP, calcium, magnesium, sodium (Human, Wiesbaden, Germany), and NEFA (Wako
Chemicals GmbH, Neuss, Germany). Osmolality was calculated as osmolality (mosmol/
kg) = 2 × sodium (mmol/L) + urea (mmol/L) + glucose (mmol/L).

Statistical analyses
All statistical analyses were performed with SAS 9.4 (SAS Institute Inc., Cary, NC). First,
the analyses of data on immediate post-transport (T0), including hematological data (Hb,
Ht, RBC, MCH, MCV, and MCHC), physiological data (TP, albumin, osmolality, glucose,
urea, lactate, NEFA, and minerals), BW, and RT were analyzed. Continuous data, such
as BW, were analyzed with a linear mixed model (analysis with restricted maximum
likelihood with SAS procedure PROC MIXED). Residuals were checked for normality
and homogeneity of variance and variables were log-transformed when needed. Data
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in the 6 h group arrived in the evening (20.00 h) at the veal farm, whereas calves in the

expressed as proportions, such as Ht, were analyzed with a generalized linear mixed
model (analysis with penalized quasi-likelihood with SAS procedure GLIMMIX), with a
logit link function, specifying the “error” variance as a multiple of the binomial variance.
Both the linear mixed model and the generalized linear mixed model comprised the
following fixed effects in the systematic part of the model (the linear predictor part):
µ + Batchi + Uploj + Bafrk + Dietl + Typem + Durationn + (Dietl × Durationn) + (Dietl × Typem)
+ (Durationn × Typem) + (Dietl × Typem × Durationn) [1]

where µ is the base level, and Batch (i = 1, 2), Uploj = position in the vehicle (j = upper or

lower deck), Bafrk = position in the vehicle (k = front or back), Dietl = diet before transport
(l = rearing milk or electrolytes), Typem = type of vehicle (m = open or conditioned truck),

and Durationn = transport duration (n = 6 or 18 h). The model also comprised 2- and

3-way interactions between diet, type of vehicle, and transport duration. Interactions
were considered not significant when P > 0.05. In addition, random effects for pen and
compartment at the veal farm were included (in the linear predictor). Here, and in the
subsequent analyses, for all fixed effects, approximate F-tests were used (Kenward
and Roger, 1997). Interactions that were not significant were excluded from the model
(when higher order interactions were already excluded, i.e., respecting the hierarchy of
interaction terms) and subsequent pairwise comparisons were done with Fisher's least
significant difference method.
Second, physiological data (TP, albumin, osmolality, glucose, urea, lactate, NEFA, CK,
β-HB, and minerals) and hematological data (Ht and Hb) from T0 until week 3 were
analyzed with a linear mixed model for continuous data or with a generalized linear
mixed model for proportional data. The systematic part of these models comprised
the following fixed effects:
µ + Batchi + Uploj + Bafrk + Dietl + Typem + Durationn + Timeo + (Dietl × Durationn)
+ (Dietl × Typem) + (Durationn × Typem) + (Dietl × Timeo) + (Durationn × Timeo)
+ (Typem × Timeo) + (Dietl × Typem × Durationn) [2]

where µ is the base level, and Batch (i = 1, 2), Uploj = position in the vehicle (j = upper or

lower deck), Bafrk = position in the vehicle (k = front or back), Dietl = diet before transport (l = rearing milk or electrolytes), Typem = type of vehicle (m = open or conditioned

truck), Durationn = transport duration (n = 6 or 18 h), and Timeo = sampling moment (o
= CC, T0, T4, T24, T48, week 1, week 3). Three-way interactions between diet, type of
vehicle, transport duration, and 2-way interactions between diet, type of vehicle, transport duration, and time were also included in the model. Interactions were considered
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animal effects. For the animal effects, a first-order autoregressive model (based on the
actual distance between time points) was adopted to introduce correlation in the model
between repeated measurements on the same animal.
Third, physiological data and hematological data (Ht and Hb) of week 5 were analyzed similar to the analysis of data immediate post-transport with a linear mixed model.
Although calves were housed individually in baby boxes until week 3, they were in
group pens from week 5 onward, so random pen effects were included in the model.
Finally, differences between pre- and post-transport measurements (deltas, Δ = T0
– CC) were calculated for hematological data (Hb, Ht, RBC, MCH, MCV, and MCHC),
physiological data (TP, albumin, osmolality, glucose, urea, lactate, NEFA, CK, β-HB,
and minerals), BW, and RT. These differences were also analyzed similar to the data
immediately post-transport with a linear mixed model.
A statistical test was performed to determine whether values at the CC were comparable between treatment groups. The statistical model was similar to the one used to
describe effects at T0, but without interactions. No statistical differences were found
between treatment groups.

Results
The average values of BW, RT, and all blood parameters measured at the CC are shown
in Table 2. Moreover, the skin elasticity test results showed that 70% of calves at the CC
were scored as dehydrated. The 3-way interactions and 2-way interaction between
transport duration and type of vehicle were not significant in this study. Therefore,
results will be shown in 4 main parts: 1) 2-way interaction between pre-transport diet and
transport duration (Table 3); 2) 2-way interaction between pre-transport diet and type
of vehicle (Table 4); 3) main effects of pre-transport diet, type of vehicle, and transport
duration, only if interactions are not significant (Table 5); and 4) effects of treatment in
time until 5 week post-transport (Figure 1, Figure 2). Within the first 3 parts, results will
be presented at 2 levels: 1) effects of treatments immediately post-transport (T0; Table
3, Table 5), and 2) effects of treatments on the difference between pre- and post-transport measurements (deltas, Δ = T0 – CC; Tables 3, 4, and 6).
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not significant when P > 0.05. The model comprised random pen, compartment, and

Table 2. Mean and range of body weight, rectal temperature and blood parameters measured at
the collection center and comparison of these values with the reference values of calves
of 14 days of age in other studies.
Parameters

Mean and range
at the collection center

SEM1

Body weight, kg

45.3 (36.0 – 56.4)

0.2

Rectal temperature, °C

38.6 (36.0 – 40.1)

0.03

Hemoglobin, mmol/l

6.0 (3.5 – 8.5)

0.1

28.8 (18.5 – 40.8)

0.5

37.0

8.1 (5.3 – 10.7)

0.1

9.5

735.7 (554.0 – 901.5)

5.4

776.0

MCV3 , fl

35.5 (29.0 – 44.3)

0.3

40.0

MCHC4 , mmol/l

20.7 (17.2 – 22.8)

0.1

19.5

Albumin, g/l

44.0 (32.3 – 61.4)

0.5

29.0

1.3 (0.6 – 4.3)

0.05

β-HB 5 , mmol/l

0.29 (0.06 – 0.73)

0.01

0.12

Creatine kinase, U/l

87.1 (16.0 – 375.0)

4.0

100.0

Glucose, mmol/l

3.7 (2.3 – 6.3)

0.1

6.0

4.3

Urea, mmol/l

5.1 (2.1 – 18.4)

0.2

2.7

4.7

NEFA6 , µmol/l

676.0 (162.5 – 1875.0)

21.4

250.0

64.0 (45.1 – 92.4)

0.6

58.0

306.1 (239.5 – 388.7)

2.2

Calcium, mmol/l

2.48 (2.01 – 3.33)

0.02

2.2

Sodium, mmol/l

148.6 (115.6 – 191.4)

1.1

139.0

0.86 (0.64 – 1.11)

0.01

0.95

Hematocrit, %
Red blood cells, 1012/l
MCH2, amol

Lactate, mmol/l

Total protein, g/l
Osmolality, mosmol/kg

Magnesium, mmol/l

1

Knowles
et al. (2000)

Mohri
et al. (2007)

7.5

34.0

32.0

60.0

SEM = pooled standard error; 2MCH = mean corpuscular hemoglobin; 3 MCV = mean corpuscular volume;
MCHC = mean corpuscular hemoglobin concentration; 5β-HB = beta-hydroxybutyrate; 6 NEFA = non-esterified fatty acids.
4
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parameters measured immediately post-transport 3 and on the difference 4 between
pre-transport 5 and post-transport measurements in young veal calves (LMS).
Immediate post-transport
Parameter

Milk
6h

Electrolytes
18 h

6h

SEM6

P-value
Interaction

18 h

Glucose, mmol/l

4.71

Urea, mmol/l

5.51b

5.40b

5.64b

7.38a

0.42

0.04

NEFA7, µmol/l

586.5b

853.2a

916.0a

837.7a

54.8

< 0.01

Total protein, g/l

66.90a

59.62b

59.81b

64.77a

1.65

< 0.01

ab

b

4.5

0.02

2.43

0.02

SEM

P-value
Interaction

Osmolality, mosmol/kg

a

310.6

Ca, mmol/l

3.10

b

297.5

2.56a

3.56

b

3.35b

0.14

< 0.01

300.6

2.27b

ab

312.0

2.45 a

a

2.42a

Δ = T0 – CC
Parameter

Milk
6h

Glucose, mmol/l
NEFA, µmol/l

1.19

Electrolytes
18 h

a

6h

-0.60

b

-0.21

18 h
b

-0.62b

0.15

< 0.01

-114.6b

199.3 a

251.1 a

153.7a

63.0

< 0.01

Total protein, g/l

3.60b

-4.34 a

-2.92a

-0.65 a

1.56

< 0.01

BW8 losses, kg

0.41 a

-0.67c

-0.16b

-0.74c

0.09

0.03

1

milk vs. electrolytes; 26 h vs. 18 h; 3 0 h, T0; 4 deltas, Δ = T0 – CC; 5 collection center, CC ; 6 SEM = pooled
standard error; 7NEFA = non-esterified fatty acids; 8 BW = body weight. a-d Least square means within a
row lacking a common superscript differ (P ≤ 0.05).
Table 4. Interaction between pre-transport diet1 and type of vehicle2 on the difference3 between
pre-transport 4 and post-transport 5 measurements in young veal calves.
pre-transport and post-transport
Parameter

Milk
Conditioned

Lactate, mmol/l
Albumin, g/l

0.10

a

-2.27ab

Electrolytes
Open
-0.41

b

-3.43 a

Conditioned
0.14

a

-2.50a

1

SEM6

P-value interaction

0.19 a

0.11

0.01

-0.40b

0.72

0.03

Open

milk vs. electrolytes; 2 conditioned vs. open truck; 3 deltas, Δ = T0 – CC; 4 collection center, CC; 5 0 h, T0.
SEM = pooled standard error; a-d Least square means within a row lacking a common superscript differ
(P < 0.05).
6
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Table 3. Interaction between pre-transport diet 1 and transport duration 2 detected in blood

Table 5. Effects of diet composition1 before to transport, type of vehicle2 and transport duration3
on blood parameters, body weight and rectal temperature of young calves at the moment
of arrival at the veal farm (LSM).

Hematocrit, %

29.34 28.69 0.65

Red blood cells,
10¹²/l

8.22

8.26

MCH5 , amol

735.5 722.7

P-value

6.12

SEM

0.74

18 h

0.15

6h

Conditioned

6.00

P-value

P-value

6.07

SEM

SEM4

Hemoglobin,
mmol/l

Transport duration

Open

Milk

Type of vehicle

Electrolytes

Pre-transport diet

5.95

0.15

0.44

6.02

6.04

0.19

0.96

0.95

29.43 28.59 0.65

0.93

28.71 29.32 0.65

0.97

0.18

0.84

8.38

0.18

0.24

8.33

0.22

0.61

8.9

0.25

727.7 730.5

8.9

0.80 719.8 738.5 10.4

0.23

MCV6, fl

35.65 34.71 0.45

0.07

35.11 35.26 0.45

0.78 34.49 35.88 0.52

0.06

MCHC7, mmol/l

20.64 20.84 0.10

0.14

20.74 20.73 0.10

0.95 20.88 20.60 0.12

0.15

Albumin, g/l

41.38 42.29 0.63

0.32

42.52 41.15

0.63

0.13

0.11

0.05

0.02

Parameter

Lactate, mmol/l

1.33

1.29

0.05

0.61

1.39

8.10

1.22

8.16

40.81 42.86 0.78
1.33

1.28

0.05

0.19

β-HB8, mmol/l

0.546 0.333 0.028

Creatine kinase,
U/l

104.8 93.8

5.4

0.16

89.7 108.9

5.4

0.08

99.3

99.2

5.4

0.15

Magnesium,
mmol/l

0.85

0.01

0.08

0.86

0.01

0.53

0.87

0.85

0.02

0.32

Sodium, mmol/l

148.1 147.2

1.4

0.60

149.2 146.2

1.4

0.10

147.8 147.5

1.6

0.92

Body weight, kg

45.18 44.83 0.27

0.37

44.90 45.11

0.27

0.60 45.28 44.73 0.33

0.31

RT 9, ˚C

38.83 38.83 0.09

0.95

38.87 38.78 0.09

0.17 38.88 38.78 0.10

0.26

0.88

< 0.01

0.411 0.468 0.028 0.10 0.403 0.476 0.033 0.13

1

0.87

milk vs. electrolytes; 2 conditioned vs. open truck; 3 6 vs. 18 h.; 4 SEM = pooled standard error; 5 MCH =
mean corpuscular hemoglobin; 6 MCV = mean corpuscular volume; 7MCHC = mean corpuscular hemoglobin concentration; 8β-HB = beta-hydroxybutyrate; 9 RT = rectal temperature.
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on the difference 4 between pre-transport 5 and post-transport6 measurements of young
veal calves (LSM).

Hemoglobin,
mmol/l

0.067 0.041 0.054 0.66 0.064 0.044 0.054 0.74
0.04

0.08

0.21

P-value

SEM

Red blood cells,
10¹²/l

0.171 0.122 0.073 0.52

0.167 0.125 0.073 0.58 0.148 0.144 0.083 0.97

MCH8 , amol

-7.51 -5.72

-6.82 -6.41

MCV9 , fl

-0.25 -0.48 0.08

MCHC10, mmol/l

-0.07

0.42

0.39

18 h

0.42

1.56

0.98

0.071 0.037 0.062 0.69

Hematocrit, %

0.12

0.21

6h

Transport duration

P-value

SEM

Open

Type of vehicle

Conditioned

P-value

SEM7

Milk

Parameter

Electrolytes

Pre-transport diet

1.56

0.85

0.20

0.99

-4.51 -8.72

1.90

0.18

0.07 -0.46 -0.28

0.10

0.25

0.05

0.04

0.14

0.10

0.06

0.01

0.04 -0.27 -0.47 0.08

0.05 < 0.01 -0.05 0.10

0.98 -0.05 0.51

Osmolality,
mosmol/kg

2.91

-5.38 4.04

0.15

5.61 -8.09 4.04

0.02

-1.23 -1.25

4.94

0.99

Urea, mmol/l

1.29

0.42

0.03

1.15

0.14

0.56

0.34

0.30

0.28

0.56

0.28

1.15

β-HB11 , mmol/l

0.254 0.041 0.029 < 0.01 0.144 0.151 0.029 0.84 0.091 0.204 0.033 0.02

Creatine kinase,
U/l

21.51

3.68

5.07

0.02

4.16

21.02

5.07

0.04 14.38 10.64 5.07

Calcium, mmol/l

-0.104 0.007 0.047 < 0.01 -0.025 -0.072 0.047 0.25

Magnesium,
mmol/l

-0.019 0.018 0.016 < 0.01 -0.002 0.001 0.016 0.80 0.024 -0.025 0.017

Sodium, mmol/l

0.16

0.52

0.017 -0.113 0.052 0.03
0.01

1.00

-3.05

2.03

2.23

-4.48

2.03

0.03

-1.15 -0.90 2.47

0.95

Changes in RT12 , ˚C 0.07

0.30

0.09 < 0.01 0.28

0.10

0.09

0.02

0.28

0.10

1

0.10

0.10

milk vs. electrolytes; 2 conditioned vs. open truck; 3 6 vs. 18 h; 4 deltas, Δ = T0 – CC; 5 collection center, CC;
0 h, T0. 7SEM = pooled standard error; 8MCH = mean corpuscular hemoglobin; 9 MCV = mean corpuscular
volume; 10 MCHC = mean corpuscular hemoglobin concentration; 11β-HB = beta-hydroxybutyrate;
12
RT = rectal temperature.
6
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Table 6. Effects of diet composition1 prior to transport, type of vehicle2 and transport duration3

=Milk

= Electrolytes

B
7
7
6
6
5
5
4
4
3
3
2
2
1
1
0
0

120
120

** **

80
80

20
20
0
0

0.6
0.6

**

0.5
0.5
mmol/l
mmol/l

µmol/l
µmol/l

#
#

60
60

D

Figure 1.

**

40
40

C
1000
1000
900
900
800
800
700
700
600
600
500
500
400
400
300
300
200
200
100
100
0
0

#
#

100
100

U/l
U/l

mmol/l
mmol/l

A

0.4
0.4

**

**

0.3
0.3
0.2
0.2
0.1
0.1
0
0

A-D Interactions between pre-transport diet (milk vs. electrolytes) and time relative
to transport for glucose (A), creatine kinase (B), non-esterified fatty acids (NEFA; C),
and β-HB (D) in young veal calves. Blood samples of these variables were collected before
transport at the collection center (CC); at 0 (T0), 4 (T4), 24 (T24), and 48 (T48) h; and 1, 3, and 5
week post-transport. Asterisks indicate significant differences (P ≤ 0.05) between treatments
within a sampling moment, whereas hashtags indicate a tendency toward significance (0.05
≤ P ≤ 0.10).
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*
*

45
34

#

67

#

56

23

45

23
12

01

01

0

0

900
800
900
700
800
600
700
500
600
400
500
300
400
200
300
100
200
0
100

D

*
*

0.6
0.6
0.5
0.5
0.4

1.6
1.4

*
*

0.4
0.3
0.3
0.2
0.2
0.1
0.1
0

0

E

* *
* * *
*

34

12

C

µmol/l
µmol/l

#

7

B

#

mmol/l
mmol/l

mmol/l
mmol/l

56

*
*

mmol/l
mmol/l

7

A

0

*

F
#

70

*

65

1.2
60

1.0

g\l

mmol/l
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= 18 h

=6h

0.8
0.6

55
50

0.4
45

0.2
0.0

50
48
46
44

g\l

42
40
38

A-F: Interactions between transport duration (6 vs. 18 h) and time relative to transport
350
for glucose (A), urea (B), non-esterified fatty acids (NEFA; C), β-HB (D), lactate (E), total
#
340
protein (F) in young veal calves.Blood samples of these variables were collected before
transport at the collection center (CC); at 0 (T0),330
4 (T4), 24 (T24), and 48 (T48) h; and 1, 3, and 5
320 differences (P ≤ 0.05) between treatments
week post-transport. Asterisks indicate significant
within a sampling moment, whereas hashtags 310
indicate a tendency toward significance
(0.05 ≤ P ≤ 0.10). (Continued on next page)
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G

*
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H
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330
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44
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40
38
36

320
300
290

32

270

30

260

*
*

mmol/l
mmol/l

160
155
155
150

#
#

J

0.95
0.95
0.9
0.9

mmol/l
mmol/l

170
170
165
165
160

K

*

310

280

34

I

#

340

150
145
145
140
140
135

0.85
0.85
0.8
0.8
0.75

135
130

0.75

130
125

0.7

125

0.7

3
3
2.9
2.9
2.8

mmol/l
mmol/l

2.8
2.7
2.7
2.6
2.6
2.5

* *
* *

*
*

2.5
2.4
2.4
2.3
2.3
2.2
2.2
2.1
2.1
2
2

Figure 2.

(Continued ) G-K: Interactions between transport duration (6 vs. 18 h) and time relative
to transport for albumin (G), osmolality (H), sodium (I), magnesium (J), and calcium
(K) in young veal calves.Blood samples of these variables were collected before transport at the collection center (CC); at 0 (T0), 4 (T4), 24 (T24), and 48 (T48) h; and 1, 3, and 5 week
post-transport. Asterisks indicate significant differences (P ≤ 0.05) between treatments within
a sampling moment, whereas hashtags indicate a tendency toward significance
(0.05 ≤ P ≤ 0.10).
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Effects on measurements immediately post-transport
An interaction between pre-transport diet and transport duration was detected for
glucose, urea, and NEFA (Table 3). Calves fed milk or electrolytes and transported for
18 h did not differ in blood glucose or NEFA concentrations. However, after 6 h of transport, milk-fed calves had higher glucose concentrations than electrolyte-fed calves (Δ
= 1.15 mmol/L; P < 0.0001) and lower NEFA concentrations (Δ = −329.5 µmol/L; P = 0.007).
In addition, milk-fed calves transported for 6 h had higher glucose and lower NEFA
concentrations than milk-fed calves transported for 18 h (Δ = 1.61 mmo/L; Δ = −266.7
µmol/L, respectively). Blood urea concentration did not differ in milk-fed or electrolyte-fed calves transported for 6 h, but after 18 h of transport, milk-fed calves had lower
urea concentrations than electrolyte-fed calves (Δ = −1.98 mmol/L; P = 0.04). Moreover,
electrolyte-fed calves transported for 6 h had lower urea concentrations than the ones
transported for 18 h (Δ = −1.74 mmol/L).
An interaction between pre-transport diet and transport duration was also found for
TP, osmolality, and calcium. Higher plasma TP concentrations were found in milk-fed
calves than in electrolyte-fed calves after 6 h of transport (Δ = 7.09 g/L), whereas after
18 h of transport, TP concentrations were lower in milk-fed calves than in electrolyte-fed calves (Δ = −5.15 g/L; P = 0.001). In addition, milk-fed calves transported for 6 h had
higher TP concentrations than the ones transported for 18 h (Δ = 7.28 g/L), whereas
electrolyte-fed calves transported for 6 h had lower TP concentrations than the ones
transported for 18 h (Δ = −4.96 g/L). Milk-fed and electrolyte-fed calves transported for
6 h did not differ in osmolality and calcium concentrations. However, after 18 h of transport, milk-fed calves had a lower osmolality and calcium concentrations than electrolyte-fed calves (Δ = −14.5 mosmol/kg, P = 0.02; Δ = −0.15 mmol/L, P = 0.02, respectively).
Moreover, milk-fed calves transported for 6 h had higher calcium concentrations than
the ones transported for 18 h (Δ = 0.29 mmol/L).
Effects of the difference between pre- and post-transport measurements
An interaction between pre-transport diet and transport duration was identified for
glucose, NEFA, and TP (Table 3). Milk-fed and electrolyte-fed calves transported for 18
h decreased to the same degree in glucose concentration during transport. However,
calves transported for 6 h differed in their responses; milk-fed calves increased in
blood glucose concentration, whereas electrolyte-fed calves decreased in glucose
concentration (P = 0.0001). Blood NEFA concentrations increased in both milk-fed and
electrolyte-fed calves after 18 h of transport. In contrast, after 6 h of transport, milk-fed
calves decreased their NEFA concentration, whereas electrolyte-fed calves increased their NEFA concentration (P = 0.007). Moreover, milk-fed calves transported for
61
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Interaction between pre-transport diet and transport duration

6 h increased glucose and decreased NEFA concentrations during transport compared with milk-fed calves transported for 18 h. Milk-fed and electrolyte-fed calves did
not differ in their change in blood TP concentrations after 18 h of transport, but after 6
h of transport, TP concentrations increased in milk-fed calves and decreased in electrolyte-fed calves (P = 0.002). In addition, milk-fed calves transported for 6 h increased
TP concentrations during transport, whereas the ones transported for 18 h had decreasing TP concentrations.
An interaction between pre-transport diet and duration was also detected for BW losses
(Table 3). Body weight losses were pronounced in both milk-fed or electrolyte-fed
calves after 18 h of transport, but calves transported for 6 h and fed with milk increased
in BW, whereas electrolyte-fed calves showed BW losses (P = 0.03).

Interaction between pre-transport diet and type of vehicle
Effects on the difference between pre- and post-transport measurements
No interactions between pre-transport diet (milk or electrolytes) and type of vehicle
(open or conditioned truck) were found for any of the variables determined immediately post-transport (T0).
An interaction between pre-transport diet and type of vehicle was detected for deltas
of lactate and albumin (Table 4). Milk-fed and electrolyte-fed calves transported in the
conditioned truck increased to the same degree in lactate concentration during transport. However, in the open truck, milk-fed calves decreased lactate concentrations,
whereas electrolyte-fed calves increased their lactate concentration (P = 0.01).
Albumin concentrations decreased in both milk-fed and electrolyte-fed calves transported in both type of vehicles. The decrease in albumin concentration did not differ
between milk-fed or electrolyte-fed calves transported in the conditioned truck.
However, milk-fed calves had a greater decline in albumin than electrolyte-fed calves
in the open truck (P = 0.03).

Main effects
Effects on measurements immediately post-transport
Immediately post-transport, milk-fed calves had lower β-HB levels than electrolyte-fed
calves (Δ = −0.213 mmol/L; P < 0.001; Table 5). Pre-transport diet, type of vehicle, and
transport duration had no significant effects on BW and RT immediately post-transport.
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Pre-transport diet influenced deltas of blood urea, β-HB, and CK between pre- and
post-transport (Table 6). Both milk-fed and electrolyte-fed calves increased urea (P =
0.03), β-HB (P < 0.01), and CK (P < 0.01) during transport. However, the increase was
greater in electrolyte-fed calves than in milk-fed calves.
Pre-transport diet had also an effect on MCV, MCHC, calcium, and magnesium values.
The MCV decreased in both milk-fed and electrolyte-fed calves during transport, but
the decrease was larger in the milk-fed calves (P = 0.04) than in the electrolyte-fed
calves. The MCHC, calcium, and magnesium values increased in milk-fed calves during
transport, whereas the values decreased in electrolyte-fed calves. In addition, milk-fed
calves had a greater increase in RT than electrolyte-fed calves during transport (P < 0.01).
Type of vehicle influenced MCHC values, osmolality, CK, and sodium concentration
and change in RT. The MCHC values increased in calves transported in the open truck
and decreased in calves in the conditioned truck (P = 0.04). Calves in the open truck
showed a decrease in osmolality and sodium values during transport, whereas calves
in the conditioned truck increased these values (P < 0.05). Values of CK and RT increased during transport in calves in both the open and the conditioned truck, but the
increase in CK was higher in the open truck, whereas the increase in RT was higher in
the conditioned truck (both P < 0.05).
Transport duration had an effect on MHCH, β-HB, calcium, and magnesium. After 6 h of
transport, MCHC increased to a greater extent than after 18 h (P = 0.01). In case of β-HB,
higher concentrations were found in calves transported for 18 h than for 6 h (P = 0.02).
Both calcium and magnesium concentrations decreased in calves transported for 18
h, whereas concentrations increased in calves transported for 6 h (P < 0.05).

Effects of treatments in time until week 5 post-transport
Interaction between pre-transport diet and time
Glucose, CK, NEFA, and β-HB showed a significant interaction between pre-transport
diet and time (Figure 1A-D). Directly post-transport, milk-fed calves had higher glucose
concentrations than electrolyte-fed calves (Figure 1A; P = 0.004). However, 4 h post-transport, milk-fed calves had a lower concentration of glucose than the electrolyte-fed calves (P = 0.003). The amount of CK differed at T24 (P = 0.01), with milk-fed calves
showing lower CK values than electrolyte-fed calves (Figure 1B). The increase in NEFA
and β-HB directly post-transport was greater in electrolyte-fed calves than in milk-fed
calves (Figure 1C, D; P < 0.0001). At T4, concentrations of β-HB were still higher in electrolyte-fed calves than milk-fed calves (P = 0.0002).
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Interaction between transport duration and time
An interaction between transport duration and time was found for most of blood metabolites (Figure 2A-H). As depicted in Figure 2A, at T0, calves transported for 18 h had
lower glucose concentration than calves transported for 6 h (P < 0.0001). At T24, glucose
was also higher in calves transported for 6 h than in calves transported for 18 h (P = 0.007).
Blood urea, β-HB, and NEFA increased post-transport and then they decreased until
week 5 (Figure 2B-D). However, the response of calves was different between 6 and 18
h of transport. Calves transported for 18 h presented slightly higher urea concentrations from T0 until T24 than calves transported for 6 h (P < 0.05). At T0 only, β-HB and
NEFA concentrations were also higher for calves transported for 18 h than the ones
transported for 6 h (P < 0.01). Lactate, TP, and albumin concentrations differed at T48
(Figure 2E-G) between transport durations. At this sampling moment, calves transported for 6 h had higher lactate (P < 0.0001) and TP (P = 0.03) than calves transported for
18 h, whereas the opposite was found for albumin concentration (P = 0.001). Osmolality
decreased until T4 for calves transported either 6 or 18 h and thereafter started to rise;
at T24, calves assigned to 18 h of transport showed a higher osmolality than calves
assigned to 6 h of transport (Figure 2H; P = 0.0008).
A significant interaction between transport duration and time was found for sodium,
magnesium, and calcium (Figure 2J-L). Sodium showed the same trend in time as
osmolality. Magnesium concentrations fluctuated within a small range. Compared with
pre-transport magnesium values, calves transported for 6 h had a small decrease in
magnesium post-transport. After T0, magnesium concentrations fluctuated, with peak
concentrations at T48 and week 3 post-transport. Calves transported for 18 h had increasing concentrations of magnesium from T0 until week 3. Immediately post-transport
and at T4, calves with 6 h of transport had higher calcium values than calves with 18 h
of transport (P = 0.002). In contrast, at T48, calves with 18 h of transport showed greater
calcium concentrations than calves with 6 h of transport (P = 0.003).

Discussion
In the current study, transport was a challenge for young veal calves. This is in line with
previous studies that showed effects of transport on calf metabolic and physiological
status (Knowles et al., 1999b; Minka and Ayo, 2010). This study aimed to investigate
effects of transport on young calves whose blood values were already challenged
before transport due to previous mixing, handling procedures, and transport to the CC,
moving away from baseline values. Values of blood parameters are shown in Table 2 and
were compared with reference values for calves of 14 d of age found in other studies.
Values recorded at the CC were comparable among treatment groups. Additionally,
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to minerals, fat mobilization, such as NEFA, and energy, such as glucose, the values
obtained at the CC were already markedly different from reference values. This strongly
suggests that calves used in the current experiment were already challenged when
the first blood sample was taken. Indeed, we deliberately used calves in our study as
they commonly exist in practice (i.e., animals collected from different dairy farms in
Germany, received and mixed at a CC, and then transported toward a veal farm in the
Netherlands). Therefore, before arrival at the CC they most likely already had experienced different sorts of stressors, such as handling procedures and transport, as well
as different durations of feed and water withdrawal.

Interaction between pre-transport diet and transport duration
Milk-fed calves had higher TP and osmolality after 6 h of transport compared with
electrolyte-fed calves. However, after 18 h of transport the effect was reversed, and
milk-fed calves had lower TP and osmolality. The differences between the short and
the long-term transport might be explained by different effects of dietary energy
content on plasma volume (Bachmann et al., 2012). Electrolytes might have provided
an immediate rate of hydration due to their quicker absorption rate in the gut of calves
compared with milk (Nouri and Constable, 2006; Constable et al., 2009). We hypothesized that the initial rate of hydration might not have been maintained until the end of
18 h of transport. In contrast, the higher energy content of milk might have contributed
to a slower rate of plasma expansion (Bachmann et al., 2012), which might explain the
lower dehydration level of the milk-fed calves after 18 h of transport compared with
the electrolyte-fed calves.
After 18 h of transport, electrolyte-fed calves had higher calcium concentrations than
milk-fed calves. The combination of lower energy content and long transport duration
might explain the rise in calcium concentrations in electrolyte-fed calves in the present
study. Parker et al. (2003) showed higher calcium concentrations in steers after 48 h of
transport duration; however, the authors used older animals instead of young calves. Other
studies did not show any significant results on calcium, thus more research is needed to
investigate how calcium is regulated during long-term transport in young calves.
An interaction between pre-transport diet and transport duration was also identified for
BW losses and deltas between pre-transport and immediate post-transport glucose
and NEFA concentrations. After 18 h of transport, milk-fed and electrolyte-fed calves
experienced BW losses. In accordance to previous studies on long transport duration,
BW losses can be highly influenced by feeding and water provision before transport
(Tarrant et al., 1992; Knowles et al., 1999b). Bernardini et al. (2012) showed that after 19 h
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of transport calves had 6.4% higher BW losses compared with nontransported calves.
Moreover, unfed calves or calves provided with only water and no food during transport
are more prone to BW losses. In the study of Knowles et al. (1997), unfed calves that were
transported for 24 h lost up to 3.2% of their BW. Although diet seemed to have no effects
after 18 h of transport, the feeding strategy at the CC played an important role on BW
losses after short transport duration. In the current practice, feeding electrolyte solutions before transport is a common approach to counteract expected negative effects
of transport on electrolyte metabolism, metabolic acidosis, and viral diarrhea in cattle
(Booth and Naylor, 1987; Schaefer et al., 1997). Knowles et al. (1997) used a glucose/
electrolyte solution to avoid gastrointestinal problems on arrival at the farm. Despite the
important role of electrolytes on calf health, the results of the present study showed
that, after 6 h of transport, milk-fed calves gained weight compared with electrolyte-fed calves that lost weight, although they had the same amount of fluid intake. This
result suggests that the higher nutrient and energy content of milk seemed to protect
calves against the effects of transport on nutrient mobilization and thus on BW losses.
The effect of feeding milk before 6 h of transport was also evident on blood biochemical profile. The higher glucose and lower NEFA concentrations in milk-fed calves post-transport are indicative of a less negative energy balance and might indicate that the
nutrient reserve depletion is less serious than in electrolyte-fed calves (Tadich et al.,
2005; Marcato et al., 2018). Moreover, the consequences of feeding electrolytes on calf
energy and protein metabolism were more pronounced after long distance transport.
This is in line with the study of Mormede et al. (1982) who found slightly lower post-transport glucose (−38% for short transport and −54% for long transport), and higher
NEFA and urea levels. Mormede et al. (1982) suggested that the results might be due
to the combination of food deprivation and the higher energy demands of transport
and manipulations. On long journeys, food reserves are used by animals, thus a lower
plasma glucose might be an indicator that the animal runs out of fast available energy
(Grandin et al., 2014).

Main effects
Pre-transport diet
Feeding electrolytes as pre-transport diet contributed to a significant increase in CK
during transport. Higher CK and lactate values might be indicative of calf tissue damage,
hypoxia, fatigue, and exhaustion during transport (Chacon et al., 2005; Averos et al.,
2008). In our study, the changes observed after short-term transport in milk-fed calves
might be associated with the greater energy content of this diet that protects calves
from glycogenolysis and gluconeogenesis induced by fear responses during transport.
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concentration. Changes in these blood parameters have been previously described in
veal calves (Wilson et al., 2000) in relationship to a low iron dietary regimen at the veal
farm, but whether other (transport-related) factors also might play a role is currently
not clear.
The higher RT in milk-fed calves might be explained by the higher energy content
of their diet compared with electrolytes, and consequently a higher metabolic rate
(Scibilia et al., 1987).
In our study, milk-fed calves had an increase in their calcium and magnesium concentration post-transport, whereas electrolyte-fed calves experienced a decrease. Calcium
and magnesium are important macrominerals that have key functions in body signaling
and enzymes. Magnesium is not stored in the body and needs to be ingested daily.
Calcium is well regulated and can derive from bone via the parathyroid hormone. Their
main role together with other ions, such as chloride and sodium, is the maintenance
of acid-base balance, osmotic pressure, membrane electric potential, and nervous
transmission (Mohri et al., 2008). Transportation is known to affect mineral balance in
calves (Schaefer et al., 1997; Steinhardt and Hans-Herma, 1998). In the literature, an
increase in calcium and magnesium values is generally associated with the activation of the hypothalamic-pituitary-adrenal axis during transport. As a result of high
calcium in the extracellular fluids, challenged animals have greater muscle contractility (Minka and Ayo, 2010). In this experiment, the difference in concentrations of these
minerals between milk-fed and electrolyte-fed calves might be a consequence of
diet instead of the activation of the hypothalamic-pituitary-adrenal axis during transport. Milk contained 9.5 g/kg of calcium and 1.67 g/kg of magnesium, whereas these
minerals were not included in the nutrient composition of electrolytes. The greater
nutrient content in milk might, therefore, have contributed to the increase in calcium
and magnesium.
Transport duration
Long transport duration affected differences in mineral concentrations between preand post-transport. Steinhardt and Hans-Herma (1998) found a decrease in calcium and
magnesium concentrations after transport of calves. The decrease in these minerals
was probably due to fear responses experienced by calves during transport and handling procedures. Lower calcium and magnesium, as well as fear responses, increase
catecholamine production, and result in higher cell permeability (Davidson et al., 2004).
Moreover, a reduction in magnesium concentrations leads to an increase in glycogen
breakdown (Steinhardt and Hans-Herma, 1998). Thus, it is important to maintain mineral
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homeostasis to prevent any consequences on calf metabolism and physiology. In our
study, a decrease in calcium and magnesium values was observed only after 18 h of
transport and not after 6 h of transport. Therefore, long transport duration seemed to
exert more negative effects on these minerals compared with short transport duration.
Type of vehicle
Apparently, and contrary to our expectations, in our study the settings of the climate
control system as applied in practice did not result in notable differences in temperature
or relative humidity between the conditioned and open truck. This might explain the
fact that, in the current experiment, the type of vehicle had a small influence on post-transport metabolic parameters of calves. Nevertheless, the type of vehicle influenced
deltas of osmolality, RT, and sodium between pre- and post-transport. Perhaps climatic
parameters other than those recorded in the present experiment differed between the
conditioned and open truck, such as draft, which may have affected the physiological
state of our calves. Moreover, a different season (e.g., summer) might have caused more
notable differences in physiological measurements; however, to our knowledge, no
studies are available on the effects of season in association with different type of vehicle on physiology of young calves. From higher osmolality and sodium values, it can be
speculated that calves in the conditioned truck experienced more dehydration, which
might have compromised their thermoregulatory abilities, resulting in increased RT
(Minka and Ayo, 2010). Follow-up studies are needed to much better and more comprehensively characterize climatic conditions in open and in conditioned vehicles during
transport, and to examine which environmental factors inside the truck are (most) relevant for calf physiology and health. In addition, our study indicates that there is a need
for the definition of scientifically based reference values of settings for climate control
systems for livestock transport trucks, especially those for the transport of young calves.
Interaction between pre-transport diet and type of vehicle
An interaction between pre-transport diet and type of vehicle was detected for albumin. Albumin is a protein synthesized in the liver (Klinton and Ježek, 2012), is responsible for 75% of the osmotic pressure of plasma, and is considered a major negative
acute phase protein (Tothova et al., 2014). Therefore, a decrease in albumin could be
associated with an ongoing inflammatory process (Petersen et al., 2004). In our study,
electrolyte-fed calves exhibited a smaller decrease in albumin during transport than
milk-fed ones, but only in the open truck (Table 4). However, we have no indication that
these specific treatment groups also demonstrated signs of inflammation. Hence, the
reasons behind this particular finding remain to be determined.
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In our experiment, an interaction between pre-transport diet and time was present for
both glucose and NEFA. Around T0, milk-fed calves had higher glucose and slightly
lower NEFA in the blood. The feed-related differences in glucose and NEFA remained
evident until 4 h post-transport. This is in line with the study of Knowles et al. (1999b). The
authors reported that glucose and NEFA concentrations of calves returned to pre-transport values within 4 h of the end of transport. Therefore, the effect of pre-transport diet
on these blood measurements was visible only for a short-term post-transport.
An interaction between transport duration and time was detected for energy and protein
indicators, dehydration indicators, and minerals. Effects of transport duration on glucose,
β-HB, and NEFA concentrations were detected in the first 4 h post-transport. Around
T0, calves transported for 6 h had higher glucose and lower β-HB and NEFA in their
blood. After T4, the concentrations of these variables were similar for calves transported for 6 or 18 h. The fast recovery time from energy depletion is also observed in the
literature (Knowles et al., 1999b). However, calves assigned to long transport duration
maintained higher plasma urea concentrations until 48 h post-transport. These results
might be also associated with fasting during a long journey to the veal farm. Immediately
post-transport, Knowles et al. (1997) found higher urea concentrations (5.61 mmol/L)
in unfed calves compared with calves being fed (5.34 mmol/L) during a 24 h journey.
Urea concentrations in unfed calves also increased up to 72 h post-transport (Knowles
et al., 1997). Thus, results suggest that providing feed to calves before long transport
might prevent muscle protein degradation in the first 2 d at the veal farm.
The significant increase in albumin, TP (only for 6 h of transport), and osmolality found
48 h post-transport might be related to the feeding management of calves at the veal
farm. The calves in the current study ingested 1.5 L of milk or electrolytes at the CC and
then were transported for up to 18 h. At the veal farm, calves received 3 L of water with
electrolytes immediately post-transport and only the next day did calves receive milk.
This means that calves received only 4.5 L of fluid within 48 h. Thus, the difference in
management between the dairy farm and the veal farm might have resulted in a peak
of dehydration 2 d post-transport. The effect was more pronounced in calves transported for 18 h due to their longer fasting period (Knowles et al., 1997). Compared with
calves transported for 6 h, calves transported for 18 h had lower TP concentrations 48
h post-transport. The lower TP concentration might be also associated with the decrease in other proteins (e.g., globulins). A lower α-globulin accompanied by high albumin concentrations in calves transported for 18 h might be related to water loss (Alam
et al., 2012), suggesting that these calves might have experienced dehydration at this
time point. A great increase in sodium concentrations was particularly visible from 4 h
(141.3 mmol/L) to 48 h (162.5 mmol/L) post-transport. The same trend was also seen in
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osmolality and it might suggest that the animals were dehydrated between 4 and 48 h
post-transport. Based on glucose and NEFA concentrations, it can be concluded that
recovery rate of calves post-transport is quick because concentrations were returning to (below) pre-transport values in a short term post-transport. However, effects of
transport duration on urea and dehydration indicators were still evident until 48 h post-transport, and thus for a longer term, which might be related to differences in feeding
strategies between dairy farms and veal farms.

Conclusions
In this study, pre-transport diet provided at the collection center and transport duration
had a significant effect on the hematological profile and physiological status of young
veal calves. Feeding milk before transport and short transport duration reduced utilization of glucose as a primary source of energy and prevented mobilization of fat and
protein, and BW losses. However, calves transported for 18 h were more dehydrated,
as suggested by increasing concentrations of albumin and osmolality at 48 h post-transport and feeding milk before transport was not able to prevent these increases in
blood values. The recovery rate of calves post-transport was quick since calves restored their (below) pre-transport values within 24 h post-transport. Type of vehicle had
little influence on calf metabolic parameters. The potential implications of differences
in hematological profile and physiological status of calves upon arrival at the veal farm
for later clinical health and disease incidence during the rearing period remains to be
determined and will be the subject of follow-up research. 
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A
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Figure A1 Design of the truck and the trailer for batch 1 (A) and batch 2 (B) of calves. M6C = milk,
6 h transport, conditioned truck; M18C = milk, 18 h transport, conditioned truck; M6O = milk, 6
h transport, open truck; M18O = milk, 18 h transport, open truck; E6C = electrolytes, 6 h transport, conditioned truck; E18C = electrolytes, 18 h transport, conditioned truck; E6O = electrolytes, 6 h transport, open truck; E18O = electrolytes, 18 h transport, open truck.
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Abstract
The aim of this study was to investigate effects of pre-transport diets, transport durations and transport conditions on immune cell subsets, haptoglobin, cortisol and bilirubin of young calves upon arrival at the veal farm. An experiment was conducted with a 2
× 2 × 2 factorial arrangement with 3 factors: 1) provision of rearing milk or electrolytes at
the collection center (CC); 2) transport duration (6 or 18 hours) and 3) transport condition
(open truck or conditioned truck). Holstein-Friesian and cross-bred calves were used
(N = 368; 18 ± 4 days; 45.3 ± 3.3 kg). Blood samples were collected from calves (N = 128)
at the collection center, immediately post-transport (T0) and 4, 24, 48 hours, week 1, 3
and 5 post-transport. Blood was analyzed for cortisol, bilirubin, haptoglobin, IgG and
IgM. Moreover, cell counts of neutrophils, lymphocytes, monocytes, basophils and
eosinophils were measured in blood samples taken at the collection center and T0.
In these same blood samples, different lymphocyte pop ulations were characterized
by flow cytometry, including CD14+ cells, NK cells, δγ+ T cells, CD8+ cells, CD4+ cells
and CD21+ cells. Calves transported in the conditioned truck had higher amounts of
white blood cell count (WBC) (Δ = 1.39 × 109/l; P = 0.01), monocytes (Δ = 0.21 × 109/l;
P = 0.04), neutrophils (Δ = 0.93 × 109/l; P = 0.003), than calves transported in the open
truck regardless of pre-transport diet or transport duration. The study showed that
transport condition and duration influenced parts of the innate immune system of
young veal calves. Cortisol, bilirubin and WBC seemed to be connected by similar
underlying mechanisms in relation to transport conditions. However, it is unclear which
specific pathways in the immune system of young calves are affected by different
transport conditions (e.g. temperature, humidity, draught).
Keywords: transport, diet, transport duration, immunity, veal calf
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Transport represents a challenge for calves (Brscic et al. 2012). Veal calves are transported when they are 14 to 20 days old, and particularly at this young age, they are
vulnerable to transport stress (Swanson and Morrow-Tesch, 2001; Renaud et al., 2018c).
In fact, the immune system of young calves is not fully developed and calves lack the
time necessary for building immunocompetence compared to older cattle (Swanson
and Morrow-Tesch, 2001; Earley et al., 2017). During handling, loading, and commingling
around transport, calves may be exposed to microorganisms against which they have
no colostral antibodies (Autio et al., 2007). Because transport represents a severe
stressor for calves, it may impede immunocompetence and enhance the susceptibility of calves to diseases (Hulbert and Moisa, 2016). Additionally, stress may result in a
disruption of the balance between humoral and cellular components of the immune
system (Salak-Johnson and McGlone, 2007). To our knowledge, there are limited and
contrasting results on which part of the immune system of young calves is affected by
transport. Following transport, for example, percentages of γδ T cells, that represent
up to 60% of circulating T-cells in young calves, have been reported to increase (Anane
et al., 2010; Kanematsu et al., 2017). However, Riondato et al. (2008) showed a decrease in percentages of these cell populations, whereas Baldwin et al. (2000) reported
a significant fluctuation in their proportion. Transport related stress may also induce
changes in antibody responses. Mackenzie et al. (1997) showed an increase in total IgG1

and IgG2 levels following transport and weaning of calves. In contrast, Mormede et al.

(1982) found no acute effects of transport on immunoglobulins levels. It is also unknown
how specific immune cell subsets of young calves respond in terms of functionality to
transport. Moreover, information on the influence of several transport-related factors,
namely pre-transport diet, transport duration, and transport conditions on immune
cells of young calves is limited. The most common changes observed after transport
of all age groups of cattle include an increase in total white blood cell numbers (WBC),
basophils, and neutrophils and a decrease in lymphocytes, eosinophils and monocytes
(Earley et al., 2017). These changes were mainly investigated in relationship to transport
duration, whereas other factors associated with transport, such as pre-transport diet
or transport conditions were never studied. Other literature studies showed that also
acute phase proteins (APPs) seemed to be influenced by transport duration. Serum
concentrations of haptoglobin and serum amyloid-A (SAA) and fibrinogen of cattle
were enhanced following transport (Tarrant et al., 1992; Lomborg et al., 2008). After long
transport duration (> 24 hours), Murata and Miyamoto (1993) and Arthington et al. (2008)
showed increased serum haptoglobin concentrations in calves. In contrast, Buckham
Sporer et al. (2008) observed decreased concentrations of haptoglobin and fibrinogen
after 9 hours transport of bulls (282 ± 4 days of age). The majority of this type of work
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is done on adult animals or at least in older animals. It can, however, be expected that
younger calves are more vulnerable to transport-related challenges. This might be
expressed in changes in immune related variables, such as immune cell subsets and
APPs. The aims of the current study were to investigate immune responses (expressed
by changes in immune cell subsets, haptoglobin) and changes in bilirubin and cortisol
concentrations in blood of young calves in relation to three transport-related factors
(pre-transport diet, transport duration and transport condition).

Materials and methods
Animals and experimental design
The experiment was approved by the Central Committee on Animal Experiments (the
Hague, the Netherlands; approval number 2017.D-0029). In total, 368 male HolsteinFriesian and crossbred calves (18 ± 4 days; 45.3 ± 3.3 kg body weight (BW)), divided over
two consecutive batches (N = 184/batch) were used. The experiment had a 2 × 2 × 2
factorial arrangement with 3 factors: 1) provision of rearing milk or electrolytes at the
collection center (CC); 2) transport duration (6 or 18 hours), and 3) transport condition
(open truck or conditioned truck).
In this study we used calves as they normally exist in practice, thus they were collected
from different dairy farms in Germany, transported first to a collection center located in
Bocholt-Barlo, Germany, and then towards a veal farm in Veghel, The Netherlands. All
calves were complying with the minimal weight and health status requirements (BW
> 36 kg; age: minimum 14 days; no signs of disease and injury) (SBK, 2018). Since we
used animals which followed common procedures of collection, mixing and transport,
calves most likely were already challenged prior to their arrival at the collection center
(e.g. they had been subjected to feed and water withdrawal, and various handling and
transport procedures). Therefore, pre-transport blood values shown in this paper most
likely are not representative of baseline values of calves.

Procedures
At the collection center, transport and at the veal farm
At the collection center, calves were randomly allocated by the manager of the collection center to one of eight treatment groups (N = 23 calves per treatment group per
batch). Within each batch, 8 calves per treatment group were randomly selected for
blood sampling (performed by personnel that were blinded to the treatment groups).
After blood sampling, calves were fed via a bucket with nipples with either 1.5 l of rearing
milk (125 g of milk powder/l; ME = 4028 kcal/kg of milk powder, CP = 190 g/kg, digestible
lysine = 18.7 g/kg; Tentofok KO, Tentego, the Netherlands) or a mixture of electrolytes
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l water. No refusals were recorded, thus all calves ingested the expected amount of
milk or electrolytes.
After feeding and before transport, calves had the opportunity to rest for 2 hours and after
that they were loaded on the vehicle. The vehicle consisted of two parts, a truck and a
trailer. The truck was conditioned, which means it was provided with a side-ventilation
system, it was insulated and the climate was controlled with regard to in and outlet of
air (KVM Livestock Transport SystemTM, Kleventa BV, Lichtenvoorde, the Netherlands).
Settings were according to those provided by the manufacturer and applied by the transporter. The trailer was regular, open, and lacked a ventilation system or climate control.
Both the truck and trailer were divided into 4 compartments with straw bedding, two at
the lower deck (3.60 m length × 2.45 m width × 1.35 m height) and two at the upper deck
(3.60 m length × 2.45 m width × 1.45 m height). Additionally, compartments were arranged in both front and back part of the truck and trailer. Each compartment contained
23 calves and had the same stocking density (0.383 m2 per calf). Each compartment
contained calves of one of the eight treatments. Treatments were divided over the truck
and the trailer in a way that all main treatments were positioned at the different parts
of the truck and trailer (see Figure 1A, B, Appendix 1). The actual temperature and relative humidity inside the truck and trailer were recorded by loggers (N = 8; Escort imini,
Cryopak Verification Technologies, Inc.). Each logger was positioned in the middle of each
compartment of the truck and trailer and recorded temperature and humidity every 10
minutes. The average (and range in) temperature and relative humidity during transport
in the conditioned and open truck are shown in Table 1

Table 1.

Mean and range (between brackets) of actual temperature and relative humidity inside
the conditioned and open trucks during short1 or long2 transport of young calves to the
veal farm.
Conditioned truck
Batch 1
T(°C)3

RH (%)4

Open truck

Batch 2
T(°C)

Batch 1

RH (%)

T(°C)

RH (%)

Batch 2
T(°C)

RH (%)

6h

9.2
66.0
13.0
74.1
7.4
74.1
11.5
80.3
(8.2 – 10.3) (61.0 – 75.1) (11.7 – 13.9) (65.0 – 81.0) (6.2 – 9.1) (66.3 – 84.2) (10.4 – 12.5) (67.6 – 88.8)

18 h

7.8
68.2
13.6
77.9
6.6
75.8
14.0
77.3
(4.5 – 11.2) (58.5 – 78.9) (11.2 – 16.3) (65.4 – 83.9) (3.9 – 9.6) (66.3 – 86.5) (10.8 – 16.6) (66.2 – 86.2)

1

6 h; 2 18 h; 3 T = temperature; 4 RH = relative humidity.
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(20 g of electrolytes/l of water; Navobi, Staverden, the Netherlands) dissolved in 1.5

After loading of calves in the vehicle, transport started with two drivers. Drivers switched
every 3 hours. No food or water were provided to calves during transport. After 6 hours
transport, the truck arrived at the veal farm and all calves were unloaded. Calves assigned to 6 hours transport were placed in the veal farm, whereas the calves assigned to
18 hours transport were reloaded on the truck and trailer (in the same compartments
as before) and transported for another 12 hours. At the veal farm, a total of 64 pens
were available, divided over 8 similar compartments, each containing 8 pens, with 5
or 6 calves per pen. Within each compartment, treatments were randomly distributed
across pens. Each pen contained 2 calves that were already used for blood sampling
at the collection center, and these calves were sampled again immediately after placement at the veal farm (T0). After blood collection at T0, all calves received electrolytes
(20 g of electrolytes/l of water; Navobi, Staverden, The Netherlands) dissolved in 3 l
of water. For the first 3 weeks, calves were housed individually in temporary partitions
positioned within each pen, but these partitions were open, thus calves were able to
interact to certain extents with each other. After 3 weeks, the partitions were removed
and calves were kept in groups. All calves included in the current research followed the
normal production cycle of the veal industry, at the end of which calves were slaughtered and their meat was used for human consumption.
More details on the time and nutrient composition of first feeding at the veal farm are
provided by Marcato et al. (2020a).

Blood collection and analysis
To determine effects of transport on subsets of blood immune cells, samples were
collected at different sampling moments: at the collection center, prior to feeding (CC),
upon arrival at the veal farm prior to provision of electrolytes (T0), after 4, 24, 48 hours
(T4, T24, T48) and at week 1, 3 and 5 post-transport. Blood samples (10 ml) were collected from the jugular vein into different vacutainer tubes (Vacuette, Greiner BioOne,
Kremsmunster, Austria) and kept at room temperature before centrifugation (3,000 ×
g for 15 min at 4°C). Plasma and serum were then decanted and stored at – 20°C until
analysis. Fluorescence flow cytometry (XT1800VET, IDEXX Bioresearch) was used
to determine absolute numbers of different cell types in full blood, including WBC,
neutrophils, lymphocytes, monocytes, eosinophils and basophils. Plasma samples
were analyzed for levels of immunoglobulins, bilirubin, and haptoglobin, and all measurements were done in duplicate. Immunoglobulin IgG and IgM were measured by an
indirect enzyme-linked immunosorbent assay (ELISA) against keyhole limpet hemocyanin (KLH). Plates were coated with 4 µg/ml of KLH (100 µl/well). Natural antibodies
of the IgG isotype were detected in plasma, using 1: 20,000 diluted sheep polyclonal
anti-bovine IgG-heavy chain conjugated to horseradish PO (Cat. No. E10-118P, Bethyl
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(1:40 as starting dilution) using 1: 20,000 diluted rabbit polyclonal anti-bovine IgM conjugated to horseradish PO (Cat. No. A10-100P, Bethyl Laboratories). Titers were calculated
as log2 values of the dilutions, in accordance to Mayasari et al. (2015). Plasma bilirubin concentrations were measured at the mass spectrophotometer, using kit n. 10012,
Bilirubin liquicolor, from Human (Wiesbaden, Germany). Plasma haptoglobin concentration was determined with kit n. TP801 from Tridelta Development Ltd. (Maynooth,
Ireland). Radioimmunoassay (RIA) (kit n. IM1841, Beckman Coulter, Czech Republic) was
used to detect cortisol in plasma samples.
A heparin tube (5 ml) was used for isolation of mononuclear white blood cells. Blood (2
ml) was diluted in phosphate buffered saline (PBS) (2 ml). Diluted blood (2 ml) was then
gently added on the top of 2 ml Histopaque (1.083) and samples were centrifuged (1,000
× g, 45 min). White blood cells were then collected from the interphase, resuspended
in 2 ml PBS and centrifuged for 20 s at maximum speed (10,000 × g) in the Eppendorf
centrifuge. The washing step was repeated twice and the pellet was then suspended
in 1 ml fetal calf serum (FCS). An equal volume of freezing medium (1 ml, 10% FCS-RPMI
1640 + 20% DMSO) was added drop by drop to cells. Samples were then stored immediately in a freezing container (Mr. Frosty, Nalgene®) at -80°C.

Flow cytometry
Different combinations of monoclonal antibodies (mAbs) were used to characterize
lymphocyte subsets, using flow cytometry (Table 2 on next page).
Mix 1 included mouse anti-bovine CD335-AF488 (AKS1, Bio-Rad, diluted 1:10) and mouse
anti-bovine CD8-PE (CC63, Bio-Rad, diluted 1:10). Mix 2 included mouse anti-bovine
WC1-FITC (CC15, Bio-Rad, diluted 1:50) and mouse anti-bovine CD4-PE (CC8, Bio-Rad,
diluted 1:10). Mix 3 included mouse anti-bovine CD14-FITC (CC-G33, Bio-Rad, diluted
1:50), mouse anti-bovine CD21-PE (CC21, Bio-Rad, diluted 1:10), mouse anti-bovine MHC
class II (CC302, Bio-Rad, diluted 1:50) and goat-anti-mouse-IgG2a-APC (diluted 1:2,000).
For the staining of cell surface markers, white blood cells were thawed, resuspended in 15 ml medium (10% FCS-RPMI 1640) and centrifuged (1,300 × rpm, 5 min,
4°C). Supernatant was discarded and the washing step was repeated. Cells were
suspended in 1 ml medium and counted. A total of approximately 500,000 cells/
well was transferred to 96 well round bottom plate and PBA (PBS supplemented with 0.5% BSA and 0.005% NaAz) was added. The plate was centrifuged (1,300
× rpm, 2 min, 4°C), and supernatant was discarded. Each mix of antibodies (50 µl/
well) was added to the plate and cells were incubated in the dark for 20 min, on ice.
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Laboratories). Natural antibodies of the IgM isotype were detected in diluted plasma

Table 2. Composition of the different mixes of monoclonal antibodies used for the flow cytometry
analysis.

Mix 1

Mix 2

Mix 3

1

Antibody name

Target

Mouse anti bovine CD8: RPE

CD8+ T cells

Mouse anti bovine CD335: AF488

NK cells

Mouse anti human perforin AF6471

Perforin1

Mouse anti bovine WC1: FITC

gamma delta T cells

Mouse anti bovine CD4:PE

CD4+ T cells

Mouse anti human perforin AF647

Perforin1

Mouse anti bovine CD14: FITC

monocytes

Mouse anti bovine CD21:PE

B cells

Mouse anti bovine MHC Class II UNL

-

Goat-anti-mouse-IgG2a-APC

IgG2a

Perforin = it indicates the degranulation of NK cells or T cells, thus is a marker for activation of these cells.

The plate was then washed with PBA and centrifuged (1,300 × rpm, 2 min, 4°C). At this
stage, cells that were stained with mix 1 and 2 were permeabilized with a permeabilization mix (1 volume FACS permeabilizing solution (BD Pharmingen) + 1 volume FACS
lysing solution (BD) + 8 volumes milliQ water). Cells stained with mix 3 remained on ice.
To investigate whether the function of CD8+, CD4+ T cells, NK cells and γδ T cells was
affected by transport-related stress, intracellular expression of perforin was determined.
Therefore, after permeabilization, 50 µl prediluted (1:10) mouse anti-human perforin
AF647 (δG9, BD Pharmingen) was added to cells stained with mix 1 and 2. Cells, that
had previously received mix 3, received 50 µl prediluted (1:2,000) goat-anti-mouse-IgG2a-APC. Cells were incubated in the dark for 20 min, on ice. Cells were washed with
PBA and centrifuged (1,300 × rpm, 2 min, 4°C) and then resuspended in 200 µl PBA/well.
A minimum of 200,000 cells from a gated lymphocyte population based on FSC and
SSC scatter was acquired and measured on a FACS flow cytometer (BD FACSCanto
II). Data were then analyzed on FlowJo v10 to obtain percentages of different lymphocyte subsets.
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All statistical analyses were performed with SAS 9.4 (SAS Inst. Inc., Cary, NC). First, the
analyses of data on immediate post-transport (T0), including WBC, neutrophils, lymphocytes, monocytes, eosinophils, basophils, bilirubin, haptoglobin, cortisol, and FACS
data (mix 1, 2, 3) are explained. Continuous data, such as bilirubin, were analyzed with a
linear mixed model (analysis with restricted maximum likelihood with SAS procedure
PROC MIXED). Residuals were checked for normality and homogeneity of variance and
variables were log-transformed when needed. Data expressed as proportions, such as
FACS data, were analyzed with a generalized linear mixed model (analysis with penalized quasi likelihood with SAS procedure GLIMMIX), with a logit link function, specifying
the “error” variance as a multiple of the binomial variance. Both the linear mixed model
and the generalized linear mixed model comprised the following fixed effects in the
systematic part of the model (the linear predictor part):
Y = µ + Batchi + Uploj + Bafrk + Dietl + Typem + Durationn + (Dietl × Durationn) +
(Dietl × Typem) + (Durationn × Typem) + (Dietl × Typem × Durationn) [1]

Where: Y = dependent variable, µ is the overall mean, and Batchi = batch (i = 1, 2), Uploj

= position in the vehicle (j = upper or lower deck), Bafrk = position in the vehicle (k = front
or back), Dietl = diet at the collection center (l = rearing milk or electrolytes), Typem =
Transport condition (m = open or conditioned truck), and Durationn = transport duration

(n = 6 or 18 hours). The model also comprised two- and three-way interactions between
diet, transport condition and transport duration. Interactions were considered not significant when P > 0.05. In addition, random effects for pen and compartment at the veal
farm were included (in the linear predictor). Here and in the subsequent analyses, for
all fixed effects, approximate F-tests were used (Kenward and Roger, 1997). Interactions
that were not significant were excluded from the model (when higher order interactions
were already excluded, i.e. respecting the hierarchy of interaction terms) and subsequent pairwise comparisons were done with Fisher’s LSD method.
Second, data on bilirubin, haptoglobin and cortisol from T0 until week 3 were analyzed with a linear mixed model for continuous data. The systematic part of this model
comprised the following fixed effects:
Y = µ + Batchi + Uploj + Bafrk + Dietl + Typem + Durationn + Timeo + (Dietl × Durationn)
+ (Dietl × Typem) + (Durationn × Typem) + (Dietl × Timeo) + (Durationn × Timeo)
+ (Typem × Timeo) + (Dietl × Typem × Durationn) [2]
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Where: Y = dependent variable, µ is the overall mean, and Batchi = batch (i = 1, 2), Uploj =

position in the vehicle (j = upper or lower deck), Bafrk = position in the vehicle (k = front or
back), Dietl = diet at the collection center (l = rearing milk or electrolytes), Typem = transport condition (m = open or conditioned truck), Durationn = transport duration (n = 6 or

18 hours), and Timeo = sampling moment (o = CC, T0, T4, T24, T48, week 1 and 3). Threeway interactions between diet, transport condition, transport duration, and two-way

interactions between diet, transport condition, transport duration and time were also
included in the model. Interactions were considered not significant when P > 0.05. The
model comprised random pen, compartment, and animal effects. For the animal effects
a first order auto regressive model (based on the actual distance between time points)
was adopted to introduce correlation in the model between repeated measurements
on the same animal.
Third, data on bilirubin, haptoglobin and cortisol of week 5 were analyzed, using model
2. Although calves were housed individually in baby boxes until week 3, they were in
group pens from week 5 onward, so random pen effects were included in the model.
Finally, differences between pre- and post-transport measurements (deltas, Δ = T0
– CC) were calculated for WBC, neutrophils, lymphocytes, monocytes, eosinophils,
basophils, bilirubin, haptoglobin, cortisol, and FACS variables. These differences were
also analyzed, using model 2.
Although no treatments were applied yet at the collection center, a preliminary statistical test, using model 1 but without interactions, was performed to investigate whether
groups of calves already differed before treatments started. No statistical differences
were found between treatment groups.

Results
Three-way interactions and two-way interactions between pre-transport diet and transport condition and between transport duration and transport condition were never significant. Consequently, results will be shown as follows: 1) Two-way interaction between
pre-transport diet and transport duration (Table 3); 2) Main effects of pre-transport diet,
transport condition and transport duration (Table 4-6); 3) Effects of treatments in time
until 5 week post-transport (Figure 1, 2, 3A, 3B). Within the first two parts, results will be
presented at 2 levels: 1) Effects of treatments immediately post-transport (T0) (Table
3-5); 2) Effects of treatments on differences between pre and post-transport measurements (deltas, Δ = T0 – CC; Table 3 and 6).
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ters measured immediately post-transport (T0) and on the difference3 between pre-and
post-transport measurements in young veal calves (LS means).
Immediate post-transport (T0)

A.
Parameter

Bilirubin, µmol/l

Milk

Electrolytes

SEM4

P-value Interaction

1.21

0.03

SEM

P-value Interaction

0.16ab

0.02

0.03

6h

18 h

6h

18 h

8.39 b

12.35 a

13.24 a

12.30a

Δ = T0 – CC

B.
Parameter

Milk
6h

Electrolytes
18 h

6h

18 h

Basophils, 10⁹/l

0.22

Bilirubin, µmol/l

-3.75b

1.83 a

3.64 a

1.50a

1.35

0.02

-0.04 ab

0.11 a

0.03 ab

-0.05b

0.05

0.05

Haptoglobin, mg/ml

a

0.15

ab

0.19

b

1

milk vs. electrolytes; 2 6 vs. 18 h; 3 deltas, Δ = T0 – CC; 4 SEM = pooled standard error. a-b Least square
means within a row lacking a common superscript differ (P ≤ 0.05)

Interaction between pre-transport diet and transport duration
Effects on variables immediately post-transport (T0)
An interaction between pre-transport diet and transport duration was detected for
bilirubin (P = 0.03; Table 3). Both milk-fed and electrolyte-fed calves transported
for 18 hours and electrolyte-fed calves transported for 6 hours had similar higher
bilirubin concentrations than milk-fed calves transported for 6 hours (Δ = 4.24 µmol/l
on average) directly post-transport.
Effects on the deltas (Δ = T0 – CC)
An interaction between pre-transport diet and transport duration was found for deltas
of basophils, bilirubin and haptoglobin (Table 3). Milk and electrolyte-fed calves transported for 18 hours increased to the same degree their number of basophils and bilirubin concentration. However, after 6 hours transport, milk-fed calves had a stronger
increase in the number of basophils than electrolyte-fed calves (P = 0.03). In addition,
milk-fed calves had a decrease in bilirubin concentration compared with electrolyte-fed calves (P = 0.02). Differences in haptoglobin concentrations after 6 hours transport
were similar between milk-fed calves and electrolyte-fed calves. However, milk-fed
calves and transported for 18 hours increased their haptoglobin values, whereas electrolyte-fed calves and transported for 18 hours had a decrease (P = 0.05).
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Table 3. Interaction between pre-transport diet1 and transport duration2 detected in blood parame-

Table 4.

Effects of diet composition1 at the collection center, transport conditions2 and transport
duration 3 on immune parameters of young calves measured directly post-transport
(LS means).

Parameter

SEM4

P-value

Conditioned

Open

SEM

P-value

6h

18 h

SEM

P-value

Transport duration

Milk

Transport condition

Electrolytes

Pre-transport diet

WBC5 , 10⁹/l

8.19

9.44

0.39

0.11

9.51

8.12

0.40

0.01

8.54

9.10

0.41

0.79

Monocytes, 10⁹/l

1.18

1.39

0.07

0.03

1.39

1.18

0.07

0.04

1.27

1.30

0.09

0.87

Monocytes, %6

14.16 15.13

0.51

0.16 14.60 14.69 0.51

0.89 14.72 14.56 0.63

0.86

Lymphocytes,
10⁹/l

3.03

0.16

0.18

0.99

Lymphocytes, %

38.22 37.40 1.36

0.77 35.44 40.17 1.36

Neutrophils, 10⁹/l

3.34

0.25

Neutrophils, %

3.27

3.94

0.25

39.60 39.55 1.29

3.15

3.08

0.18

0.59

0.03 38.45 37.15

1.68

0.57

3.75

0.31

0.79

0.88 41.48 37.64 1.26

0.02 37.92 41.37

1.27

0.40

4.10

3.15

3.17

0.16

3.22

0.25 0.003 3.53

Eosinophils, 10⁹/l

0.49

0.65

0.09

0.50

0.69

0.45

0.09

0.13

0.55

0.60 0.09

0.54

Eosinophils, %

5.68

5.83

0.59

0.86

6.23

5.27

0.59

0.46

5.49

6.01

0.73

0.80

Basophils, 10⁹/l

0.18

0.19

0.02

0.64

0.19

0.17

0.02

0.05

0.21

0.14

0.02

< 0.01

Basophils, %

2.24

2.12

0.15

0.73

2.19

2.18

0.15

0.99

2.64

1.73

0.18

0.26

IgG7, titer

4.54

4.39

0.18

0.56

4.36

4.58

0.18

0.38

4.60

4.34

0.22

0.47

IgM8, titer

5.31

5.18

0.21

0.37

5.16

5.33

0.21

0.62

5.12

5.38

0.21

0.59

Haptoglobin, mg/
ml

0.34

0.44

0.04

0.20

0.44

0.34

0.04

0.07

0.34

0.44

0.04

0.26

Bilirubin, µmol/l

12.77 10.37 0.62

0.01

12.71 10.43 0.87

0.16 10.82 12.32 0.62

0.05

Cortisol, ng/ml

10.79 8.79

0.03 10.35 9.23

0.34

< 0.01

0.99

1

0.99

7.95

11.63 0.96

milk vs. electrolytes; 2 conditioned vs. open truck; 3 6 vs. 18 h; 4 SEM = standard error of the mean;
WBC = white blood cell count; 6% = all proportions are relative to WBC; 7IgG = immunoglobulin G;
8
IgM = immunoglobulin M.
5
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duration3 on different cell subsets of young calves analyzed with flow cytometry measured
directly post-transport (T0) (LS means).

SEM5

P-value

Conditioned

Open

SEM

P-value

6h

18 h

SEM

P-value

Transport duration

Milk

Transport condition

Electrolytes

Pre-transport diet

CD8+ T cells

8.45

7.26

0.41

0.05

7.63

8.10

0.41

0.35

6.90

8.85

0.50

0.01

CD8+ perf+6

1.10

1.24

0.11

0.66

1.17

1.17

0.11

0.99

0.96

1.38

0.14

0.36

NK cells

7.99

7.39

0.54

0.33

7.75

7.63

0.54

0.84

8.72

6.65

0.65

0.07

NK perf+

1.66

1.65

0.07

0.98

1.70

1.61

0.07

0.76

1.65

1.66

0.09

0.95

CD4+ T cells

19.24 18.59 0.93

0.58 18.55 19.28 0.93

0.56

17.55 20.28

1.14

0.13

CD4+ perf+

0.17

0.61

0.17

0.03

0.86

Parameter (%4)

δγ+ T cells
δγ+ perf+
Monocytes
B cells

0.18

0.02

0.95

0.20

39.89 42.24

1.69

0.31

41.30 40.83 1.69

0.77 42.93 39.20 2.07

0.25

0.02

0.70

0.21

40.99 45.09 1.80

0.11

0.17

2.28

0.21

2.69

0.21

0.16

0.15

0.02

0.18

0.17

0.02

0.69

0.18

0.02

0.87

44.86 41.22

1.80

0.16

41.62 44.47 2.20

0.44

0.21

0.90

2.84

0.08

2.50

1

2.47

0.20

2.13

0.25

milk vs. electrolytes; 2 conditioned vs. open truck; 3 6 vs. 18 h.; 4 % = proportion relative to lymphocytes;
SEM = standard error of the means; 6 Perf+ = CD8+ T cells, NK cells, CD4+ and δγ+ T cells were stimulated
also with perforin to examine the functionality of these cells and how their functionality was affected by
the different treatments.
5
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Table 5. Effects of diet composition1 at the collection center, transport conditions2 and transport

Table 6. Effects of diet composition1 at the collection center2 , transport condition3 and transport
duration 4 on the difference between CC and post-transport (T0) immunological measure‑
ments5 of young veal calves (LS means).

P-value

SEM

P-value

6h

18 h

SEM

P-value

WBC7, 10⁹/l

-1.90

-1.35

0.51

0.39

-0.98 -2.27

0.51

0.04

-1.91

-1.34

0.60

0.53

Monocytes,
10⁹/l

-0.26 -0.19

0.09

0.42

-0.11 -0.34

0.09 < 0.01 -0.26 -0.19

0.10

0.55

Monocytes, %8

0.04

-0.11

0.42

0.95

-0.05 -0.03

0.42

0.98

-0.27

0.20

0.42

0.99

Lymphocytes,
-0.40 -0.31
10⁹/l

0.11

0.51

-0.29 -0.43

0.11

0.32

-0.40 -0.31

0.13

0.65

Lymphocytes,
%

2.72

1.49

1.14

0.92

-0.22

4.45

1.11

0.81

1.81

2.39

1.08

0.99

Neutrophils,
10⁹/l

-1.39

-1.01

0.37

0.44

-0.72 -1.68

0.37

0.05

-1.46 -0.93

0.44

0.45

Neutrophils, % -6.07 -3.46

1.28

0.90

-2.63 -6.91

1.27

0.76

-4.25 -5.26

1.27

0.95

Eosinophils,
10⁹/l

0.16

0.21

0.09

0.69

0.25

0.12

0.09

0.34

0.19

0.17

0.11

0.92

Eosinophils, %

2.33

2.14

0.54

0.87

2.21

2.25

0.54

0.97

2.77

1.68

0.54

0.71

Open

Parameter

SEM 6

Transport duration

Milk

Conditioned

Transport condition

Electrolytes

Pre-transport diet

Basophils,
10⁹/l

-0.06 -0.05

0.02

0.62

-0.07 -0.03

0.02

0.55

-0.05 -0.06

0.02

0.70

Basophils, %

-0.34 -0.05

0.22

0.89

-0.61

0.23

0.22

0.57

-0.06 -0.32

0.22

0.90

IgG9, titer

-0.15 -0.30

0.05

0.05

-0.25 -0.20

0.05

0.56

-0.21 -0.24

0.06

0.76

IgM10, titer

0.10

0.18

0.31

0.86

0.09

0.20

0.31

0.81

0.48

-0.19

0.39

0.29

Haptoglobin,
mg/ml

-0.01

0.03

0.03

0.26

0.05

-0.03

0.03

0.06

-0.01

0.03

0.04

0.50

Bilirubin,
µmol/l

2.57

-0.96

0.78 < 0.01

1.19

0.42

0.78

0.49 -0.06

1.66

0.96

0.28

Cortisol, ng/ml 0.48

-2.01

1.13

-1.29 -0.23

1.13

0.43

2.09

1.32

< 0.01

0.07

1

-3.62

milk vs. electrolytes; 2 CC; 3 conditioned vs. open truck; 4 6 vs. 18 h; 5 deltas, Δ = T0 – CC.
SEM = standard error of the means; 7WBC = white blood cell count; 8% = all proportions are relative to
WBC; 9 IgG = immunoglobulin G; 10 IgM = immunoglobulin M.
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Figure 1.

T0

T4

T24

T48

Week 1 Week 3 Week 5

Interaction between pre-transport diet (milk vs electrolytes) and time relative to
transport for bilirubin in young veal calves. Blood samples were collected at the collection center (CC), immediately post-transport (T0) and 4 (T4), 24 (T24), 48 (T48) hours, and week
1, 3, and 5 post-transport. Asterisks indicate significant differences (P ≤ 0.05) between treatments within a sampling moment.
=Open

= Conditioned
0.5

#

*

0.45
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mg/ml

0.35
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Figure 2.

T0

T4

T24

T48

Week 1 Week 3 Week 5

Interaction between transport condition (conditioned truck vs open truck) and time
relative to transport for haptoglobin in young veal calves. Blood samples were collected
at the collection center (CC), immediately post-transport (T0) and 4 (T4), 24 (T24), 48 (T48)
hours, and week 1, 3, and 5 post-transport. Asterisks indicate significant differences (P ≤ 0.05)
between treatments within a sampling moment, whereas hashtags indicate a tendency
towards significance (0.05 ≤ P ≤ 0.10).
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A, B. Interactions between transport duration (6 hours vs 18 hours) and time relative
to transport in young veal calves. (A) Bilirubin and (B) Cortisol. Blood samples were
collected at the collection center (CC), immediately post-transport (T0) and 4 (T4), 24 (T24), 48
(T48) hours, and week 1, 3, and 5 post-transport. Asterisks indicate significant differences (P ≤
0.05) between treatments within a sampling moment.

Main effects
Effects on variables immediately post-transport (T0)
As shown in Table 4, diet had an effect on concentrations of monocytes and cortisol
at T0. Milk-fed calves had higher monocytes concentration (Δ = 0.21 × 109/l) and lower
cortisol than electrolyte-fed calves (Δ = -2 µmol/l). Moreover, milk-fed calves had a
lower proportion of CD8+ lymphocytes than electrolyte-fed calves (Δ = -1.19%, Table 5).
Transport condition influenced absolute numbers of WBC, monocytes, neutrophils,
eosinophils and basophils at T0, and also proportion of neutrophils and lymphocytes
relative to WBC (Table 4). With regards to absolute levels, calves transported in the
conditioned truck had higher amount of WBC (Δ = 1.39 × 109/l), and higher neutrophils
(Δ = 0.93 × 109/l), monocytes (Δ = 0.21 × 109/l), eosinophils (Δ = 0.24 × 109/l) and basophils
(Δ = 0.02 × 109/l) than calves in the open truck. Despite the higher WBC, the effects of
transport conditions on proportions of cells were different compared to those on absolute numbers. In calves transported in the conditioned truck, the higher WBC contributed to an increased proportion of neutrophils (Δ = 3.84%) but to a lower proportion
of lymphocytes (Δ = -4.73%) in the blood compared to calves transported in the open
truck. Transport condition had no significant effects on proportions of NK cells, B cells,
and different T cells subsets upon arrival at T0.
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Long-term transport (18 hours) led to lower basophils and higher cortisol values compared to 6 hours transport (Δ = -0.07 × 109/l and Δ = 3.68 ng/ml, respectively). In addition,
at T0, calves transported for 18 hours had a greater proportion of CD8+ lymphocytes in
the blood than calves with 6 hours transport (Δ = 1.95%) (Table 5). No differences were
observed in perforin expression in NK cells, γδ T cells, CD8+, CD4+ T cells, indicating
that the function of those cell subsets in the blood was not influenced by the different
treatments (Table 5).
Effects on the deltas (Δ = T0 – CC)
Pre-transport diet had an effect on differences in IgG titer and bilirubin concentrations between pre and post-transport (Table 6). IgG titer decreased during transport to
a greater extent in milk-fed calves than in electrolyte-fed calves. Transport condition
influenced the absolute amount of WBC, neutrophils and monocytes. Calves in the
conditioned truck had a smaller decrease in WBC, neutrophils and monocytes than
calves in the open truck (Table 6). Transport duration had no effects on deltas of differential white blood cell count. Significant effects of pre-transport diet, transport duration or transport condition on deltas of NK cells, B cells, different T cells subsets were
not present, nor on perforin expression (Table 1, Appendix 2).

Effects of treatments in time until week 5 post-transport
Interaction between pre-transport diet and time
An interaction between pre-transport diet and time was found for bilirubin (Figure 1).
Electrolyte-fed calves showed higher bilirubin concentrations at T0 than milk-fed calves,
whereas at the other moments no differences were found.
Interaction between transport condition and time
Haptoglobin showed an interaction between transport condition and time (Figure 2).
At T0 (P < 0.05) and at T24 (P < 0.10) calves transported in the conditioned truck showed
higher haptoglobin levels than calves transported in the open truck, whereas at the
other moments no significant differences were found between transport conditions.
Interaction between transport duration and time
An interaction between transport duration and time was detected for bilirubin and
cortisol (Figure 3A, B). Calves transported for 18 hours had higher bilirubin at T0 and
higher cortisol at T0 and T24 than calves transported for 6 hours, whereas at the other
moments no differences between transport durations were found.
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Transport duration significantly affected basophils and cortisol concentrations (Table 4).

Discussion
Effects of pre-transport diet
In our experiment, electrolyte-fed calves had a higher cortisol concentration at arrival
at the veal farm than milk-fed calves, probably due to the different composition of the
pre-transport diet. It has been shown that cortisol can be influenced by the digestive
functions that occur after feeding and by intestinal motility (Gardy-Godillot et al., 1989).
Plasma glucose and insulin are negatively correlated to plasma ACTH and cortisol
(Richet et al., 1985), and, hence, it is expected that glucose and insulin levels are higher
and cortisol levels are lower in milk-fed animals in the current study. Moreover, feeding
electrolytes might have contributed to a more negative energy balance (NEB) and an
enhanced feeling of hunger compared to feeding milk. Hunger increases corticotropin-releasing factor secretion and consequently cortisol secretion in calves (GardyGodillot et al., 1989).
In the current experiment, pre-transport diet also had an effect on absolute levels of
monocytes and CD8+ lymphocytes at arrival at the veal farm. Nutrition has been shown
to play a key role in immune responses of young calves (Nonnecke et al., 2003; Ballou et
al., 2015). Especially the energy and protein intake in calves during the first weeks after
birth, can influence cell-mediated immunity, cytokine production, phagocytic function and secretory IgA antibody concentrations, but also specific absolute numbers of
monocytes (Woodward, 1998). However, these studies were conducted in young calves
at the dairy farms, without any challenge or transport, so probably their values were
closer to baseline values than in the current study. In addition, Murata et al. (1987) and
Earley et al. (2017) reported increased counts of monocytes and differences in lymphocyte subsets post-transport. This effect was attributed to transport duration rather
than to pre-transport diet. To our knowledge, there are no other studies conducted
on effects of pre-transport diet on subsets of these immune cells of young calves on
arrival at the veal farm. It can be hypothesized that the higher counts of monocytes of
milk-fed calves may have a protective function against environmental microorganisms,
thus reducing the risk of diseases in calves.

Interaction between pre-transport diet and transport duration
Effects on measurements immediately post-transport (T0)
Bilirubin is commonly used as a biomarker of liver status in cattle, especially in dairy
cows (Bionaz et al., 2007; Bertoni et al., 2008). In cows, higher bilirubin concentrations
are associated with a lower clearance of secretory enzymes in the liver as a response to
liver cell damage (Assenat et al., 2004; Bertoni et al., 2008). In addition, bilirubin is positively correlated with the degree of fat infiltration in the liver and high bilirubin levels are
90

bilirubin values after prolonged transport in both milk-fed and electrolyte-fed calves
might be mainly caused by a prolonged fasting period. Both feeding strategies at the
collection center might not have provided calves enough energy to cover the entire
period of travel. Therefore, calves were likely in a NEB at T0. This is supported by the
electrolyte-fed calves after 6 hours transport, which also demonstrated high bilirubin
concentrations, probably because of the low energy intake, whereas milk-fed calves
showed lower bilirubin concentrations probably because they had more energy intake,
covering the energy needs during a 6 hours transport duration.
Effects on the deltas (Δ = T0 – CC)
Basophils have numerous functions, including a beneficial role in protective immunity against parasitic infections and a role in autoimmune and inflammatory diseases
(Karasuyama et al., 2018). Calves have generally a low basophil count in their blood (BrunHansen et al., 2006). An increase in basophils can be indicative of a stress response,
following transport in adult cattle (Murata et al., 1987; Earley et al., 2017). Transport related-stress appears to be associated with cell trafficking and redistribution of peripheral lymphocytes between different immune compartments (Bauer et al., 2001). Thus, it
can be hypothesized that the increase in basophils was triggered by redistribution of
lymphocytes in the peripheral blood. However, to our knowledge, there are no studies
that investigated effects of transport on these cells in young calves. Additionally, there
is no clear evidence that diet could be a factor that contributes to an increase in number
of basophils. It could be hypothesized that the higher protein and energy content of
milk compared to electrolytes may have modified the adhesion marker expression on
T lymphocytes and may have resulted in an increase in basophil counts.
Bovine haptoglobin is an APP that exerts numerous biological functions. In cattle, the
primary function of haptoglobin is to form complexes with free hemoglobin in the
blood in order to prevent oxidative damages (Ceciliani et al., 2012; Tothova et al., 2014).
An increase in haptoglobin has been reported in calves with a higher disease incidence
(Ganheim et al., 2007). Moreover, a rise in haptoglobin concentrations was also found
in calves after long distance transport (Arthington et al., 2008; Ceciliani et al., 2012).
Therefore, these studies suggested that haptoglobin can be used also as a marker of
health status or stress in calves. In our study, calves transported for 18 hours and fed
with milk or electrolytes showed a different response in terms of haptoglobin concentrations. The increase in haptoglobin after 18 hours transport in milk-fed calves might
suggest that these animals were probably experiencing higher post-transport stress
than the electrolyte-fed calves. Additionally, in our study, the increase in haptoglobin
was relatively small compared to acute values reported in the literature (1.62 ± 0.47 g/l).
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related with a more negative energy balance (NEB) (West, 1990). In our study, the high

Effects of transport duration
In our study, effects of transport duration were also present on absolute values and
on deltas of cortisol between T0 and CC. The higher cortisol concentrations after 18
hours transport were in line with previous studies. Knowles et al. (1999a) found increased cortisol concentrations post-transport up to 2.3 µg/100 ml in cattle compared to
pre-transport concentrations. Averos et al. (2008) showed that cortisol increased when
young bulls were transported for 13 hours from a collection center (6.5 ng/ml) to a
growing-finishing farm (12.0 ng/ml). However, other studies on transport related effects
on cortisol showed ambiguous results. Odore et al. (2011) found already a significant
increase in cortisol concentrations after short-term transport duration. Honkavaara et al.
(2003) also observed that animals transported for short journeys had a higher cortisol
than animals transported for long journeys (up to 14 hours). Short transport duration can
cause acute psychological stress due to the novelty of the transport process, whereas
during long transport duration, the exhaustion of the adrenal gland may occur (Odore
et al., 2011). Kent and Ewbank (1983), and Warriss et al. (1995) suggested that the decrease in cortisol concentrations during long transport duration might also be due to the
adaptation of cattle to the transport.
All these studies used older animals than those included in the current study, which
makes a comparison between previous results and the present findings in young calves
difficult. Young animals still have to complete their HPA axis development (see Marcato
et al. (2018) for overview), and consequently, the responses to stress in young animals
might be different and not really consistent as the ones of mature cattle (Mormede et
al., 1982; Swanson and Morrow-Tesch, 2001). Overall, in our study, it seems that calves
had elevated levels of cortisol directly and 24 hours post-transport.
Following transport, an increase in the adrenal cortex activity might affect the immune
system (Odore et al., 2011; Grandin, 2014). Some studies reported that transport can lead
to lower number of immune cells in blood, whereas others suggested that transport can
have stimulating effects on the immune system, especially after acute stress (Riondato
et al., 2008; Grandin, 2014). Lymphocytes express measurable concentrations of glucocorticoid and adrenergic receptors, which can be down-regulated or altered during a
stress response (Preisler et al., 2000; Odore et al., 2004; Abraham et al., 2004). Riondato
et al. (2008) showed a decrease in proportions of calves’ CD4+ and CD8+ T cells in blood
after 14 hours transport duration, whereas the decrease in CD21+ B cells occurred just a
day later. These data are different from the results of the present study, which demonstrated no effects on CD4+ T cells, but higher proportions of CD8+ T cells after 18 hours
transport duration compared to 6 hours transport duration. This difference might reflect
the activation of the immune system to redistribute more T cells from the secondary
92

calves between 14 and 28 days of age, transport-related higher glucocorticoids may
cause a robust leukocyte redistribution by inducing increased expression of surface
receptors (e.g. CD172a, CD11a) on stress-activated monocytes. A higher humoral and
cellular response might be related to a decrease in susceptibility of calves to infections
(Murata and Hirose, 1991). In the current experiment, a tendency towards lower amount
of NK cells and B cells after 18 h transport was also found compared to 6 hours transport.
These data might be explained by higher concentrations of cortisol after long transport
duration. However, Ishizaki and Kariya (2010), found a positive correlation (r = 0.704; P <
0.01) between cortisol concentrations and NK cell counts in the blood. The study was
conducted on short-term transport and acute stress effects, thus the effects might be
different for long-term transport, which might have an inhibitory effect on these cells.

Effects of transport conditions
In the current study, immediately post-transport, a higher number of WBC, a higher
proportion of neutrophils, and a lower proportion of lymphocytes were found after
transport in the conditioned truck compared to the open truck. Earley et al. (2017) indicated that neutrophilia in conjunction with lymphopenia are common responses observed following transport in all age groups of cattle. Ishizaki and Kariya (2010) reported
that higher glucocorticoids levels result in lymphocyte destruction in the thymus cortex
and in the extension of the neutrophil half-life. These changes might be indicators of
transport stress, but due to a lack of literature on transport conditions, potential reasons
for the differences between the open and the conditioned truck remain unknown. In
the presence of a pathogen, a higher number of neutrophils might also be the cause of
the excessive inflammation and tissues damage found in cattle with bovine respiratory
disease following transport (Lekeux, 1995; Wessely-Szponder et al., 2004). Transport
stress might also lead to other shifts in immune cell subsets, including an increase in
monocytes, eosinophils and basophils (Kent and Ewbank, 1986a; Murata et al., 1987).
In fact, transport of young calves (14 until 28 days of age) is associated with an increased production in glucocorticoids, which can cause a robust leukocyte redistribution
(Masmeijer et al., 2019). This general mechanism of redistribution may also explain the
current effects of the conditioned truck on total WBC and some of the related cells.
Perhaps, a range of environmental factors may be involved, such as draught, temperature, relative humidity, or vibrations inside the vehicle. However, this needs to be
investigated further.
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lymphoid organ into the peripheral blood. Masmeijer et al. (2019) indicated that, in young

Effects of factors on variables until week 5 post-transport
In our study, the recovery rate of calves after 6 hours transport was similar to the
one after 18 hours transport, since calves restored their pre-transport values within
4 hours post-transport. However, calves transported for 6 hours had a decrease in
cortisol concentrations immediately post-transport, suggesting that short transport
duration has no effect on the HPA axis response. This result is in agreement with the
studies of Cole et al. (1988) and Mitchell et al. (1988) who found lower cortisol concentration post-transport than pre-transport. Moreover, at T24, concentrations of cortisol
in calves transported for 6 hours were slightly lower than those of calves transported
for 18 hours, suggesting that the recovery rate of calves with long transport duration
took a longer time period.
Bilirubin concentrations after 6 and 18 hours transport followed the same trend as
cortisol, thus the recovery rate of calves, based on this parameter, seemed also fast.
It seems that at 48 hours post-transport all values were similar regardless of treatment, thus these values might represent baseline values. However, since calves were
already challenged before transport, it remains unknown whether these values are
representative of reference values for homeostasis.
Immediately post-transport, haptoglobin increased in calves transported in the conditioned truck, whereas it decreased in calves transported in the open truck. The same
concentrations were also visible 24 hours post-transport, where haptoglobin concentrations were gradually lower until week 5 post-transport. Higher haptoglobin concentrations are associated with tissue injury, inflammation or infection (Murata and Miyamoto,
1993; Joshi et al., 2018). Other studies showed an increase in haptoglobin in response
to stress of transport (Murata and Miyamoto, 1993; Lomborg et al., 2008). Thus, the
increase in haptoglobin found in calves transported in the conditioned truck might
be related with a greater transport stress experienced by calves. The recovery rate of
calves was slower compared to the one for cortisol and bilirubin, because haptoglobin
tended to be high 24 hours post-transport. However, it is difficult to make a comparison
with the recovery rate of calves used in other studies due to a lack of reference values
for different time points after transport. Overall, it can be concluded that there are no
long-term (> 48 hours post-transport) effects of treatments on bilirubin, cortisol and
haptoglobin concentrations.
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The current study showed that all treatments (pre-transport diet, transport duration
and transport condition) affected different parts of the immune system of young veal
calves. The higher energy content of milk relative to electrolytes likely prevented the
rise in bilirubin concentrations in calves transported for 6 hours. Long transport duration compared to short transport duration contributed to higher blood cortisol concentrations in calves post-transport. We hypothesized that the higher stress and cortisol
concentrations in calves transported for 18 hours may have resulted in a redistribution
of leukocytes in their circulation, leading to higher CD8+ T cells than in calves transported for 6 hours. At present it remains unclear which transport factors (e.g. temperature,
humidity, draught) are most important in relation to potential effects on the immune
system of young veal calves. The potential implications of differences in immune cells
upon arrival at the veal farm for later clinical health and disease incidence during the
rearing period remains to be determined, and will be the subject of follow-up research 
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Appendix 1
A

M18C

E6C

M18O

E6O

E18C

M6C

E18O

M6O

B

Figure 1

E6C

M6C

E6O

M6O

M18C

E18C

M18O

E18O

A-B. Design of the truck and the trailer for batch 1 (A) and batch 2 (B) of calves. M6C =
milk, 6 h transport, conditioned truck; M18C = milk, 18 h transport, conditioned truck; M6O =
milk, 6 h transport, open truck; M18O = milk, 18 h transport, open truck; E6C = electrolytes, 6
h transport, conditioned truck; E18C = electrolytes, 18 h transport, conditioned truck; E6O =
electrolytes, 6 h transport, open truck; E18O = electrolytes, 18 h transport, open truck.
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Table 1.

Effects of diet composition1 at the collection center2 , transport condition3 and transport
duration 4 on the difference5 between CC and post-transport (T0) measurements of different cell subsets in blood of young veal calves (LS means).

SEM

P-value

18 h

SEM

P-value

-0.67

-1.26

0.25

0.83 -0.76

-1.18

0.25

0.94 -1.56

-0.37

0.25

0.83

CD8+ perf+8

-0.12

-0.03

0.13

0.74

0.06

-0.22

0.13

0.99 -0.07 -0.08

0.13

0.91

NK cells

-0.44 -0.46

0.40

0.87

0.00

-0.91

0.40

0.83 -0.77

-0.12

0.40

0.95

NK perf+

0.00

-0.01

0.06

0.94

0.01

-0.02

0.06 0.88

-0.01

0.06 0.95

CD4+ T cells

0.80

0.95

0.54

0.84

1.61

0.13

CD4+ perf+

-0.01 -0.36

0.12

δγ+ T cells

6.38

7.53

δγ+ perf+

0.00

Monocytes
B cells

6h

Open

CD8+ T cells

Parameter (%) 6

P-value

SEM7

Transport duration

Milk

Conditioned

Transport condition

Electrolytes

Pre-transport diet

0.01

0.54

0.68 -0.54

2.31

0.54

0.87

0.99 -0.34 -0.04

0.12

0.89 -0.41

0.04

0.12

0.68

1.00

0.98

7.04

6.88

1.00

0.99

9.67

4.21

1.00

0.78

0.05

0.02

0.83

0.04

0.01

0.02

0.97

0.00

0.05

0.02

0.85

1.16

3.02

0.92

0.93

3.42

0.75

0.92

0.87

2.13

2.08

0.92

0.92

-0.27

0.01

0.20

0.89 -0.19 -0.05

0.20

0.92 -0.01

-0.23

0.20

0.83

1

milk vs. electrolytes; 2 CC; 3 conditioned vs. open truck; 4 6 vs. 18 h; 5 deltas, Δ = T0 – CC; 6% = proportion
relative to lymphocytes; 7SEM = standard error of the means; 8 Perf+ = CD8+ T cells, NK cells, CD4+ and
δγ+ T cells were stimulated with perforin to examine the functionality of these cells and how their
functionality was affected by the different treatments.
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Abstract
The aim of this study was to investigate effects of different early life transport-related
factors on health, behavior, use of medicines and slaughter characteristics of veal
calves. An experiment was conducted with a 2 × 2 × 2 factorial arrangement with 3
factors: (1) provision of rearing milk or electrolytes before transport, (2) transport duration (6 or 18 h), and (3) type of vehicle (open truck or conditioned truck). The study included male Holstein-Friesian and cross-bred calves (N = 368; 18 ± 4 days; 45.3 ± 3.3 kg).
Data on health status of calves were collected at the collection center and at the veal
farm until week 27 post-transport. Behavior of calves was recorded during transport
and at the veal farm until week 13 post-transport. Use of herd and individual medical
treatments was recorded at the veal farm. The prevalence of loose or liquid manure at
the veal farm from day 1 until week 3 post-transport was lower in electrolyte-fed calves
transported in the conditioned truck compared to electrolytes-fed calves transported
in the open truck or milk-fed calves transported in both the conditioned and open truck
(Δ = 11% on average; P = 0.02). In comparison with the open truck, calves transported in
the conditioned truck had lower prevalence of navel inflammation in the first 3 weeks
post-transport (Δ = 3 %; P = 0.05). More milk-fed calves received individual antibiotic
treatments compared to electrolyte-fed calves at the veal farm (P = 0.05). In conclusion, the transport-related factors examined in the present study affected health and
behavior of calves in the short-term, but there was no evidence for long-term effects.
It remains unknown why no long-term effects were found in this study. Perhaps this
absence of transport-related effects was due to multiple use of medical treatments
in the first weeks at the veal farm. Alternatively, it might be that the collective effects
of the transition from the dairy farm to the veal farm, and of the husbandry conditions
during the subsequent rearing period, on the adaptive capacity of calves were so large
that effects of individual transport-related factors were overruled.
Keywords: transport, health, behavior, slaughter characteristics, medicine use, veal
calves
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Calves at Dutch veal farms are usually collected from different dairy farms, including dairy farms from other EU-countries (especially Germany) (Hordijk et al., 2012).
Collection procedures, which involve mixing of calves from multiple sources, transport
to a collection center and subsequent transport to the veal farm result in stress and
disease challenges (Mormede et al., 1982; Renaud et al., 2018c). Additionally, placement of calves into a new housing facility and their adaptation to a new feeding regime
might also contribute to health problems (Renaud et al., 2018c). Transport normally
occurs in the first weeks of the life of calves (14–20 days of age) when they are highly
susceptible to microorganisms against which they have no colostral antibodies (Autio
et al., 2007; Brscic et al., 2012). Poor condition of calves directly post-transport (calves
with failure of passive transfer of immunity, dehydration and navel inflammation) is
negatively linked to long-term performance of calves (Pempek et al., 2017; Marcato
et al., 2018). A high dehydration score, sunken flanks, diarrhea and navel infection
upon arrival at the veal farm are related to mortality in the first 21 days post-transport
(Renaud et al., 2018b). Dehydration may result from feed and water withdrawal around
transport and is associated with body weight losses. Severe body weight loss during
transport (over 10%) increases the risk of lameness and mortality in calves (Gonzalez
et al., 2012; Pempek et al., 2017). Transport is also related to incidence of respiratory
diseases in calves after arrival at a feedlot (Sanderson et al., 2008). Overall, transport
is a challenge for young veal calves, but it remains unknown which specific transport-related factors play a dominant role. Several transport-related factors have an effect
on health (Renaud et al., 2018b) and behavior (e.g., standing vs. lying), thus influencing
the recovery time of young calves during and in the immediate post-transport period
(Jongman and Butler, 2014). In a previous study (Marcato et al., 2020a), we examined the
effects of pre-transport diet (milk vs. electrolytes), transport duration (6 vs. 18 h), and
type of vehicle (open truck vs. conditioned truck) on the physiological status of young
veal calves at the beginning of the rearing period. The aim of the current study was to
investigate the effects of these transport-related factors on health (including the use
of medicines) during the entire rearing period, behavior and slaughter characteristics
of calves at the veal farm. We hypothesized that feeding milk, transportation of calves
for 6 h in a conditioned truck, and likely the interaction between these factors, might
contribute to less health problems and behavioral signs of discomfort compared to
the other treatments.
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Introduction

Materials and methods
Experimental overview
The experiment had a 2 × 2 × 2 factorial arrangement, including the following factors: (1)
provision of rearing milk or electrolytes prior to transport; (2) transport duration (6 or 18
h); (3) type of vehicle (open truck or conditioned truck). The experiment included 368
bull Holstein Friesian and crossbred calves [18 ± 4 days; 45.3 ± 3.3 kg body weight (BW)],
transported over two consecutive weeks (N = 184 calves/week). Calves were transported from a collection center in Bocholt-Barlo, Germany, where they stayed from
4.00 a.m. until 14.00 p.m., to a Dutch veal farm in Veghel. All animals followed current
practices, including handling and mixing procedures at the collection center and transportation, and all calves were in compliance with the minimal weight and health requirements [BW > 36 kg; age: minimum 14 days; no signs of disease and injury (SBK, 2018)].
The experiment was approved by the Central Committee on Animal Experiments (the
Hague, the Netherlands; Approval Number 2017.D-0029).

Handling of calves
At the collection center, calves were randomly allocated to one of the eight treatment
groups by the manager. Calves were fed via a bucket with nipples, with 1.5 l of rearing
milk (125 g of milk powder/l; per kg of milk powder: ME = 4028 kcal, CP = 190 g, crude
fat = 157 g, digestible lysine = 18.7 g; made with plant-based ingredients; Tentofok KO,
Tentego, The Netherlands) or a mixture of electrolytes (20 g of electrolytes/l of water;
per 100 g of powder: Na = 7.3 g and moisture = 3.8 g; Navobi, Staverden, The Netherlands)
dissolved in 1.5 l water.
After feeding, calves rested for ~2 h and thereafter they were loaded on the vehicle. The
vehicle consisted of two parts: the truck was conditioned, which means it was provided
with a side-ventilation system, it was isolated, and the climate was controlled regarding
in and outlet of air (KVM Livestock Transport SystemTM, Kleventa BV, Lichtenvoorde,
The Netherlands). Settings were according to those provided by the manufacturer
and applied by the transporter. The trailer was regular, open and lacked a ventilation
system or climate control. Temperature and relative humidity in both vehicles are shown
in Appendix 1. Both truck and trailer were divided into four compartments with straw
bedding, two at the lower deck (3.60 m length × 2.45 m width × 1.35 m height) and two
at the upper deck (3.60 m length × 2.45 m width × 1.45 m height). Each compartment
contained 23 calves of one treatment group at the same stocking density (0.383 m2 per
calf). Treatments were distributed in the vehicle according to a design that allows for
estimation of all main effects and relevant interactions [for details see Marcato et al.
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Neither food nor water was provided to calves during transport. After 6 h transport, the
truck arrived at the veal farm and all calves were unloaded. Calves assigned to 6 h transport were placed in the veal farm, whereas the calves assigned to 18 h transport were
reloaded on the truck and trailer (in the same compartments as before) and transported
for another 12 h. Calves in the 6 and 18 h transport treatment groups were appropriately
distributed across the truck and trailer and, therefore, located in both upper and lower
decks [see Marcato et al. (2020a)]. Unloading calves located in an upper deck after 6 h
of transport required that calves located in the lower deck had to be unloaded first; in
some instances these latter animals belonged to the 18 h transport treatment group. In
order to avoid unwanted confounding between transport duration and unloading and
reloading of calves in part of the calves subjected to 18 h of transport, we decided to
unload all calves after 6 h of transport and subsequently reload the animals in the 18 h
transport treatment group, placing them in the appropriate compartment. At the veal
farm, calves were distributed across 64 pens that were divided over 8 similar compartments. Each compartment included 8 pens, with 5 or 6 calves per pen. Treatments
were randomly distributed across pens in every compartment. Calves were housed
individually within each pen for the first 3 weeks post-transport. Subsequently, calves
were kept in groups.

Calculation of the sample size
The number of experimental units required in the present study was based on a power
analysis. Our experimental design was based on the principle that pen (or group) was
the basic, independent experimental unit. We have extensive experience with multifactorial experiments with veal calves, and in one of the previous studies we used 16 pens
per level of main effects, and 4 pens per treatment combination (Webb et al., 2013).
Using this setup, we were able to detect differences between two treatment levels of
about one unit standard deviation (SD) with a power of 0.80. However this latter experiment was performed on an experimental farm, under relatively standardized conditions, and using a specific and relatively standardized subset of calves. We anticipated
that both the variation in conditions and between calves would be higher during the
current experiment which took place under commercial conditions. A recent power
analysis that we performed using a very large data set with carcass weights recorded
both under experimental and commercial conditions (Engel et al., 2016)) supported this
latter assumption, and suggested that under commercial conditions the SD could be
1.5 times higher than under more controlled experimental conditions. Power analysis
showed that in order to maintain the same statistical power, the number of experimental
units should be approximately doubled. Therefore, in the present experiment, we used
32 pens per level of main effects, and 8 pens per treatment combination.
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(2020a)]. After loading, transport was conducted by two drivers, switching every 3 h.

Table 1.

Effects of pre-transport diet, type of vehicle and transport duration on health variables
of young veal calves assessed at day 1 after arrival at the veal farm.

SE

P-value

Conditioned
truck

Open truck

SE

P-value

6h

18 h

SE

P-value

Transport duration

Milk

Type of vehicle

Electrolytes

Pre-transport diet

Navel
inflammation

8.9

9.7

2.2

0.21

6.7

11.9

2.1

0.16

9.9

8.6

2.1

0.05

Eye discharge

7.1

6.3

2.1

0.39

5.0

8.4

2.0

0.49

6.1

7.3

2.1

0.76

Sunken eyes

38.3

40.9

3.2

0.63

35.7

43.5

3.2

0.08

36.5

42.8

3.2

0.31

Drooped
ears

9.6

12.9

2.0

0.08

11.1

11.3

2.0

0.83

9.7

12.8

2.0

0.69

Parameter

All parameters are expressed as an average proportion at pen level (N = 5 or 6 calves/pen).
Data are shown as raw means ± SE ( Standard Error).

Table 2. Effects of pre-transport diet, type of vehicle and transport duration on health variables
of young veal calves assessed from day 1 until week 3 after arrival at the veal farm.

SE

P-value

Conditioned
truck

Open truck

SE

P-value

6h

18 h

SE

P-value

Transport duration

Milk

Type of vehicle

Electrolytes

Pre-transport diet

Navel
inflammation

8.0

7.2

1.2

0.93

5.9

9.2

1.2

0.05

8.3

6.8

1.2

0.04

Joint problems

2.3

1.3

0.8

0.57

1.5

2.1

0.8

0.37

1.9

1.8

0.8

0.17

Loose or liquid
manure

22.8

30.7

2.6

28.7

2.6

0.30

26.1

27.4

2.6

0.15

Eye discharge

7.1

6.2

1.1

0.63

6.5

6.9

1.1

0.75

6.7

6.6

1.1

0.80

Sunken eyes

39.0

40.3

2.5

0.52

38.6

40.7

2.5

0.70

39.8

39.5

2.5

0.71

Drooped ears

13.9

13.3

1.6

0.80

13.4

13.8

1.6

0.92

13.7

13.5

1.6

0.39

Parameter

< 0.01 24.8

All parameters are expressed as an average proportion at pen level (N = 5 or 6 calves/pen).
Data are shown as raw means ± SE ( Standard Error).
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Health assessment of calves was performed at the collection center (during the resting
period), and at the veal farm, on day 1, and in weeks 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23,
25, and 27 post-transport by two observers. Inter-observer reliability was tested before
the experiment for both health and behavioral observations (k-coefficient = 98%). Two
protocols were used for health assessment. The first one, shown in Appendix 2, was
used at the collection center and at the veal farm from day 1 until week 3, when the
calves were housed individually. The second protocol was according to the one used
by Brscic et al. (2012) based on the Welfare Quality® Protocol on veal calves, and appropriate for use at pen level. This latter protocol was used to clinically score calves from
week 5 until 27 post-transport (Appendix 3).

Processing of health data
Appendices 2, 3 show a complete list of health variables assessed at the collection
center and at the veal farm, throughout the entire rearing period. Each health variable was first expressed at pen level as a percentage reflecting the number of calves
displaying a health problem divided by the number of calves in the pen (Table 1, 2).

Table 3. Severity of health problems at the collection center, on day 1 post-transport and in the
first three weeks at the veal farm.
Place and time
Health variables

Collection center:
before transport

Veal farm:
day 1

Veal farm:
day 1 until week 3

Signs of pneumonia

2.7

0.3

2.3

Eye discharge

3.8

6.5

6.6

Nasal discharge

1.9

0.5

3.9

Loose or liquid
manure

5.4

5.2

26.7

Navel inflammation

6.5

9.2

7.4

Sunken eyes

18.7

39.7

39.4

Joint problems

2.1

0.5

1.7

Drooped ears

5.4

11.1

13.5

Values represent proportions at batch level calculated as following:
(the number of calves displaying a health problem/ the total number of calves) × 100.
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Health assessment

These percentages were averaged per treatment. Prior to statistical analyses, some
health variables collected until week 3 post-transport were grouped as follows:
(1) navel inflammation = navel with score 1 and 2; (2) loose or liquid manure = loose
manure (with score 1) and liquid manure (with score 2); this category includes either
infectious diarrhea or feeding-related loose or liquid manure, but it was not possible to
make this distinction based on the visual clinical assessment.
To qualitatively compare health data recorded at the collection center with those recorded at the veal farm, a proportion was calculated as follows: (sum of calves displaying
a health problem/total number of calves) × 100 (see Table 3 on previous page).

Behavioral observations
The first behavioral observations were conducted at the collection center during the
resting hours after the application of the feeding treatment. Two observers conducted
behavioral observations, using the scan sampling technique according to Martin et al.
(1993). Behavior of calves was assessed every 5 min for 1 h according to an adapted
version of the ethogram used by Webb et al. (2012) (Appendix 4). After the rest period,
calves were loaded in the truck and trailer according to their respective treatments.
Every compartment of both truck and trailer contained a camera that recorded standing
and lying behavior throughout the 6 and 18 h of transport. Behavior was also assessed
at the veal farm where cameras (N = 8, each positioned in every compartment of the
stable) recorded standing vs. lying behavior during the first 24 h after arrival. In addition, two observers assessed behavior of calves by direct observations and using an
instantaneous scan sampling technique at 5 min intervals for 1 h. These direct observations were done after arrival of calves, and in weeks 1, 3, 5, 9, and 13 post-transport
(always after feeding). Behavioral variables shown in Appendix 4 were grouped into 3
main categories prior to statistical analyses: (1) comfort behavior = licking another calf,
self-grooming, rubbing, chewing, eating, and drinking; (2) discomfort behavior = tongue
playing, manipulating objects, manipulating another calf, urine drinking, and repetitive
calling; (3) playing behavior = mount/leap/jump/back/turn, head-butt, running.

Use of medicines
Use of antibiotics and other medicines during the entire rearing period was recorded
at the level of both herd and individual calf. Information on individual treatments included the following data: (1) whether the calf was treated or not with antibiotics or other
medicines (this category included products such as anti-inflammatories, multivitamins,
anti-coccidiosis, with the exclusion of antibiotics) during the rearing period; (2) single
or repeated antibiotic/medical treatments during the rearing period; (3) age at which
treatments were applied; (4) type of antibiotic or medication used. Herd treatments
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were applied and the type of medication used.

Slaughter characteristics
Slaughter characteristics were assessed per calf and included carcass weight (kg),
color of the meat (scale 1–10 points, from pale to dark red color), fat coverage (scale 1–5
points, from low to very high fat coverage) and conformation class (scale 1–15 points,
from excellent to poor carcass quality) (European Community, 2003).

Statistical analyses
All data were analyzed in SAS 9.4 (SAS Inst. Inc., Cary, NC). Health and behavioral data
(expressed as a proportion of health problems or behaviors per pen) determined on
day 1 and directly post-transport, respectively, were analyzed with a generalized linear
mixed model with Pseudo Likelihood or equivalently Penalized Quasi Likelihood (PQL)
(Breslow and Clayton, 1993), employing SAS procedure GLIMMIX. At this stage, calves
were individually housed inside pens. The systematic part of the model comprised the
following fixed effects:
μ + Batchi + Uploj + Bafrk + Dietl + Typem + Durationn + (Dietl × Durationn) + (Dietl × Typem) +
(Durationn × Typem) + (Dietl × Typem × Durationn) [1]

Here, μ is a base level and Batchi = batch (i = 1, 2), Uploj = position in the vehicle (j = upper or
lower deck), Bafrk = position in the vehicle (k = front or back), Dietl = pre-transport diet (l =
rearing milk or electrolytes), Typem = type of vehicle (m = open or conditioned truck), and

Durationn = transport duration (n = 6 or 18 h) are main effects. The model also comprised

two- and three-way interactions between diet, type of vehicle and transport duration.
Interactions were considered not significant when P > 0.05. In addition, random effects
for pen and compartment at the veal farm were included in the linear predictor. The
logit link function was used in concert with the variance function of the binomial distribution, which included a multiplicative dispersion factor that was estimated from the
data. Here and in subsequent analyses, for all fixed effects, approximate F-tests were
used (Kenward and Roger, 1997). Interactions that were not significant were excluded
from the model (when higher order interactions were already excluded, i.e., respecting
the hierarchy of interaction terms). Subsequent pairwise comparisons were done with
Fisher's LSD method.
Health data and direct behavioral observations (expressed as proportion of health
problems or behaviors per pen) assessed from the arrival of calves at the veal farm
until week 3 post-transport were analyzed with a generalized linear mixed model (again
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(applied on all calves, via the milk) were also recorded, including the age at which they

PQL and GLIMMIX). Until week 3 post-transport, calves were still individually housed
inside pens. The systematic part of the model comprised the following fixed effects:
μ + Batchi + Uploj + Bafrk + Dietl + Typem + Durationn + Timeo + (Dietl × Durationn) +
(Dietl × Typem) + (Durationn × Typem) + (Dietl × Timeo) + (Durationn × Timeo) +
(Typem × Timeo) + (Dietl × Typem × Durationn) [2]

in the same notation as before and additionally with Timeo = sampling moment (o = T0
for behavior or day 1 for health, week 1 and 3) as main effect. Three-way interactions

between diet, type of vehicle and transport duration, and two-way interactions between
pre-transport diet, type of vehicle transport duration and time were also included in the
model. Interactions were considered not significant when P > 0.05. The model comprised random compartment effects. For the repeated measurements on the same pen
a first order auto regressive model (based on the actual distance between time points)
was adopted.
Health data assessed from week 5 until 27 and direct behavioral observations assessed from week 5 until 13 were also analyzed with the generalized linear mixed model
(Equation 2). During this period, calves were housed in groups instead of individually.
Between week 5 and 27 post-transport, the presence of loose or liquid manure, as well
as thick and white manure, were recorded as a binary response at pen level (i.e., present
or not present). These variables were also analyzed with the generalized linear mixed
model (Equation 2).
Data on individual treatments with antibiotics and other medicines during the entire
rearing period were expressed as binary data (0 = calf not treated at individual level
with antibiotics or medicines; 1 = calf treated at least once at individual level with
antibiotics or medicines during the rearing period). These data were analyzed with a
generalized linear mixed model (analysis with PQL and GLIMMIX) similar to model 1,
but for binary data.
Continuous data on carcass weight at slaughter were analyzed with a linear mixed
model (analysis with restricted maximum likelihood with SAS procedure PROC MIXED)
with fixed and random effects as in Equation 1 and additional normally distributed error
(or residual) terms. Residuals were checked for normality and homogeneity of variance
and data were log transformed when deemed necessary.
Carcass weight was also analyzed in relation to the number of individual medical treatments. The number of individual medical treatments was introduced as a qualitative
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once or twice; 2 = calf treated > 2 times.
In all analyses, effects with P ≤ 0.05 were considered significant, whereas those with
0.05 < P < 0.10 were considered as a tendency toward significance.

Results
The results of the present study will be shown in four main domains: health, behavior,
use of medicines and slaughter characteristics. In each of these domains, effects of
main factors, which included pre-transport diet, transport duration and type of vehicle,
will be reported. Three-way and two-way interactions were never significant, with the
exception of the interaction between pre-transport diet and type of vehicle on loose
and liquid manure which is described in the first paragraph.

Health
The day post-transport, there were no significant effects of treatments on individual
health parameters (Table 1). Drooped ears tended to be higher in milk-fed calves than
in electrolytes-fed calves (Δ = 3.3%; P = 0.08) and sunken eyes tended to be higher in
calves transported in the conditioned truck than in calves transported in the open truck
(Δ = 7.8%; P = 0.08).
For the average prevalence of loose or liquid manure from day 1 until week 3 post-transport there was an interaction between pre-transport diet and type of vehicle. The
percentage of calves with loose or liquid manure was lower (18%) in electrolytes-fed
calves transported in the conditioned truck compared to electrolytes-fed calves transported in the open truck (28%) and milk-fed calves transported in both the conditioned
and open truck (31% on average; P = 0.02). The percentage of calves with navel inflammation was higher in calves transported in the open truck and calves transported for 6
h compared to calves transported in the conditioned truck and calves transported for
18 h (Δ = 3.3% and Δ = 1.5%, respectively; P ≤ 0.05; Table 2).
Prevalences of navel inflammation and loose or liquid manure changed significantly
in the first 3 weeks post-transport (P < 0.01). Navel inflammation decreased from day 1
(9%) until week 3 (4%), whereas loose or liquid manure gradually increased in this period
(from 5% on day 1 to 39% in week 3). In addition to the effects of time on health problems
in the first 3 weeks post-transport, Table 3 shows the trend of health problems from the
collection center until week 3 post-transport. Overall, the prevalence of the majority of
health problems gradually increased in the period between the collection center and
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factor in the model 1, comprising three main levels: 0 = calf not treated; 1 = calf treated

week 3 post-transport. Prevalences of loose or liquid manure and sunken eyes in the
first 3 weeks post-transport more than doubled compared to the same prevalences at
the collection center (Δ = 22% and Δ = 20%, respectively).
Overall, prevalences of health problems from week 5 until 27 were relatively low (<10%),
with the exception of coughing (12%), and there were no significant differences due to
transport factors. As shown in Figure 1A, the prevalence of coughing changed significantly in this period (P < 0.01) and was highest between week 15 and 21 post-transport (15%). Besides coughing, abnormal breathing and nasal discharge, the other two
clinical signs of respiratory disease, were below 5%. Raw means for all three signs of
respiratory disease beyond week 5 at the veal farm are also shown in Table 4. Figure
1B shows the prevalence of gastrointestinal problems at the veal farm. Thick manure
was present only from week 5 until 13 (average prevalence 11%), whereas it disappeared in the remaining part of the fattening period. The average prevalence of loose or
liquid manure from week 5 until 13 was 10%, decreased slightly (Δ = −3%) from week 15
until 21, and increased again (Δ = 5%) from week 23 until 27. White manure substantially
increased during the entire rearing period (from 5 to 21%)

Behavior
During transport (61 vs. 39%) and directly post-transport (77 vs. 23%), calves spent most
of the time lying compared to standing, but no significant differences were found
between treatment groups. On the day post-transport, calves transported for 18 h
showed more signs of discomfort compared to calves transported for 6 h (9 vs. 6%; P <
0.01). Additionally, calves transported in the conditioned truck showed more signs of
discomfort behavior compared to calves transported in the open truck (9 vs. 5%; P = 0.01).
Table 4. Raw means recorded for coughing, abnormal breathing and nasal discharge in veal calves
between week 5 and 27 post-transport.

Weeks post-transport
Health variable

Week 5

Week 7

Week 9

Week 11

Week 13

Coughing

6.1 ± 1.2

5.3 ± 1.2

9.8 ± 1.5

7.7 ± 1.3

13.7 ± 1.5

Abnormal breathing

2.6 ± 0.8

2.7 ± 1.0

5.4 ± 1.1

0.3 ± 0.3

1.1 ± 0.6

Nasal discharge

2.6 ± 1.0

0.8 ± 0.6

1.3 ± 0.6

0.5 ± 0.4

2.7 ± 0.8

All health variables are expressed as an average proportion at pen level
raw means ± SE (Standard Error).
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A

Abnormal breathing

= Coughing

Nasal discharge

= Abnormal breathing

= Nasal discharge

16
14
12

%

10
8
6
4
2
0
Week 5-13

B

Week 15-21

= Loose or liquid manure

Loose or liquid manure

Week 23-27

= Thick manure

= White manure

Thick manure
White manure

25

20

%

15

10

5

0
Week 5 - 13

Figure 1

Week 15 - 21

Week 23 - 27

A,B: Prevalence of coughing, abnormal breathing and nasal discharge in veal calves
between week 5 and 27 post-transport (expressed at average proportions at pen level)
(A) and prevalence of loose or liquid manure, thick manure and white manure in veal
calves between week 5 and 27 post-transport (expressed as average proportions of
pens) (B)

Weeks post-transport
Week 15

Week 17

Week 19

Week 21

Week 23

Week 25

Week 27

16.3 ± 1.6

15.1 ± 2.1

15.8 ± 1.8

13.4 ± 1.6

19.1 ± 1.9

10.1 ± 1.7

9.3 ± 1.5

0.4 ± 0.4

0.3 ± 0.0

0

0

0

0

0

4.6 ± 1.3

1.1 ± 0.7

0

0.3 ± 0.3

1.1 ± 0.6

0

0
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Coughing

During the first 3 weeks post-transport, calves increased their time in a standing position (from 23% on day 1 to 51% in week 3 post-transport), and calves showed a gradual
increase in comfort behavior (from 5% on day 1 to 15% in week 3 post-transport) and a
decrease in discomfort behavior within this time frame (from 7% on day 1 to 4% in week
3 post-transport) (P < 0.01). In the period between week 5 and 13 post-transport, comfort
behavior gradually increased (from 30 to 53%) (P < 0.01). Play behavior increased up to a
4% in week 9 and subsequently, it decreased to 1% in week 13 post-transport (P < 0.01).

Use of medicines
The percentage of calves individually treated with antibiotics at least once during the
rearing period at the veal farm was 33%. Among this fraction of calves, 70% of animals
were treated once, 21% were treated twice and 9% were treated more than twice
during the rearing period. More milk-fed calves received individual antibiotic treatments compared to electrolyte-fed calves throughout the rearing period (38 vs. 28%,
respectively; P = 0.05). The percentage of calves that received at least one other medical treatment during the rearing period was 18%. Among this fraction of calves, 69%
of animals were treated once, 23% were treated twice and 8% were treated more than
twice. No significant differences were found between treatment groups on the use of
other medical treatments. In the first 6 weeks at the veal farm, 25% of calves were individually treated with antibiotics and 22% of calves were treated with other medicines.
In the following 6 weeks, calves were still individually treated for antibiotics (23%) and
for other medicines (4%), but from week 13 until 27 calves were not treated at all, neither
individually nor batch-wise. Besides individual treatments, calves were subjected to 5
herd treatments (on day 3, 13, 22, 37, and 47) with oxytetracycline HCl (1.43 g/100 kg/
twice a day), doxycycline (1 g/100 kg/day), Tilmovet 250 mg/ml (5.45 ml/100 kg/twice
a day), Ampisol 100% (2.26 g/100 kg/day), and doxycycline (0.58 g/100 kg), respectively. These herd treatments were provided via the milk for an average of 11 feedings
per herd treatment.

Slaughter characteristics
No significant differences were found between treatment groups in relation to carcass
weight (164.7 kg ± 18.4; range: 96–215 kg), conformation class (11.9 points ± 1.0; range:
8–15) and color of the meat (5.9 points ± 1.3; range: 2–10) at slaughter. Figure 2 shows
a significantly lower carcass weight of calves receiving > 2 individual medical treatments compared to carcass weight of calves not treated or treated once or twice (P <
0.01). Figure 3 shows that the color of the meat of calves receiving > 2 individual medical treatments tended to be darker than the meat of calves not treated or treated once
or twice (P = 0.06).
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Figure 2.

Effects of number of individual medical treatments of veal calves throughout the
rearing period on carcass weight at slaughter.
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Figure 3.

Effects of number of individual medical treatments of veal calves throughout the
rearing period on meat color at slaughter.
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Discussion
Health and use of medicines
In the current study, health problems in young veal calves increased in the post-transport period compared to pre-transport values at the collection center. Thus, transport
(including mixing and handling procedures and feed withdrawal) and the adaptation
of calves to the new housing and feeding system at the veal farm were challenges
for calves. Health outcomes measured at the veal farm were expressed at pen level,
although calves were individually housed in the first 3 weeks post-transport. We used
this approach because individually housed calves were not randomly distributed across
the barn, but housed pen-wise, thus each pen contained 5 or 6 calves in adjacent baby
boxes. Most of the effects of transport-related factors were evident in the first 3 weeks
after arrival at the veal farm; this is also the period in which most of the medical treatments were applied. The day post-transport, the prevalence of sunken eyes, which is a
clinical characteristic related to dehydration, was lower than the prevalence rate shown
by Wilson et al. (2000) (40 vs. 61%, respectively). Dehydration is associated with different
factors, including transport and diarrhea (Knowles et al., 1997; Renaud et al., 2018a). In
a previous study (Marcato et al., 2020a) we reported that up to 70% of the calves used
in the current experiment were dehydrated (based on skin elasticity) already before
transport. This explains why application of the treatments resulted in a large number
of calves with sunken eyes upon arrival.
Pre-transport diet fed at the collection center had an impact on loose or liquid manure
in the first 3 weeks post-transport, where milk-fed calves showed more loose or liquid
manure than electrolyte-fed calves. Feeding milk prior to transport is a good remedy
against energy depletion or hypoglycemia (Schaefer et al., 1997), which was also visible
on most of energy related parameters measured in blood of calves in this experiment
(Marcato et al., 2020a). However, time feeding milk may also contribute to alterations
in fecal consistency related to transport stress and consequently intestinal atrophy,
whereas feeding electrolytes is a good approach to treat calves displaying metabolic acidosis and diarrhea (Booth and Naylor, 1987; Schaefer et al., 1997). The different
composition of the pre-transport diet might also explain the higher use of antibiotics in
milk-fed calves compared to electrolyte-fed calves in the present experiment. Feeding
more nutrients, especially before a challenge, such as transport, may increase fecal
abnormalities in pre-weaned calves in the first weeks of life (Brown et al., 2005) and it
may result in higher antibiotic use (Quigley et al., 2006). However, since we were not able
to make the distinction between infectious or feed-related diarrhea during our clinical
assessment, we cannot rule out the possibility that some of the antibiotic treatments
in the current study were applied without a proper clinical justification. This may have
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calves. The significant interaction between pre-transport diet and type of vehicle means
that the prevalence of loose or liquid manure was lowest in electrolyte-fed calves transported in the conditioned truck in comparison with electrolyte-fed calves transported
in the open truck, and milk-fed calves transported in both the conditioned and open
truck. Apparently, in combination with the pre-transport diet, the environment in the
conditioned truck exerted some kind of protective effects on the likelihood of calves
exhibiting loose or liquid manure during the first 3 weeks of the rearing period. As indicated above, however, we do not know whether this decrease concerns loose or liquid
manure with an infectious or non-infectious origin.
In comparison with the open truck, transporting calves in the conditioned truck also
reduced the prevalence of navel inflammation in the first weeks post-transport. At
present, it remains unknown which environmental factors comprising the conditioned
transport in our experiment (such as draft or differences between in and outlet airflow)
contributed to these effects on calf health at the beginning of the rearing period; these
environmental and climatic factors need to be defined and recorded in more detail
in future research. In a recent study by Renaud et al. (2018b), involving close to 5,000
calves, navel inflammation at arrival was associated with early mortality at the veal farm
(≤ 21 days post-transport). Therefore, the significant lower navel inflammation in calves
transported in the conditioned truck found in the current experiment might be relevant
at population level for reducing mortality at the veal farm, provided that conditioned
transport would be used at a large scale.
In the first 3 weeks post-transport, navel inflammation decreased significantly and this
is in line with Wilson et al. (2000), although the starting prevalence rate in our study
was lower (9 vs. 32%, respectively at the first sampling moment). Navel inflammation
can be caused by environmental conditions during transport (e.g., lack of bedding on
the truck, overcrowding) or by farm management practices before transport to the
collection center (e.g., poor hygiene, lack of navel antisepsis) (Mee, 2008; Pempek
et al., 2017). In the current experiment, it is likely that navel inflammation was already
present at the dairy farm, because all calves were transported on a straw bedding and
transport density was not high. Therefore, preventive measures at the dairy farms (high
hygiene status, early intake of high-quality colostrum, navel dipping) are necessary to
avoid this condition in the veal farm (Pempek et al., 2017). Loose or liquid manure increased over time in the first 3 weeks at the veal farm. The prevalence of loose or liquid
manure at day 1 post-transport was lower than reported by Wilson et al. (2000) (5 vs.
16%), but higher in week 3 post-transport (39 vs. 17%). It appeared that, besides transport, calves struggled to adapt to a new feeding regime (based on milk replacer diets)
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affected the difference in antibiotic treatments between milk-fed and electrolyte-fed

at the veal farm. In addition to gastrointestinal problems, clinical signs of respiratory
disease, gradually increased at the veal farm. Respiratory disease in white veal calves
is often of a slow progressive nature, and likely due to presence of maternal immunity
and frequently applied metaphylactic antimicrobial therapy (Pardon et al., 2011). The
starting prevalence of respiratory disease indicators was in line with the prevalence of
bovine respiratory disease (BRD) shown by Pardon et al. (Pardon et al., 2015) in the first 17
days post-transport at the veal farm (<5%). However, in Pardon et al. (2015), 40% of calves
showed signs of BRD at day 18 post-transport, a prevalence much higher compared to
the 4% in the current experiment. However, prevalences obtained in different studies
may be difficult to compare, because of differences in health protocols: the current
experiment separately considered nasal discharge, coughing or abnormal breathing
as clinical signs of respiratory disease, whereas Pardon et al. (2015) defined BRD cases
based on the simultaneous presence of depression, cough, higher rectal temperature
and nasal discharge. Pardon et al. (2012b) reported peak prevalences of respiratory
disease in veal calves between 2 and 6 weeks post-transport. In the current study, the
highest prevalence of coughing occurred at a later stage (between week 15 and 21 post-transport) and this might be due to a reinfection of calves with respiratory pathogens
after the first weeks post-transport (Pardon et al., 2011). Next to respiratory disease, the
prevalence of white manure and loose or liquid manure in the last weeks of the rearing
period indicates that calves might struggle to adapt to the feeding scheme at the veal
farm. Besides these health problems, there were no significant differences between the
experimental treatments in prevalence of other health problems from week 5 until 27.
The current findings showed that health of calves destined to veal production can
be already compromised at the collection center (as indicated by high prevalence of
dehydration, sunken eyes and navel inflammation). Thus, in addition to transport-related factors such as examined in the present experiment, further attention on factors
and (e.g., early rearing) conditions experienced by veal calves prior to arrival at a collection center is merited. The existence of relatively mild effects of transport factors on
health problems in the immediate post-transport period, and the absence of significant
effects in the longer term might be due to several reasons. First, it could be suggested
that the transport and arrival at the veal farm as applied in the current experiment did
not represent a severe enough challenge to significantly disturb the homeostasis of
calves. However, this is highly unlikely given the profound overall effects of the experimental treatments on, for example, the physiological status (Marcato et al., 2020a)
and a number of aspects of the clinical health of our calves (Table 3). Secondly, the
collective effects of the transition of calves from the dairy to the veal farm (including
transport and mixing with other calves at the collection center), and of the husbandry
conditions during the subsequent rearing period (including dietary changes, and, again,
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vidual transport factors as examined in the present experiment on health and adaptive capacity of calves. Thirdly, the high use of antimicrobials and medical treatments
both at herd and individual calf level in the first 6 weeks of the rearing period may have
masked potential effects of the transport-related factors on the health status of calves
in the current experiment.

Behavior
Behavior of calves is influenced by transport (Grigor et al., 2001; Jongman and Butler,
2014). In the current study, calves spent more time lying than standing during transport,
which was similar to other studies. Eicher and Morrow (2000) showed that calves had a
preference for lying (70% of the trip duration). Knowles et al. (1997) reported that young
calves (<1 month old) spent ~80% of their time lying down during 24 h transport duration. Overall, young calves prefer to lie more during transport compared to adult cattle
(Eicher, 2001), thus space requirements should account for these preferences. Calves
not only showed more lying behavior during transport, but also directly post-transport
and up to 24 h post-transport calves spent most of their time lying than standing. This
suggests that transported calves might have experienced stress coupled with fatigue
after the journey (Grigor et al., 2001). Standing behavior almost doubled a week post-transport, suggesting that calves were beginning to recover from the journey. Calves
mainly showed signs of discomfort the day and the week after transport, suggesting
that transport caused a disturbance in their homeostasis and calves were able to cope
with this challenge toward the end of this period. On the day post-transport, the highest
prevalences of discomfort behavior were shown by calves transported in the conditioned truck and by calves transported for 18 h. Apparently, and intuitively logically,
long-term transport (18 h) was more challenging to calves than short-term transport (6
h). The fact that calves transported in the conditioned truck exhibited more discomfort
behavior in comparison with animals transported in the open truck warrants specific
attention. This finding would suggest that transporting calves in a conditioned truck may
be favorable for some health characteristics (such as naval inflammation, see above),
but unfavorable in terms of behavioral signs of discomfort on the day post-transport.
Again, this underlines the need for further research on conditioned transport, and its
effect on calf health and behavior. Beyond the first week post-transport, discomfort
behavior declined and the gradual increase in comfort behavior might be an indication that calves were adapting to the new environment. Playing behavior significantly
increased until week 9; beyond this age the prevalence of this behavior remained relatively low. These changes might be age-related, but may also have been affected by
the reduction in space availability in the pen (Ruschen and Passillé, 2014). Transportrelated factors did not significantly affect veal calf behavior from week 5 until 13; thus,
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mixing with other calves) might be so large that they overrule potential effects of indi-

similar to health, the various transport-related factors examined in the present study
seemed to exert significant effects on behavior in the short-term only.

Slaughter characteristics
In the current study, transport-related factors had no significant effect on either carcass
weight, meat color, or conformation class. Notably, carcass weight was negatively
related to the number of individual medical treatments. These results are in line with
Pardon et al. (2013) who demonstrated that antimicrobial drug use (ADU) was negatively associated with hot carcass weight of veal calves. Every increase in ADU by 1% was
associated with 1.5 kg loss in hot carcass weight. Pardon et al. (2013) also showed that
carcass weight decreased severely with an increasing number of episodes of bovine
respiratory disease and diarrhea. Moreover, Pardon et al. (2013) showed that the odds for
undesirable red meat color were lower with an increase in ADU (OR = 0.86 per percentage increase in ADU; 0.95-CI: 0.76–0.98; P < 0.05). This was in contrast with the results of
the current experiment that revealed a tendency to darker meat color in calves treated
>2 times with medicines. It can be hypothesized that calves which received more than
two medical treatments were the ones that were more sick and lagging in condition.

Conclusive remarks
The current study shows that pre-transport diet and type of vehicle affected health
and behavior of veal calves in the short-term, but had no effects in the long run, including on slaughter characteristics. Perhaps transport-related effects were masked due
to multiple use of medical treatments in the first weeks after arrival at the veal farm.
Additionally, it might be assumed that the collective effects of the transition from the
dairy farm to the veal farm, and of the husbandry conditions during the subsequent
rearing period, on the adaptive capacity of calves were so large that the effects of individual transport-related factors were overruled. Despite the lack of treatment effects,
the high prevalence of health problems merits more research on strategies to improve
health of calves at the veal farm. Further studies are needed on ways to increase the
resilience of veal calves during the transition from the dairy farm to the veal farm. These
studies should also address transport-related factors in combination with (innovative)
husbandry strategies both at the dairy farm and at the veal farm. Correspondingly,
there is a need to define and record the (required and appropriate) environmental and
climatic conditions and factors during conditioned transport of young calves, and to
further study their relationship with calf health and welfare. 
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Appendix
Appendix 1
Table A1 Mean and range (between brackets) of actual temperature and relative humidity inside
the conditioned and open trucks during short1 or long2 transport of young calves to the
veal farm.
Conditioned truck
Batch 1
T (°C)3

RH (%)4

Open truck

Batch 2

Batch 1

RH (%)

T (°C)

T (°C)

RH (%)

Batch 2
T (°C)

RH (%)

6h

9.2
66.0
13.0
74.1
(8.2 – 10.3) (61.0 – 75.1) (11.7 – 13.9) (65.0 – 81.0)

18 h

7.8
68.2
13.6
77.9
6.6
75.8
14.0
77.3
(4.5 – 11.2) (58.5 – 78.9) (11.2 – 16.3) (65.4 – 83.9) (3.9 – 9.6) (66.3 – 86.5) (10.8 – 16.6) (66.2 – 86.2)

1

7.4
74.1
11.5
80.3
(6.2 – 9.1) (66.3 – 84.2) (10.4 – 12.5) (67.6 – 88.8)

6 h; 2 18 h; 3 T = temperature; 4 RH = relative humidity.

Appendix 2
Table A2 Health parameters of veal calves at the collection center and at the veal farm (from day 1
until week 3 post-transport). Health parameters were assessed at individual level.
Health parameter
Navel inflammation

Joint inflammation

Loose or liquid manure

Pneumonia
Eye discharge
Sunken eyes
Ears

Nasal discharge

Score

Explanation

0

No signs of inflammation

1

Swollen, without discharge

2

Swollen, with discharge

0

No evidence of joint problems

1

Evidence of joint inflammation

0

No loose or liquid manure

1

Pasty manure

2

Watery manure

0

No abnormal breathing, no cough

1

Abnormal breathing and cough

0

No eye discharge

1

Slight watery discharge

0

Normal, bright eyes

1

Eyes markedly recessed into the orbits

0

Normal

1

Loop-eared

0

No discharge

1

Watery discharge

2

Purulent discharge
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Table A3 Health parameters of veal calves at pen level from week 5 until week 27 post-transport.
Health parameters

Explanation

Method of assessment

Milk leftovers

Untouched rests of milk in feeding trough

Yes / No

Roughage leftovers

Untouched rests of roughage in feeding trough

Yes / No

Abnormal breathing

Fast breathing (> 40 breaths/min), excessive
abdominal breathing

number of calves

Nose discharge

Presence of discharge from one or both nostrils

number of calves

Coughing

Audible expulsion of air through mouth of calves number of calves

Loose or liquid manure Presence of loose or liquid manure in the pen

Yes / No

Thick manure

Thicker and higher consistency manure, often
combined with undigested food

Yes / No

White manure

Sticky and higher consistency manure. The
colour is white or grey

Yes / No

Bloated calves

Calves with overfilled/bloated belly (upper,
lower, right, left and all around)

number of calves

Lame calves

Calves with a different load/ or do not stand on
one or more legs

number of calves

Claw problems

Red and swollen skin around the claw, often
combined with lameness

number of calves

Joint problems

Clear thickening of one or more joints caused by number of calves
accumulation of fluids/ synovia. Often painful
and combined with lameness

Bursa problems

Clear thickening (disc or round shaped) of the
joint. Usually not painful and calves are not lame

number of calves

Chewing wounds

Wounds (damaged tail/ ear or skin on the body)
caused by other calves in the pen.

number of calves

Skin infection

Skin damage due to infection: presence of
round, hairless spots and wrinkled skin

number of calves

Hard skin

Thickened skin (often wrinkled and hairless),
especially on the withers

number of calves

Urine suckling

Calves that suckle urines from other calves as
well as calves being suckled

number of calves

Condition 15-30

Calves that are 15-30% behind condition (based
on weight and size of calves) compared to the
other calves in the herd

number of calves

Condition >30

Calves that are >30% behind condition (based on number of calves
weight and size of calves) compared to the other
calves in the herd

Wet fur

Calves with a wet fur all along the back line

number of calves

Dull fur

Dull fur with abnormal structure, gloss & length

number of calves

Sick calves

Calves (not scored earlier) that give a general
number of calves
sick impression, depressed calves/ not attentive
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Appendix 4
Table A4 Ethogram used to assess behavior of veal calves during transport and at the veal farm.
Behavior
Posture

Activity

Description
Stand

Body elevated from floor and weight supports by legs.

Lie

Brisket in contact with the floor.

Tongue play

Tongue playing/rolling. Turning, rolling and unrolling of
tongue extended outside or inside mouth.

Urine drink

Preputial sucking of pen mates ore drinking of urine flow

Chew

(sham) Chewing/ruminating. Any repetitive movements of
lower jaw in lateral plane.

Manipulate objects

Oral manipulation of the pen structure and bucket/trough.

Lick another calf

Tongue extending and shifted across any body part of pen
mate or nibbling of pen mate.

Manipulate another calf Sucking any body parts (ears, tail, face, body) of pen mate
excluding prepuce)
Graze

Grazing pen mate hair situated on back. Mouth nibbles
and pulls away from back, sometimes coming away with
hair.

Self-groom

Tongue extending and shifted across any body part of self
or nibbling of self.

Rub

Rub any part of body against substrate.

Leap/Jump/
Buck/Turn

Forelegs lifted from ground, forepart of body elevated,
with or without forward movement, kicking and turning
(frolic behavior)

Mount

Mount other calf from any side.

Head-butt

Butting of substrate or another calf.

Head-shake

Head shaken or rotated

Run

Rapid movement forward with all four legs leaving the
floor at one point in time.

Sniff

Sniff at surroundings including calves.

Repetitive calling

Repetitive calling with apparent no reason

Walking

Walk around the pen

Eat straw

Eating straw in the pen

Drink water

Drink water from the bucket (from week 3 at the veal farm)

Other

Any other activity not mentioned above.
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Abstract
The aim of this study was to investigate longitudinal effects of the age of calves when
transported from the dairy farm of origin (14 vs 28 d), calf characteristics (sex and
breed), and dam characteristics (parity and ease of birth) on immunoglobulin titers and
hematological variables of veal calves. Calves (N = 684) that were born over a 9-month
period on 13 dairy farms in the Netherlands were transported to 8 veal farms at 14 or 28
d of age. Natural antibodies N-IgG, N-IgM and N-IgA (collectively indicated as N-Ig’s)
specific for phosphorylcholine conjugated to bovine serum albumin (PC-BSA) were
measured in serum of calves in the first week after birth, one day prior to transport
and in weeks 2 and 10 post-transport at the veal farm. Maternal N-Ig’s were measured
in serum of the dams one week prior to calving and in first colostrum just after birth.
Hematological variables were assessed in plasma of calves one day prior to transport
and in week 2 post-transport. In addition to main effects, relationships between, on
the one hand, N-Ig’s and hematological variables, and on the other hand, individual
treatments with antibiotics and other medicines at the veal farm and carcass weights
were examined. One day prior to transport, titers of N-IgG, N-IgM and N-IgA were
higher (Δ = 0.75, Δ = 0.71, Δ = 0.62, respectively) in 14 d old calves compared to 28 d old
calves. In week 2 at the veal farm, calves transported at 14 d had higher N-IgG titers
(Δ = 0.27), but lower N-IgM (Δ = - 0.65) and N-IgA (Δ = - 0.35) titers compared to calves
transported at 28 d. In week 1 and one day prior to transport, all three N-Ig isotypes of
calves were positively related to N-Ig’s in colostrum. At the veal farm, N-IgG of calves
was positively related to N-IgG in colostrum. High N-IgG titers in serum of calves were
associated with less individual treatments with antibiotics and other medicines at the
veal farm. Colostrum obtained from first parity cows had lower N-Ig’s titers compared
to colostrum of higher parity cows. It can be concluded that transportation of calves
at both 14 and 28 d of age still occurred in the immune gap period, but that calves
transported at a later age showed a more advanced development of their adaptive
immunity than calves transported at 14 d of age. The present findings suggest that
quality of colostrum might have long-term consequences for the immunity of veal
calves and that N-IgG titers in calf serum might be used as potential biomarker of
future performance of veal calves.
Keywords: veal calf; transport age; immunoglobulin; hematology
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In the Netherlands, male (and surplus female) calves born on dairy farms are typically
transported at the legally required minimum age of 14 days, first to a collection center
and then to a veal farm, to be raised for meat production (Marcato et al., 2018). Since
transport represents a critical event, many studies focused on the effects of transport
on health and recovery rate of calves upon arrival (Knowles et al., 1999b; Masmeijer et
al., 2019; Marcato et al., 2020a, b) and during the rearing period at the veal farm (Marcato
et al., 2020c). Recent observational studies have found associations between the background and early rearing practices on the dairy farm of origin and mortality rate of male
calves at the veal farm (Winder et al., 2016; Renaud et al., 2018b). Correspondingly, it
has been demonstrated that body weight (Brscic et al., 2012; Scott et al., 2019) or the
clinical health condition of calves upon arrival at the veal farm (Renaud et al., 2018a;
Scott et al., 2019), as well as certain biomarkers analyzed in a blood sample taken at
arrival, including, for example, immunoglobulins (Pardon et al., 2015; Goetz et al., 2021),
total protein (Scott et al, 2019; von Konigslow et al., 2020), cholesterol (Renaud et al.,
2018a), or specific immune cell counts (von Konigslow et al., 2020), were all significantly
correlated with later risks of disease and mortality. Collectively, these studies suggest
that both transport and husbandry characteristics of the dairy farm of origin may be
important determinants of the biological state of a calf when it arrives at the veal farm.
This biological state, in turn, may predispose the animal to disease, poor performance
or premature death during the subsequent fattening period. This process could also
be described in terms of robustness of calves. Robustness is defined as the ability of
an animal to cope with environmental challenges and to bounce back rapidly after
challenges occur (Colditz and Hine, 2016). Robust animals are well equipped to cope
with endemic infections and to fight diseases and, hence, may have a lower need for
antimicrobials. Robustness can be measured in different ways, for example through
physiological indicators in the blood (similar to the biomarkers recorded in the observational studies mentioned above) or by the assessment of the health status or mortality
rate, which could be considered the ultimate indicators of animal robustness (Marcato
et al., 2018; de Almeida et al., 2019). So far, identifying which specific environmental or
animal-based factors may play a causal role in influencing robustness of veal calves
has hardly been studied.
Transporting a calf from the dairy farm to the veal farm at 14 days of age might be
convenient for dairy farmers, because it minimizes the rearing costs of calves on dairy
farms. However, at this age, immune components of calves are not completely functional because calves are in the so- called “immune gap period” due to the combination of
a decreased passive immunity and the absence of a mature adaptive immune system
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Introduction

(Chase et al., 2008). Transporting calves two weeks later than current practices may
allow the adaptive immunity of calves to further develop (Chase et al., 2008), and, thus,
calves might be more robust upon arrival at the veal farm. Therefore, the first objective of the current study was to systematically investigate, in a longitudinal fashion, the
impact of two different transport ages (14 days vs. 28 days) on potential biomarkers of
calf robustness, including natural antibody titers specific for phosphorylcholine conjugated to bovine serum albumin (PC-BSA), and the hematological profile of calves with
various cell counts. Phosphorylcholine is an abundant environmental antigen, present
on bacterial membranes, fungi and parasites (Pinkert et al., 1989). Pinkert et al. (1989)
reported that immune responsiveness to PC is a useful model for pathogen recognition. In the current study, the combination of PC with BSA allowed also to detect natural autoantibodies, because BSA can be considered as a self-antigen for both cows
and calves. Since both natural antibodies and natural autoantibodies will be described
in the current paper, we will use the term N-Ig’s (N-IgG, N-IgM and N-IgA) to indicate
both types of antibodies detected against PC-BSA. The second objective of the current
research was to investigate the effects of calf characteristics (such as birth weight, sex,
breed) and cow characteristics (parity, ease of birth, dry period length (DPL), colostrum
quality, milk yield) on these same biomarkers. These calf and cow characteristics are
thought to be critical for the development and future performance of calves (Godden et
al., 2005; Roland et al., 2016). Finally, we aimed to examine some relationships between
our putative early biomarkers of calf robustness and individual treatments with antibiotics and other medicines at the veal farm as well as carcass weight. The latter are
assumed to reflect the capacity of the calves to successfully adapt to the conditions at
the veal farm. Therefore, all calves were individually followed prospectively from birth
at the dairy farm until the end of the fattening period at the veal farm. Findings from
this experiment on clinical health and growth performance of calves are reported in a
companion paper (Marcato et al., 2021b).

Materials and methods
Experimental design
The experiment was executed between March 2019 and May 2020 and was approved
by the Central Committee on Animal Experiments (the Hague, the Netherlands; approval number 2017.D-0029). The experimental design was a matrix, consisting of 13 dairy
farms and 8 veal farms. Calves (N= 684) originated from 13 Dutch dairy farms. Within
each farm, calves were assigned to one of two treatment groups, meaning that they
were transported to a veal farm at either 14 or 28 days of age.

128

28 days of age, and calves born in the subsequent two weeks left the dairy farm at 14
days of age. Subsequently, all calves born at all farms within this 4-week timeframe were
transported to the same veal farm (see Figure 1). At each transport day, two transporters
collected calves from the dairy farms (6 and 7 dairy farms, respectively) and brought
these directly to the veal farm, meaning that for each veal farm in total 4 transports were
performed. The timeframe shown in Figure 1 was repeated 8 times, meaning that calves
born in each timeframe were transported to a different veal farm. The recruitment of
calves into the experiment stopped when the last veal farm was filled with calves. At
the veal farms (herd size = 1,065 calves on average), calves were individually housed in
so-called “baby boxes” for the first three weeks post-transport, after which they were
housed in groups (5 or 6 calves per pen). The feeding scheme and the management of
calves were similar in all veal farms, and our experimental calves were fully blended in
and treated in accordance with the rest of calves present at the veal farm. Additionally,

Transport age
of calves

Weeks into
experiment

veal farmers were unaware of the background and age of calves.
TIMEFRAME 1

TIMEFRAME 2

Calves born on dairy farm 1
until 13

Calves born on dairy farm 1
until 13

week 1

week 2

week 3

week 4

week 5

week 6

week 7

week 8

28 days

28 days

14 days

14 days

28 days

28 days

14 days

14 days

Transport in
week 5

Transport in
week 6

Transport in
week 9

VEAL FARM 1

Figure 1.

Transport in
week 10

VEAL FARM 2

Representation of the experimental design.
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Calves born in the first two weeks from the start of the experiment left the dairy farm at

Measurements
Immunoglobulin titers in serum samples of cows
All pregnant dams at the dairy farms were blood sampled approximately one week
prior to the expected day of calving. A sample (10 ml, Vacuette, Greiner BioOne,
Kremsmunster, Austria) was obtained from the tail vein of cows. Samples were kept
at room temperature until centrifugation (3000 × g for 15 min at 4°C), then serum was
decanted and stored at – 20°C until analysis. The titers of N-IgG, N-IgM and N-IgA
were measured in serum samples (N = 813) with indirect enzyme-linked immunosorbent assay (ELISA) specific for PC-BSA. Pre-diluted samples (1:10) in PBS mix (PBS + 1%
horse serum + 0.05% tween) were coated with different amounts of PC-BSA (PC-1011-10,
Bioresearch Technologies, Petaluma, CA): 1 µg/ml for N-IgG and 0.25 µg/ml for N-IgM
and N-IgA. Natural antibodies N-IgG and N-IgM were detected using 1: 20000 diluted
sheep polyclonal anti-bovine IgG-heavy chain conjugated to horseradish PO (Cat. No.
A10-100P, Bethyl Laboratories, Montgomery, US), and 1: 20000 diluted rabbit polyclonal
anti-bovine IgM conjugated to horseradish PO (Cat. No. A10-100P, Bethyl Laboratories,
Montgomery, US). Natural antibody N-IgA was detected using 1: 10000 diluted sheep
polyclonal anti-bovine IgA conjugated to horseradish PO (Cat No. A10-131P, Bethyl
Laboratories, Montgomery, US). Starting dilution of standards was 1: 160 for N-IgG, 1:80
for N-IgM, and 1: 20 for N-IgA. Serial dilutions for N-IgG, N-IgM and N-IgA in serum
samples started at 1: 40 (4 steps). After the last 1.5 hour incubation at room temperature with the conjugates, plates were washed with demi-water. Each well of the plate
was filled with 100 μL of substrate tetra methyl benzine (TMB) (Sigma Aldrich Chemie,
Steinheim, Germany), which contained milliQ water, 1% TMB, and 10% TMB buffer. Plates
were then incubated for 30 min at room temperature. After the incubation, the reaction
was stopped by adding 50 μL of H2SO4 solution in each well. Extinctions were measured
with a Multiskan reader (Lab Systems, Helsinki, Finland) with a wavelength of 450 nm.
Titers were calculated based on log2 values of the dilution that gave extinction closest
to 50% of Emax, where Emax represents the highest mean extinction of standard positive serum present on each plate (Ploegaert et al., 2007).
Immunoglobulin titers in colostrum samples
Colostrum samples (15 ml) were collected by the dairy farmer as soon as possible after
birth of each calf. Samples were temporarily stored in a freezer (-20ºC) on each dairy
farm until they were processed in the laboratory and then they were stored at -80ºC until
analysis. The titers of N-IgG, N-IgM and N-IgA were measured in colostrum samples (N =
490) using the indirect enzyme-linked immunosorbent assay (ELISA) specific for PC-BSA
described before. Pre-diluted samples (1:10) in PBS mix (PBS + 1% horse serum + 0.05%
tween) were coated with 0.25 µg/ml PC-BSA (PC-1011-10, Bioresearch Technologies,
Petaluma, CA) (100 µl/well). Natural antibodies N-IgG and N-IgM were detected, using
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dish PO (Cat. No. A10-100P, Bethyl Laboratories), and 1: 20000 diluted rabbit polyclonal
anti-bovine IgM conjugated to horseradish PO (Cat. No. A10-100P, Bethyl Laboratories).
Natural antibody N-IgA was detected using 1: 10000 diluted sheep polyclonal anti-bovine
IgA conjugated to horseradish PO (Cat No. A10-131P, Bethyl Laboratories, Montgomery,
US). Starting dilution of standards was 1: 10, and serial dilutions for N-IgG, N-IgM and
N-IgA in colostrum samples started at 1: 40 (4 steps). Titers were calculated according
to the previous procedure described for cow samples.
Immunoglobulin titers in serum samples of calves
Calves were blood sampled one week after birth, one day before transport, and 2 and 10
weeks post-transport (at the veal farm). Samples (10 ml) were collected from the jugular
vein of calves into serum vacutainer tubes (Vacuette, Greiner BioOne, Kremsmunster,
Austria). Samples were kept at room temperature until centrifugation (3000 × g for 15 min
at 4°C), then serum was decanted and stored at – 20°C until analysis. The titers of N-IgG,
N-IgM and N-IgA in serum samples (N = 684) were measured using indirect enzyme-linked immunosorbent assay (ELISA) specific against PC-BSA described before. Pre-diluted
samples (1:10) in PBS mix (PBS + 1% horse serum + 0.05% tween) were coated with different amounts of PC-BSA (PC-1011-10, Bioresearch Technologies, Petaluma, CA): 1 µg/ml
for N-IgG and 0.25 µg/ml for N-IgM and N-IgA. N-IgG and N-IgM were detected using
1: 20000 diluted sheep polyclonal anti-bovine IgG-heavy chain conjugated to horseradish PO (Cat. No. A10-100P, Bethyl Laboratories), and 1: 20000 diluted rabbit polyclonal
anti-bovine IgM conjugated to horseradish PO (Cat. No. A10-100P, Bethyl Laboratories).
N-IgA was detected using 1: 10000 diluted sheep polyclonal anti-bovine IgA conjugated to horseradish PO (Cat No. A10-131P, Bethyl Laboratories, Montgomery, US). Starting
dilution of standards was 1: 80 for N-IgG and N-IgM, whereas 1: 20 for N-IgA, and serial
dilutions for N-IgG, N-IgM and N-IgA in serum samples started at 1: 40 (4 steps). Titers
were calculated according to the procedure described for serum samples of cows.
The hematological profile of calves
Blood samples (5 ml) were collected from the jugular vein of calves into EDTA vacutainer tubes (Vacuette, Greiner BioOne, Kremsmunster, Austria) one day prior to transport and in week 2 post-transport. Samples were stored at 4°C and then analysed by
fluorescence flow cytometry (XT1800VET, Sysmex Europe GmbH, Germany) for a
complete hematological profile, including: hemoglobin (Hb), hematocrit (Ht), red blood
cells (RBC), mean corpuscular hemoglobin (MCH), mean corpuscular volume (MCV),
mean corpuscular hemoglobin concentration (MCHC), red cell distribution width (RDW),
red blood cells (RBC), white blood cells (WBC), lymphocytes, neutrophils, monocytes,
basophils and eosinophils.
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1: 20000 diluted sheep polyclonal anti-bovine IgG-heavy chain conjugated to horsera-

Data on calf and cow characteristics
Characteristics of both calves and cows were obtained by the dairy farmers. Calf characteristics included body weight at birth, breed and sex; cow characteristics included
parity, DPL, total milk yield during the previous lactation were, and information on the
ease of birth of the calf. Ease of birth was recorded as a binary response: score = 0 referred to a calving process without the assistance of the farmer, and a score = 1 indicated
assistance of the farmer during the calving process. Additionally, each dairy farmer
assessed the quality of the first colostrum of each cow, using a refractometer (model 101
ATC, MS Schippers, Bladel, The Netherlands). Values obtained from the refractometer
(Brix values) are indicative of the amount of N-IgG (Quigley et al., 2013; Bartier et al., 2015).

Performance data
At both dairy and veal farms, individual treatments with antibiotics and other medicines were recorded. Information on individual treatments included the following data:
1) calf treated or not with antibiotics or other medicines (e.g. this latter category referred to products other than antibiotics, such as anti-inflammatories, multivitamins, and
anti-coccidiosis); 2) whether single or repeated antibiotic/medical treatments were
applied; 3) age at which treatments were applied. Finally, carcass weights were measured at slaughter.

Statistical analyses
All statistical analyses were performed with SAS 9.4 (SAS Inst. Inc., Cary, NC). Continuous
data on N-IgG, N-IgM and N-IgA in serum samples of cows were analyzed with a linear
mixed model (analysis with restricted maximum likelihood with SAS procedure MIXED).
Residuals were checked for normality and homogeneity of variance and variables
were log-transformed when needed. The linear mixed model (referred to as model
1) comprised fixed main effects for factors Sex (two levels: bull or heifer) and Breed
(three levels: Holstein Friesian, Holstein-Friesian × Belgian Blue, or other crossbreds)
of calves, for Parity (four levels: 1, 2, 3, 4-10) of dams, and random effects for dairy farms
in addition to random error (residual) terms. Random farm effects account for dependence between observations from calves from the same farm and represent between
farm variation and random error terms represent (remaining) variation between calves
within the same farm.
Data on N-IgG, N-IgM and N-IgA in colostrum samples were similarly analyzed with a
linear mixed model for continuous data. In addition to the fixed and random effects of
the aforementioned linear mixed model, this model (referred to as model 2) also included a factor at two levels for ease of birth (0 = unassisted birth; 1 = assistance during
birth) and a covariate for birthweight among the fixed effects.
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zed with a linear mixed model (further referred to as model 3) similar to model 2, but
with the days between date of birth and the actual sampling moment in week 1 as an
additional covariate. N-Ig’s and hematological profile of calves measured one day prior
to transport were analyzed with a linear mixed model (further referred to as model 4),
which was similar to model 3, but with the inclusion of a factor at two levels for transport
age (14 d of age vs. 28 d of age). Data expressed as proportions, such as hematocrit,
were analyzed with a generalized linear mixed model (analysis with Penalized Quasi
Likelihood with SAS procedure GLIMMIX), with a logit link function, specifying the “error”
variance as a multiple of the binomial variance.
Data on N-IgG, N-IgM and N-IgA in serum samples collected at the veal farm were
also analyzed with a linear mixed model for continuous data. The linear mixed model
used for analysis (referred to as model 5) was more elaborate. The model comprised
random effects for dairy farms and for veal farms, and their interaction, random effects
for transports, and random effects for animals, in addition to the usual random error
(residual) terms. The model comprised the same fixed effects as models 4, but also
included fixed main effects for the sampling moment (at 2 or 10 weeks post-transport).
Hematological data collected in week 2 post-transport were analyzed in a similar way
to data collected in week 1, but with the inclusion of random veal farm effects, the
interaction between dairy and veal farm effects, and random transport effects in the
model (model 6). Variables that were expressed as proportions, were analyzed with a
generalized linear mixed model as discussed before.
In all previous analyses, approximate F-tests (Kenward and Roger, 1997) were used for
fixed effects. Subsequent pairwise comparisons were done with Fisher’s LSD method.
All the previously mentioned analyses were also conducted for a subset of samples,
excluding first parity cows. These models included DPL (days), total milk yield (kg)
and number of days open as additional covariates in order to obtain regression coefficients to test for significant associations between these factors and the respective
response variable.
In order to test relationships between N-Ig’s in serum of calves with the ones in serum
of the dams and in colostrum, N-Ig’s in colostrum and cow serum samples were added
in the model for data analyzed with models 3, 4 and 5 again to test for significant associations between these covariates and the respective response variables.
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N-IgG, N-IgM and N-IgA measured in serum samples of calves in week 1 were analy-

To test whether or not Brix values obtained from refractometers were reflecting the
actual amount of N-IgG in colostrum, the relationship between these two parameters was analyzed with regression analysis. Brix value was introduced as a covariate
in model 2.
Birth weight of calves was also analyzed in relation to sex, breed of calves, parity of
the dam, ease of birth and DPL. DPL (expressed in days) was introduced as a qualitative factor in the model comprising three levels: 1 = 0-30 days; 2 = 30 to 60 days; 3 = >
60 days). These levels were chosen in accordance with the classification proposed in
a previous literature study (Mayasari et al., 2017).
Relationships between N-Ig’s in serum of calves and individual treatments with antibiotics or other medicines, and carcass weights were analyzed with regression analysis.
Individual treatments were analyzed as binary data (0 = calf not treated with any antibiotics or other medicines; 1 = calf treated at least once with antibiotics or other medicines during their rearing period). Individual treatments and carcass weight were used
as response variables, and N-Ig’s or neutrophils and lymphocytes measured at the
dairy farm and in week 2 post-transport were introduced as covariates in the model
(model 6). In all analyses, interactions between the covariates and the fixed factors in the
model were tested to check whether or not slopes were equal for fixed effect levels. In
all analyses, effects with P ≤ 0.05 were considered significant, whereas those with 0.05
< P < 0.10 were considered as tendencies toward significance.

Results
Effects
Transport age
Transport age significantly influenced the hematological variables of calves measured one day prior to transport and in week 2 post-transport. One day prior to transport,
calves that were transported at 28 d had a significantly lower MCV (Δ = -1.67 fl), MCH (Δ =
-35.6 amol), RDW (Δ = -1.12%), WBC (Δ = -0.7×109/l), neutrophils (cell count (Δ = -1.1×109/l)
and proportion (Δ = -7.97%)), and monocytes (cell count (Δ = -2.12×109/l) and proportion
(Δ = -2.14%)) compared to calves transported at 14 d (all P < 0.05; Table 1). In addition,
calves transported at 28 d had higher RBC (Δ = 0.3×1012/l), lymphocytes (cell count (Δ =
0.63×109/l) and proportion (Δ = 8.14%)), basophil count (Δ = 0.02×109/l), and eosinophils
(cell count (Δ = 0.15×109/l) and proportion (Δ =1.19%) compared to calves transported at 14
d (all P < 0.05; Table 1). In week 2 post-transport, calves transported at 28 d had a lower
MCV (Δ = -1.81 fl), MCH (Δ = -24 amol), WBC (Δ = -1.21×109/l), neutrophils (cell count (Δ =
-1.61×109/l) and proportion (Δ = -12.05%)) and basophil count (Δ = -0.02×109/l) compared
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28 d had higher MCHC (Δ = 0.39 mmol/l), lymphocytes (both cell count (Δ = 0.50×109/l)
and proportion (Δ = 11.9%)) and proportion of monocytes (Δ =0.40×109/l) compared to
calves transported at 14 d (P < 0.05; Table 2).
Table 1.

Effects of transport age, sex and breed of calves on hematological profile measured in
plasma of calves one day prior to transport (LS means).

Parameter

Transport age

SEM1

P-value

Sex

SEM

P-value

14 d

28 d

Bull

N. of calves

339

316

490

Hemoglobin, mmol/l

6.58

6.47

0.18

0.56

6.37

6.68b

0.16

< 0.01

Hematocrit,%

30.94

30.51

0.78

0.55

30.10a

31.34b

0.72

< 0.01

MCV2, fl

34.76a

33.09 b

0.42

< 0.01

33.84

34.01

0.40

0.56

MCH3 , amol

734.1 a

698.5b

9.6

< 0.01

711.4

721.1

8.7

0.08

MCHC4 , mmol/l

21.20

21.14

0.11

0.68

21.09

21.25

0.10

0.09

RDW, SD5 , %

37.85 a

36.73 b

0.20

< 0.01

37.30

37.37

0.23

0.98

RDW, CV6 , %

31.27

32.18

31.73

31.64

7

12

a

9.3

a

0.16

0.06

b

0.15

< 0.01

8.9

a

Heifer
165

0.93

0.15

0.01

RBC , 10 /l

9.0

WBC8 , 10 9/l

11.4 a

10.7b

0.37

0.01

10.9

11.1

0.38

0.59

Neutrophils, 10 9/l

4.68a

3.58b

0.13

< 0.01

4.13

4.21

0.14

0.88

0.61

< 0.01

36.50

36.42

0.73

0.39

< 0.01

5.09

5.13

0.17

0.79

47.36

46.76

0.72

Neutrophils, %

40.32

Lymphocytes*, 10 9/l

4.79 a

5.42b

0.17

Lymphocytes, %

43.28

51.42

0.60

9

a

a

32.35

b

0.91

< 0.01

13.39

14.37

0.92

0.12

Monocytes, 10 /l

14.94

Monocytes, %

15.47a

13.33 b

0.34

< 0.01

13.28

14.18

0.21

0.14

Basophils, 10 9/l

0.10a

0.12b

0.002

< 0.01

0.11

0.12

0.002

0.08

0.95

1.11

0.02

0.32

0.01

0.72

Eosinophils, 10 9/l

0.13 a

0.28b

0.02

< 0.01

0.21

0.18

0.02

0.57

Eosinophils, %

1.20a

2.39 b

0.14

< 0.01

1.84 a

1.59 b

0.14

< 0.01

Basophils, %

12.82

b

9.3

0.18

b

1

1.02

1.06

SEM = pooled standard error; 2MCV = mean corpuscular volume; 3 MCH = mean corpuscular hemoglobin; 4 MCHC = mean corpuscular hemoglobin concentration; 5 RDW, SD = red blood cell width, standard
deviation; 6 RDW, CV = red blood cell width, coefficient of variation; 7RBC = red blood cells; 8WBC = white
blood cells. *The statistical model for this variable did not converge. a, b LSmeans within a factor and line
lacking a common superscript differ (P ≤ 0.05).
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to calves transported at 14 d (all P < 0.05; Table 2). Additionally, calves transported at

Table 2.

Effects of transport age, sex and breed of calves on hematological profile measured in
plasma of calves in week 2 post-transport (LS means).

Parameter

Transport age

SEM1

P-value

Sex

14 d

28 d

Bull

Heifer

N. of calves

365

320

512

174

Hemoglobin,
mmol/l

6.51

6.39

0.23

0.39

6.37

6.54

Hematocrit,%

30.23

29.21

0.93

0.11

29.41

30.04

MCV3, fl

32.64 a

30.83 b

0.43

< 0.01

31.71

31.77

MCH4 , amol

695.6a

671.6b

10.5

< 0.01

683.4

683.8

MCHC5 , mmol/l

21.24 a

21.63 b

0.06

< 0.01

21.44

21.35

RDW, SD6*, %

37.39

34.79

0.20

36.14

36.25

RDW, CV7, %

32.52

32.64

0.16

0.99

32.61

32.46

RBC8, 1012/l

9.35

9.45

0.24

0.38

9.29

9.51

WBC9, 109 /l

10.92a

9.71b

0.38

< 0.01

10.22

10.42

Neutrophils, 109/l

3.23 a

1.62b

0.09

< 0.01

2.50

2.41

Neutrophils*, %

28.20

16.15

0.58

22.69

22.19

Lymphocytes, 109/l

5.92a

6.42b

0.27

6.13

6.21

Lymphocytes*, %

55.23

67.13

0.57

61.04

60.08

Monocytes, 109/l

14.77

14.20

0.75

0.22

13.80a

15.16b

Monocytes, %

14.10a

14.50b

0.20

0.02

13.99 a

15.17b

Basophils, 109/l

0.15 a

0.13 b

0.006

0.02

0.14

0.15

Basophils, %

1.43

1.35

0.05

0.35

1.37

1.46

Eosinophils, 10 /l

0.11

0.08

0.008

0.12

0.10

0.11

Eosinophils*, %

1.04

0.87

0.08

0.91

1.11

9

1

0.02

SEM = pooled standard error; 2Breed: HF = Holstein Friesian, HF× BB = Holstein Friesian × Belgian
Blue crossbreds, O = other crossbreds; 3 MCV = mean corpuscular volume; 4 MCH = mean corpuscular
hemoglobin; 5 MCHC = mean corpuscular hemoglobin concentration; 6 RDW, SD = red blood cell width,
standard deviation; 7RDW, CV = red blood cell width, coefficient of variation; 8 RBC = red blood cells;
9
WBC = white blood cells. The statistical model for these variable did not converge; a, b LS means
within a factor and line lacking a common superscript differ (P ≤ 0.05).
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SEM

P-value

Breed2
HF

HF×BB

O

236

250

200

SEM

P-value

0.23

0.12

6.45

6.64

6.28

0.24

0.15

0.90

0.17

29.61

30.38

29.18

0.99

0.22

0.43

0.84

31.42

32.20

31.58

0.54

0.26

10.7

0.95

675.7

694.0

681.2

11.3

0.08

0.09

0.19

21.51

21.30

21.47

0.18

0.42

35.66

36.25

36.68

0.40

0.23
0.18

0.75

32.41

32.11

33.35

0.34

0.23

0.24

0.11

9.52

9.47

9.21

0.26

0.54

0.39

0.82

10.54

10.49

9.82

0.43

0.32

0.11

0.86

2.26

2.61

2.58

0.36

0.87

20.08

23.48

24.32

1.80

6.50

6.15

5.86

0.29

63.24

59.20

59.94

1.69

0.74
0.26

0.69

0.73

0.07

0.75

0.01

15.45b

14.9 b

13.11 a

0.83

0.02

0.22

0.05

14.49

14.67

13.57

0.43

0.73

0.007

0.20

0.14

0.16

0.13

0.009

0.46

0.05

0.72

1.34

1.50

1.32

0.08

0.51

0.01

0.99

0.09

0.13

0.08

0.02

0.29

0.85

1.16

0.85

0.22

0.10
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Calves’ sex
One day prior to transport, bull calves had significantly lower values of hemoglobin (Δ
= -0.31 mmol/l), hematocrit (Δ = -1.24%), and RBC (Δ = -0.4×1012/l) and more eosinophils
(Δ = 0.25%) compared to female calves (all P < 0.05; Table 1). In week 2 post-transport,
bull calves had a lower monocyte count (Δ = -1.36×109/l) and proportion (Δ = -1.18%)(P <
0.05; Table 2) compared to female calves. Bull calves received colostrum with a lower
amount of N-IgG titer compared to female calves (Δ = -0.35; P = 0.04), whereas sex did
not affect the other titers measured in colostrum, or N-IgG, N-IgM, and N-IgA titers
measured in serum samples of cows and calves (Table 3, 4, 5, 6, 9).
Calves’ breed
Breed did not significantly affect hematological variables measured one day prior to
transport. In week 2 post-transport, Holstein Friesian and Holstein Friesian × Belgian
Blue crossbred calves had a higher monocyte count compared to other crossbred
calves (Δ = 2.06×109/l; P = 0.02; Table 2). One day prior to transport, N-IgM titers were
higher in serum of Holstein Friesian × Belgian Blue calves compared to Holstein
Friesian and other crossbred calves (Δ = 0.43 titer on average; P = 0.02; Table 6).
At the veal farm, N-IgA titers were lower in serum of Holstein Friesian × Belgian Blue
calves compared to Holstein Friesian and other crossbred calves (Δ = -0.23 titer on average; P = 0.02; Table 9). Breed did not have a significant influence on immunoglobulin
titers in colostrum and in serum samples of cows.

Table 3. Effects of calf sex, calf breed and cow parity on immunoglobulin titers specific for PC-BSA1
measured in serum of cows one week before calving (LS means).
Parameter

Sex

SEM2

P-value

Breed3

Bull

Heifer

HF

HF×BB

O

N. of calves

374

115

170

177

142

N-IgG

7.31

7.45

0.15

0.37

7.50

7.24

7.39

N-IgM

8.36

8.30

0.11

0.56

8.34

8.27

8.38

N-IgA

6.24

6.20

0.11

0.66

6.32

6.16

6.18

phosphorylcholine conjugated to bovine serum albumin; 2SEM = pooled standard error; 3 Breed: HF
= Holstein Friesian, HF× BB = Holstein Friesian × Belgian Blue crossbreds, O = other crossbreds; a, b, c
LSmeans within a factor and line lacking a common superscript differ (P ≤ 0.05).
1
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First parity cows showed lower amounts of N-IgG, N-IgM and N-IgA in their serum
one week prior to calving compared to higher parity cows (P < 0.01; Table 3). Colostrum
obtained from first parity cows had lower N-IgG, N-IgM and N-IgA titers (all P < 0.05;
Table 4) compared to colostrum of older parity cows. Calves born from first-parity cows
showed lower N-IgG (P < 0.01) and N-IgA titers (P = 0.02) in week 1 after birth, and lower
N-IgG titers one day prior to transport and at the veal farm compared to calves born
from cows of higher parities (Table 5, 7 and 8). One day prior to transport, calves born
from first parity cows had lower eosinophil proportions compared to calves born from
higher parity cows (P < 0.01; Table 1, Appendix 1), but no significant effects of parity on
hematological profile were present in week 2 post-transport.
Ease of birth
Calves that were born with the assistance of the farmers had more eosinophils (Δ =
0.10%) in their serum one day prior to transport (P < 0.01; Table 1, Appendix 1) compared
to calves that were born without assistance. The birth process did not have a significant
effect on immunoglobulin titers in colostrum and serum.

Interaction between time and transport age at the veal farm
Transport age significantly influenced the levels of immunoglobulins measured in
serum of calves one day prior to transport and in week 2 and 10 at the veal farm (Figure
2A-B). One day prior to transport, calves transported at 14 d had higher N-IgG, N-IgM
and N-IgA titers (Δ = 0.75, Δ = 0.71 and Δ = 0.62, respectively) compared to calves transported at 28 d (all P < 0.01; Table 6).

SEM

P-value

Parity
1

2

3

4-10

60

119

101

212

SEM

P-value

0.18

0.30

6.60b

7.62a

7.60a

7.70a

0.17

< 0.01

0.12

0.60

7.68 c

8.44 a

8.51 ab

8.67b

0.12

< 0.01

0.12

0.23

5.67b

6.41 a

6.32a

6.48a

0.12

< 0.01
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Parity

Table 4.

Effects of calf sex, calf breed, cow parity and the ease of birth on immunoglobulin titers
specific for PC-BSA1 measured in colostrum (LS means).

Parameter

Sex

SEM2

P-value

Breed3

SEM

P-value

Bull

Heifer

HF

HF×BB

O

516

177

240

251

203

N-IgG

10.42a

10.77b

0.22

0.04

10.61

10.51

10.66

0.25

0.81

N-IgM

7.11

7.01

0.18

0.49

6.99

7.20

6.98

0.21

0.41

N-IgA

6.41

6.43

0.19

0.91

6.44

6.55

6.26

0.23

0.57

N. of calves

1

2

3

phosphorylcholine conjugated to bovine serum albumin. SEM = pooled standard error; Breed: HF =
Holstein Friesian, HF× BB = Holstein Friesian × Belgian Blue crossbreds, O = other crossbreds, 4 Ease of
birth: 0 = unassisted; 1= assisted. a, b, c LSmeans within a factor and line lacking a common superscript
differ (P ≤0.05).
Table 5. Effects of calf sex, calf breed, cow parity and the ease of birth on immunoglobulin titers
specific for PC-BSA1 in serum of calves one week after birth (LS means).

Parameter

Sex

SEM2

P-value

Breed3

SEM

P-value

Bull

Heifer

HF

HF×BB

O

N. of calves

508

175

235

246

202

N-IgG

7.92

7.97

0.24

0.75

8.04

7.98

7.82

0.27

0.82

N-IgM

6.69

6.80

0.24

0.54

6.89

6.99

6.36

0.28

0.20

N-IgA

4.82

4.93

0.21

0.54

5.04

5.06

4.51

0.25

0.24

1

2

3

phosphorylcholine conjugated to bovine serum albumin. SEM = pooled standard error; Breed: HF =
Holstein Friesian, HF× BB = Holstein Friesian × Belgian Blue crossbreds, O = other crossbreds; 4 Ease of
birth: 0 = unassisted; 1= assisted. a, b, c LSmeans within a factor and line lacking a common superscript
differ (P ≤ 0.05)
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Parity

SEM

P-value

Ease of birth4

SEM

P-value

1

2

3

4-10

0

1

89

168

152

257

537

154

9.59 c

10.69 a

11.12b

10.97ab

0.23

< 0.01

10.43

10.76

0.23

0.20

6.68b

7.04 ab

7.36a

7.14 a

0.20

0.02

7.12

6.99

0.19

0.53

5.75b

6.31c

6.78a

6.83 a

0.21

< 0.01

6.50

6.33

0.22

0.54

SEM

P-value

Ease of birth4

SEM

P-value

Parity
1

2

3

4-10

0

1

90

165

150

252

527

153

7.24c

7.91 a

8.44b

8.19 ab

0.26

< 0.01

7.94

7.95

0.25

0.99

6.62

6.74

6.97

6.66

0.26

0.37

6.92

6.58

0.25

0.16

4.40ac

4.83 bc

5.13 b

5.12b

0.24

0.02

4.98

4.77

0.22

0.31
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Table 6.

Effects of transport age, sex and breed of calves on immunoglobulin titers specific for
PC-BSA1 measured in serum of calves one day prior to transport (LS means).

Parameter

Transport age

SEM2

P-value

Sex

14 d

28 d

Bull

Heifer

363

320

508

175

N-IgG

7.40a

6.65b

0.17

< 0.01

6.99

7.05

N-IgM

3.29 a

2.58b

0.14

< 0.01

2.94

2.92

N-IgA

1.35 a

0.73 b

0.12

< 0.01

1.06

1.02

N. of calves

1

phosphorylcholine conjugated to bovine serum albumin. 2SEM = pooled standard error; 3 Breed:
HF = Holstein Friesian, HF× BB = Holstein Friesian × Belgian Blue crossbreds, O = other crossbreds;
a, b
LSmeans within a factor and line lacking a common superscript differ (P ≤ 0.05).

Table 7.

Effects of parity of cows and ease of birth on immunoglobulin titers specific for PC-BSA1

		measured in serum of calves one day prior to transport (LS means).
Parameter

SEM2

P-value

1

2

3

4-10

90

165

151

252

N-IgG

6.26 c

7.05 a

7.46b

7.32ab

0.19

< 0.01

N-IgM

2.81

2.85

3.01

3.06

0.16

0.36

N-IgA

0.84

0.97

1.13

1.22

0.14

0.09

N. of calves

1

Parity

2

phosphorylcholine conjugated to bovine serum albumin; SEM = pooled standard error.
LSmeans within a factor and line lacking a common superscript differ (P ≤0.05).

a, b, c
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P-value

Breed3
HF

HF×BB

O

235

246

202

SEM

P-value

0.17

0.72

7.19

7.12

6.76

0.20

0.32

0.14

0.89

2.95 ab

3.22b

2.62a

0.17

0.02

0.13

0.26

1.26

1.34

0.99

0.13

0.46

Ease of birth

SEM

P-value

Unassisted

Assisted

527

153

6.98

7.07

0.17

0.56

3.04

2.83

0.14

0.12

1.14

0.95

0.12

0.12
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Table 8. Effects of parity of cows and ease of birth on immunoglobulin titers specific for PC-BSA1
measured in serum of calves at the veal farm 2 (LS means).
Parameter

Parity

SEM3

P-value

1

2

3

4-10

89

166

151

252

N-IgG

5.51 a

5.75 ab

5.94b

5.89 b

0.15

0.02

N-IgM

5.23

5.32

5.22

5.37

0.13

0.53

N-IgA

2.95

3.01

3.03

3.16

0.12

0.18

N. of calves

1

phosphorylcholine conjugated to bovine serum albumin; 2 week 2 and 10 post-transport; 3 SEM = pooled
standard error. a, b LSmeans within a factor and line lacking a common superscript differ (P ≤0.05).

Table 9.

Effects of transport age, sex and breed of calves on immunoglobulins titers specific for
PC-BSA1 measured in serum of calves at the veal farm 2 (LS means).

Parameter

Transport age

SEM3

P-value

Sex

14 d

28 d

Bull

Heifer

N. of calves

363

320

508

175

N-IgG

5.91 a

5.64b

0.14

< 0.01

5.85

5.69

N-IgM

4.96a

5.61b

0.12

< 0.01

5.28

5.30

N-IgA

2.86a

3.21b

0.11

< 0.01

3.07

3.00

1

phosphorylcholine conjugated to bovine serum albumin; 2 week 2 and 10 post-transport; 3 SEM = pooled
standard error; 4 Breed: HF = Holstein Friesian, HF× BB = Holstein Friesian × Belgian Blue crossbreds,
O = other crossbreds. a, b LSmeans within a factor and line lacking a common superscript differ (P ≤ 0.05).
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Ease of birth

SEM

P-value

Unassisted

Assisted

527

153

5.76

5.78

0.14

0.81

5.29

5.29

0.13

0.99

3.02

3.05

0.11

0.73

SEM

P-value

Breed4
HF

HF×BB

O

235

246

202

SEM

P-value

0.14

0.11

5.82

5.67

5.82

0.16

0.41

0.12

0.83

5.34

5.15

5.37

0.14

0.19

0.11

0.36

3.11

2.88

3.12

0.12

0.02
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Table 10. Effects of sampling moment and the interaction between sampling moment and
transport age on immunoglobulin titers specific for PC-BSA1 measured in serum of calves
at the veal farm (LS means).
Parameter

Sampling
moment
Week
2

SEM2 P-value

Sampling moment
× Transport age

Week
10

Week 2

SEM

P-value

Week 10

14 d

28 d

14 d

28 d

N-IgG

6.23 a

5.32b

0.14

< 0.01

6.55 c

5.90b

5.26a

5.37a

0.15

< 0.01

N-IgM

2.99 a

7.58b

0.12

< 0.01

2.40c

3.59 b

7.52a

7.64 a

0.14

< 0.01

N-IgA

1.43 a

4.64b

0.11

< 0.01

1.15 c

1.71b

4.57a

4.72a

0.12

< 0.01

1

phosphorylcholine conjugated to bovine serum albumin; 2SEM = pooled standard error. a, b, c LSmeans
within a factor and line lacking a common superscript differ (P ≤ 0.05).

Calves that were transported at 14 d and sampled in week 2 post-transport had higher
N-IgG titers (Δ = 0.65), but lower N-IgM (Δ = -1.19) and N-IgA (Δ = -0.56) compared to
calves transported at 28 d and sampled in week 2, whereas N-IgG, N-IgM and N-IgA
titers did not differ between calves of both transport ages when sampled in week 10
post-transport.

Relationships between measures
Table 11 shows the regression coefficients (ß) obtained from regression analysis of relations between N-Ig’s in serum samples of calves (as response variables) and N-Ig’s in
colostrum or in serum samples of cows (as the explanatory variable). In week 1 and one
day prior to transport, all three N-Ig’s isotypes of calves were positively related to N-Ig’s
in colostrum (P < 0.05), and only N-IgG of calves was positively related to N-IgG in cow
serum samples (P < 0.01). At the veal farm, only N-IgG of calves was positively related
to N-IgG in colostrum and N-IgG in serum of cows (P < 0.01).
Brix values (as explanatory variable) were positively related with the amount of N-IgG
in colostrum (as the response variable) (ß = 0.11, SE = 0.01; P < 0.01).
Table 12 shows the regression coefficients (ß) obtained from regression analysis of relations between N-Ig’s in calf serum in week 1 after birth, one day prior to transport or in
week 2 at the veal farm and individual treatments with antibiotics and other medical
treatments at the veal farm. Relationships between N-Ig’s in calf serum and carcass
weight of calves were never significant.
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Figure 2

A-B. Immunoglobulin titers specific for phosphorylcholine conjugated to bovine
serum albumin measured in serum of calves one week after birth on dairy farm, one
day prior to transport to the veal farm and in week 2 and 10 post-transport. Figure 2A
illustrates the comparison between the three isotypes in calves transported at 14 d from
dairy to veal farms, whereas Figure 2B showed the comparison in calves transported at 28 d
of age. In both scenario A and B, calves were transported on the same day to the veal farm,
thus calves belonging to the 28 d group (B) were simply two weeks older than the other age
group (A).
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Regression coefficients shown in Tables 11 and 12 represent the coefficients obtained
from regression models without the interaction term, i.e. on the assumption of homogeneity of regression slopes (slopes are parallel for different ages of transport, parity
groups, sexes and breeds). Some of the interactions were statistically significant, but
they always reflected proportional differences between levels of a fixed effect in the
strength of the relationship between the response variable and the covariable.
Table 11. Regression coefficients (ß), standard error (in brackets) and significance values of immunoglobulins measured in serum of calves in week 1, one day prior to transport and at the
veal farm in relation to those measured in colostrum and cow serum samples.
Response variables

Explanatory variables
Colostrum

Cow serum

Immunoglobulins measured in week 1
N-IgG

ß = 0.614 (0.06), P < 0.001

ß = 0.364 (0.06), P < 0.001

N-IgM

ß = 0.576 (0.07), P < 0.001

ß = 0.542 (0.09), P < 0.001

N-IgA

ß = 0.571 (0.06), P < 0.001

ß = 0.639 (0.10), P < 0.001

Immunoglobulins measured one day prior to transport
N-IgG

ß = 0.620 (0.06), P < 0.001

ß = 0.385 (0.05), P < 0.001

N-IgM

ß = 0.171 (0.06), P = 0.002

ß = 0.199 (0.08), P = 0.01

N-IgA

ß = 0.170 (0.05), P < 0.001

ß = 0.154 (0.08), P = 0.05

Immunoglobulins measured at the veal farm (week 2 post-transport)
N-IgG

ß = 0.676 (0.05), P < 0.001

ß = 0.370 (0.05), P < 0.001

N-IgM

ß = 0.066 (0.07), P = 0.33

ß = 0.086 (0.09), P = 0.34

N-IgA

ß = 0.090 (0.04), P = 0.03

ß = 0.086 (0.06), P = 0.17

Immunoglobulins measured at the veal farm (week 10 post-transport)
N-IgG

ß = 0.189 (0.05), P < 0.001

ß = 0.092 (0.05), P = 0.05

N-IgM

ß = -0.030 (0.05), P = 0.59

ß = -0.050 (0.06), P = 0.41

N-IgA

ß = -0.002 (0.04), P = 0.96

ß = 0.018 (0.06), P = 0.77
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with antibiotics and other medicines during the whole rearing period at the veal farm in
relation to calf serum immunoglobulin titers measured at different time points.
Explanatory variables

Response variables
Antibiotics

Other medicines

N-IgG_week 1 after birth

ß = - 0.196 (0.06), P < 0.001

ß = - 0.192 (0.06), P < 0.001

N-IgG_one day prior to transport

ß = - 0.235 (0.07), P < 0.001

ß = - 0.212 (0.06), P < 0.001

N-IgG_week 2 at the veal farm

ß = - 0.253 (0.06), P < 0.001

ß = - 0.196 (0.06), P = 0.001

N-IgM_week 1 after birth

ß = - 0.165 (0.06); P = 0.03

ß = - 0.136 (0.06), P = 0.01

N-IgM_one day prior to transport

ß = - 0.168 (0.09), P = 0.05

ß = - 0.114 (0.08), P = 0.17

N-IgM_week 2 at the veal farm

ß = - 0.04 (0.06), P = 0.57

ß = - 0.03 (0.07), P = 0.66

N-IgA_week 1 after birth

ß = - 0.148 (0.06), P < 0.01

ß = - 0.132 (0.06), P = 0.02

N-IgA_one day prior to transport

ß = - 0.160 (0.10), P = 0.14

ß = - 0.08 (0.10), P = 0.43

ß = 0.04 (0.09), P = 0.68

ß = 0.04 (0.09), P = 0.68

N-IgG

N-IgM

N-IgA

N-IgA_week 2 at the veal farm

Effects of calf and cow characteristics on birth weight of calves
Calves delivered by first parity cows had a significantly lower birth weight (41.4 kg)
compared to calves delivered by multiparous cows (43.6 kg for second parity cows,
45.3 kg for third parity cows, and 46.1 kg for cows with parity 4-10; P < 0.01). Birth weight
was significantly higher for calves born with assistance during birth compared to calves
born with a normal delivery (Δ = 2 kg, P < 0.01). Additionally, crossbred calves (Holstein
Friesian × Belgian Blue and other crossbreds) were heavier at birth compared to Holstein
Friesian calves (Δ = 3.5 kg on average, P < 0.01). Birth weight of bull calves was also higher
than that of female calves (Δ = 4.3 kg, P < 0.01).
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Table 12. Regression coefficients (ß), standard error and significance values of individual treatments

Discussion
Effects of transport age
In the current study the hematological profile of calves was significantly affected by
transport age. This is in line with previous studies, which indicated that age is a key factor
for changes in hematological values, especially in the first weeks after the birth of calves
(Brun‐Hansen et al., 2006; Panousis et al., 2018). At two weeks of age, which coincided
with the transport of the 14 d treatment calves, values of MCV, MCH, WBC, neutrophils
and monocytes were higher compared to values at four weeks of age, which coincided
with transport of the 28 d treatment. These results are in accordance to previous studies,
which indicated that these changes might reflect the replacement of RBC containing
fetal hemoglobin (HgbF) with smaller RBC containing the adult type (HgbA) (Egli and
Blum, 198; Brun-Hansen, 2006) and the progressively decreasing cortisol concentrations after birth (Knowles et al., 2000; Mohri et al., 2007). The lymphocytes followed an
opposite trend compared to neutrophils. This is also in line with previous studies that
reported a gradual increase in lymphocytes until 10-12 weeks of age in calves (Brun‐
Hansen et al., 2006). All these changes, and in particular the higher lymphocyte and
lower neutrophil counts might contribute to improved immune responses in calves
transported at 28 d compared to calves transported at 14 d. Von Konigslow et al. (2020)
showed that lymphocyte counts between 4.6 and 5.8 × 109/L were associated with a
decreased hazard of mortality compared to lymphocyte counts < 4.6 or > 5.8 × 109/L.
Additionally, lymphocyte counts > 5.8 × 109/L reduced the hazard of morbidity of calves
upon arrival at the veal farm compared to lymphocyte counts < 5.8 × 109/L, and elevated
neutrophil counts (> 6.0 × 109/L) increased the hazard of mortality by more than 5 times.
These authors proposed that especially an elevated lymphocyte count (> 7 × 109/L)
might be used as an indicator of resilience to stress, in particular related to transport.
These findings may, therefore, suggest that calves transported at 28 d of age might be
more robust than calves transported at 14 d of age. This idea will be further substantiated in our companion paper (Marcato et al., 2021b) looking at differences between the
two age groups in putative measures of robustness recorded at the veal farm, including
treatments with medicines, carcass weight and mortality. The results of the regression
analyses reported in the current paper showed that, at least within age groups, differences between calves in cell counts were not associated with differences in individual
antibiotic or other medical treatments or carcass weight, which seems to be in contrast
with the results of von Konigslow et al. (2020). However, in their study, lymphocyte and
neutrophil counts were significantly correlated with morbidity and mortality rates of
calves at the veal farm. As will be addressed in our companion paper (Marcato et al.,
2021b), these rates were relatively low in the present experiment.
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prior to transport. One day before transport, calves transported at 14 d of age had
higher serum titers of all three N-Ig isotypes compared to calves transported at 28 d
of age. Since calves transported at 14 d were two weeks younger than the other transport group, their serum immunoglobulins likely reflected maternal immunoglobulins
obtained from colostrum to a greater extent than the serum of calves transported at
28 d. It is indeed well known that the immune response of calves in the first weeks after
birth relies largely on passive immunity transferred from their mothers via colostrum
(Barrington and Parish, 2001; Stilwell and Carvalho, 2011). The current study showed a
positive relationship between the amount of N-Ig’s in colostrum and the N-Ig’s in the
serum of calves measured one week after birth. Mayasari et al. (2016) also found a positive relationship between the level of natural autoantibodies in plasma of calves in their
first weeks of age and natural autoantibodies in colostrum, although this relationship
was not maintained after 2 weeks of age. In contrast, the current study showed a positive
relationship between N-IgG in serum of calves and N-IgG in colostrum, and this relationship was maintained until week 2 at the veal farm, regardless of age. These results
suggest that immune protection via maternal colostrum may last for a longer period.
These long-term maternal effects might have a positive effect on robustness of calves
at the veal farm. This assumption was supported by the negative relationship between
N-IgG in serum of calves and the use of individual antibiotic and other medical treatments at the veal farm. Two weeks after arrival at the veal farm, calves transported at 14
d of age showed lower serum N-IgM and N-IgA levels compared to calves transported
at 28 d. This difference between the two transport age groups might reflect the decline
of the effectiveness of passive immunity derived from colostrum in 14 d old calves and
the activation of endogenous Ig synthesis in 28 d old calves (Burton et al., 1989; Chase
et al., 2008). The immune system of calves in the first weeks after birth is still immature
and requires time to complete development (Gomes et al., 2014). According to Chase
et al. (2008), endogenous production of IgM in calves starts reaching functional levels
around 8 d of age, whereas levels of endogenous IgG and IgA do not reach functional
levels until 16 to 32 d after birth. Since the adaptive immunity of calves is not completely developed yet, maternal antibodies in colostrum provide neonatal calves passive
immunity and protection in the first 2 weeks after birth (Haessig et al., 2007; Yang et
al., 2015). Burton et al. (1989) showed that peak concentrations of IgG, IgM and IgA in
serum of calves occurred at 24 to 36 h after birth (1801 mg/100 ml, 154 mg/100 ml, and
110 mg/100 ml, respectively) and were associated with colostrum intake. The minimum
serum concentrations of these immunoglobulins were found at 3 weeks of age for IgM
(36 mg/100 ml) and IgA (27 mg/100 ml) and at 4 weeks for IgG (1213 mg/100 mg). After
these moments, concentrations of all three isotypes gradually increased as a result of
endogenous production (Burton et al., 1989). In the current experiment, the patterns
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Transport age also had an effect on immunoglobulin titers in calves’ serum one day

over time of serum N-IgM and N-IgA titers were also in line with previous research, thus
calves transported at 28 d were older at arrival at the veal farm and this explains their
higher N-IgM and N-IgA titers compared to calves transported at 14 d of age. When
comparing the titers of immunoglobulins in serum of calves measured in week 1 after
birth and one day prior to transport with the titers measured in week 2 and week 10
post-transport, it is evident that the lowest N-IgM and N-IgA titers occurred at the age
of 4 weeks, i.e. in week 2 post transport in calves transported at 14 days of age, and one
day prior to transport in calves transported at 28 days of age (Figure 2). The lowest N-IgG
titers were obtained in week 10 post-transport, i.e. when calves in the two transport age
groups were 12 and 14 weeks old, respectively, and until that time the level of N-IgG
seemed to only moderately decrease (Figure 2). This particular pattern for N-IgG was
shown by both transport age groups, and it notably differs from what is described in the
literature. Perhaps, endogenous IgG production was more pronounced in our calves
compared to other (e.g. replacement heifer) calves, for example because their adaptive
immune system was stimulated to a greater extent, in particular after arrival at the veal
farm. However, in our experiment we were not able to discriminate between N-IgG’s of
maternal or endogenous origin. Future research is, therefore, needed to further characterize patterns over time of immunoglobulins in veal calves.
Our results clearly underline the importance of feeding high quality colostrum to calves.
In fact, the amount of N-Ig’s in colostrum had a long-term influence on the amount
of N-Ig’s in serum of calves. Refractometers are easy and practical tools to measure
N-IgG in colostrum as indicated by the positive relationship between the Brix value and
N-IgG in colostrum. Moreover, the N-IgG concentration in calf serum might be used
as an indication of robustness, because high N-IgG titers were associated with less
individual antibiotic and other medical treatments at the veal farm and vice versa. The
current results also demonstrate that transportation of calves at either 14 d and 28 d is
still occurring in a vulnerable moment, because Ig titers were lower compared to those
measured in week 1 after birth. On the basis of the levels of N-Ig’s measured in week 2
at the veal farm, transportation of calves two weeks later than the usual practice might
be more appropriate, because the development of their immunity was more advanced.
Given the present finding, N-IgG should be monitored also in the period between week
2 and 10 post-transport, and beyond. This would allow to 1) determine the proportions
of maternal and endogenous IgG over this time frame, 2) determine when the adaptive immune system of calves becomes functional, and 3) investigate whether or not
N-IgG titers continue to decrease or reach a plateau beyond week 10 post-transport.
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Effects of calf sex on hematological profile are not extensively investigated and they
are often controversial. Tennant and Kendrick (1974) did not observe any sex-related
differences in calves, whereas Raleigh and Wallace (1962) found higher hemoglobin and
hematocrit values in female calves from birth to 25 weeks of age than in male calves.
In the current study, female calves had a higher hemoglobin, hematocrit, and RBC
compared to bull calves one day prior to transport. These results are in line with the
study of Panousis et al. (2018), although they included only Holstein Friesian calves
between 1 and 9 days of age. Differences between hematological characteristics shown
by female calves and those shown by bull calves might be related to a different hormonal status or to a difference in birth weight between bull and female calves (46.2 vs 41.9
kg, respectively). In our companion paper (Marcato et al., 2021b) effects of sex on health,
medicine use at the veal farm and on carcass weight will be investigated to understand
whether or not there is a difference in robustness between bull and female calves.

Effects of calves’ breed
The hematological profile of calves has been studied in both beef (Adams et al., 1992;
Egli and Blum, 1998) and dairy breeds, especially Holstein Friesian calves (Mohri et al.,
2007; Panousis et al., 2018). In the current study, hematological variables did not differ
among breeds. This was in contrast with previous studies that indicated differences in
blood variables (such as hemoglobin and hematocrit) between dairy and beef breeds.
With regard to N-Ig’s, Belgian Blue × Holstein Friesian calves had the highest N-IgM
titers one day prior to transport and the lowest N-IgA titers at the veal farm compared
to the other breeds. Although not significant, the other N-Ig’s titers followed the same
principle as N-IgM and N-IgA at both time points, respectively. These results might be
an indication that the immunity gap occurs at a later stage for Belgian Blue × Holstein
Friesian calves compared to the other breeds. Higher N-Ig’s at the time of transport
might be related to an improved robustness of calves upon arrival at the veal farm. This
will be investigated in our companion paper (Marcato et al., 2021b), looking at effects of
breed on measures of robustness in the long term.

Effects of parity
Parity had the most evident effects on N-Ig’s titers measured in cow samples, colostrum
and calf samples in week 1 after birth, whereas parity affected only N-IgG titers measured one day prior to transport and at the veal farm. Results indicated significantly higher
N-Ig’s titers in older parity cows compared to first parity cows, and this is in line with
previous studies. Older cows are likely to be exposed to a greater number of pathogenic antigens in their lifetime, which is likely the cause for higher immunoglobulin titers
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in their serum and, sequentially, in colostrum (Conneely et al., 2013). Tyler et al. (1999)
reported that colostrum produced by cows of parity 3 or higher contained 19.5 g more
IgG compared to colostrum produced by primiparous cows. Aydogdu and Guzelbektes
(2018) also showed that colostrum of multiparous cows had a higher IgG concentration
than colostrum produced by primiparous cows (117.4 vs. 73.8 g/l, respectively). Another
reason for the higher immunoglobulin concentration in colostrum of multiparous cows
might be related to the development of the mammary gland. As indicated by Dunn et
al. (2017), younger cows might be not fully developed and the transport of immunoglobulins from the blood circulation into the mammary gland may be reduced compared
to older cows. Effects of parity were still evident on N-IgG titers measured in serum of
calves 10 weeks post-transport, which is a long period after colostrum intake. The relationships between N-Ig’s titers, especially N-IgG, in serum of calves and the ones in colostrum and serum of cows indicate a clear connection between calves and their mothers.
These results are in line with those shown by Mayasari et al. (2016), who suggested that
the level of natural autoantibodies in the plasma of calves in the first 2 weeks after birth
reflects the levels of natural autoantibodies in colostrum and in plasma of cows. In that
study, this relationship was not maintained beyond week 2, whereas in the current study
the relationship was maintained until week 10 post-transport. All these findings suggest
that the pre and post-natal period play an important role on the immune development
of calves and farmers should provide good quality colostrum in order to increase the
immunoglobulin content in serum of calves. Additionally, colostrum obtained from older
cows might confer more protection to calves via passive transfer.

Effects of calving process
The calving process is known to have profound effects on hematological profile and
immune system of new-born calves (Probo et al., 2012). A longer delivery requiring
assistance of the farmer represents an even more stressful event for calves compared
to a normal birth. As a result of stress, the immune response is enhanced with higher
levels of WBC and neutrophils. Additionally, the severity of the birth process can create
disturbance of the gas exchange during calving, and thus, it can affect the acid-base
status of newborn calves (Szenci et al., 1989). According to Probo et al. (2012), the level
of oxygenation is responsible for changes in hematological profile, such as higher Hb,
Ht and RBC. All these observations were done on new-born calves and there is scarce
information on the association between the ease of birth and hematological profile and
immune system in older calves for veal production. In the current study, ease of birth did
not influence the hematological profile. Additionally, N-Ig’s titers of calves at different
time points were not influenced by ease of birth. This result is in contrast with previous
studies, which indicated that the calving process can affect the amount of immunoglobulins in dairy calves (Barrier et al., 2012, 2013). Calves with a high birth weight usually
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prolonged (Eriksson et al., 2004). In the current study, calves born with assistance of the
farmer were heavier than calves born without assistance (45.1 vs 43.1 kg, respectively).
As a consequence of a prolonged calving process, these calves might be less vigorous
and they might be less willing to ingest sufficient amounts of colostrum compared to
calves with a normal delivery (Vasseur et al., 2009; Barrier et al., 2012). This may result in
inadequate transfer of immunoglobulins and poorer survivability and higher morbidity
compared to calves with a normal birth (Gasparelli et al., 2009; Barrier et al., 2013). To
assess whether or not the calving process has long term consequences on robustness
of calves, our companion paper (Marcato et al., 2021b) will investigate effects of ease of
birth on health and performance of calves at the veal farm.

Effects of other cow-related characteristics
Factors as DPL, milk yield and gestation length of dairy cows have been shown to
play an important role on the prenatal life of calves (van Eetvelde and Opsomer, 2020).
Prenatal conditions can affect the developmental programming of later health and
performance of calves (Astiz et al., 2014; Pinedo and De Vries, 2017). For example, high
milk yield during pregnancy leads to a significant loss of nutrients (e.g. protein and
glucose) for the fetus, because they are diverted to the mammary gland rather than
to the uterus (Opsomer et al., 2017). This in turn affects the birth weight of the calf and
high-producing cows (with cumulative milk production during gestation between 7,200
and 11,600 kg) have been shown to deliver 1 kg lighter calves than low-producing cows
(Kamal et al., 2014). Since milk yield affects protein partitioning to the fetus, the current
study investigated whether or not milk yield also affected immunoglobulin production
in calves. In the current study immunoglobulins were not affected by DPL or number
of days open. At the same time, calves born from cows with a shorter dry period (0-30
days) had a lower birth weight (42.6 kg) compared to calves born from cows with a
longer dry period (44.6 kg for cows with 30-60 days, and 45.5 for cows with > 60 days).
Additionally, calves delivered by first parity cows had a significantly lower birth weight
(41.4 kg) compared to calves delivered by multiparous cows (43.6 kg for second parity
cows, 45.3 kg for third parity cows, and 46.1 kg for cows with parity 4-10). These findings
are supported by previous studies, where a shorter DPL and primiparity of cows contributed to a lower birth weight of calves (Kamal et al., 2014; van Eetvelde and Opsomer,
2020). A shorter dry period is often used for high yielding cows with high lactation persistency, thus, as explained above, high milk yield might have a negative impact on fetal
development (van Eetvelde and Opsomer, 2020). In first parity cows, pregnancy coincides with continued growth of the dam, thus the fetus might face competition with the
nutrients the mother needs for her own development (Opsomer et al., 2017). The current
study showed that maternal characteristics can affect calf characteristics at birth. Any
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require assistance of the farmer during delivery and the calving process might be

long-term consequences of birth weight on measures of robustness recorded at the
veal farm, including treatments with medicines, carcass weight will be further investigated in our companion paper (Marcato et al., 2021b).

Conclusions
Transportation of calves at both 14 and 28 d of age still occurs in the immune gap period.
However, in week 2 post-transport, calves transported at 28 d of age had higher N-IgM
and N-IgA titers, which might be interpreted as a sign of a more advanced development of their adaptive immunity. Feeding high quality colostrum might have important long-term consequences on the immunity of veal calves, because high colostrum
N-Ig’s titers, in particular of N-IgG, were associated with high N-Ig’s titers in serum of
calves, even two weeks after arrival at the veal farm. High N-IgG titers in calf serum
were associated with less individual antibiotic and other medical treatments at the veal
farm, which might be an indication of improved robustness. 
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Table A1. Effects of parity of cows and ease of birth on the hematological profile of calves measured
one day prior to transport (LS means).

151

0.53

6.54

6.51

0.78

0.65

30.79 30.65

0.73

0.76

33.87

0.44

0.83

33.90 33.95

0.40

0.86

717.5

715.1

9.3

0.74

715.6

716.9

8.7

0.82

1

2

3

4-10

N. of calves

80

148

144

245

Hemoglobin, mmol/l

6.68

6.46

6.48

6.48

0.17

Hematocrit,%

31.28 30.45 30.62 30.54
33.91

33.82

34.11

720.2

712.2

2

MCV , fl
3

MCH , amol

SEM

P-value

501

SEM1

Parameter

P-value

Assisted

Ease of birth
Unassisted

Parity

0.16

0.80

21.31

21.15

21.08

21.15

0.11

0.49

21.17

21.17

0.10

0.99

5

37.54

37.08

37.19

37.61

0.32

0.72

37.47 36.83

0.24

0.52

6

32.22

31.72

31.44

31.77

0.26

0.88

31.86

31.19

0.18

0.44

12

RBC , 10 /l

9.28

9.08

9.01

9.07

0.17

0.58

9.11

9.10

0.15

0.94

8

WBC , 10 /l

11.2

11.0

10.7

11.2

0.44

0.40

10.8

11.2

0.38

0.47

Neutrophils, 10 9/l

4.04

3.97

3.95

4.47

0.21

0.60

4.12

4.24

0.16

0.77

Neutrophils, %

35.35 36.01 36.53

37.25

1.03

0.11

36.57 36.08

0.81

0.84

Lymphocytes, 10 9/l

5.34

5.23

4.78

5.08

0.23

0.27

5.05

0.18

0.47

Lymphocytes*, %

48.97

47.57

47.65 45.96

1.01

Monocytes, 10 9/l

14.46 13.60

13.13

14.31

1.00

Monocytes, %

13.15

13.54

13.15

13.86

Basophils, 10 9/l

0.11

0.11

0.10

Basophils, %

1.04

1.04

Eosinophils, 10 9/l

0.17

0.22

Eosinophils, %

1.49 a

1.84b 1.63 ab

4

MCHC , mmol/l
RDW, SD , %
RDW, CV , %
7

9

5.17

47.08 47.69

0.80

0.26

13.89

13.87

0.92

0.97

0.29

0.79

13.55

13.35

0.22

0.27

0.11

0.003

0.38

0.11

0.11

0.002

0.91

1.03

1.02

0.03

0.99

1.03

1.02

0.01

0.93

0.17

0.23

0.03

0.30

0.20a

0.21b

0.02

0.03

1.91b

0.20

< 0.01

1.76a

1.86b

0.16

< 0.01

1

SEM = pooled standard error; 2MCV = mean corpuscular volume; 3 MCH = mean corpuscular hemoglobin;
MCHC = mean corpuscular hemoglobin concentration; 5 RDW, SD = red blood cell width, standard deviation; 6 RDW, CV = red blood cell width, coefficient of variation; 7RBC = red blood cells; 8WBC = white blood
cells. *The statistical model for this variable did not converge. a, bLSmeans within a factor and line lacking
a common superscript differ (P ≤ 0.05).
4
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Appendix 1

Appendix 2
Table A2. Effects parity of cows and ease of birth on the hematological profile of calves measured
in week 2 post-transport (LS means).
Parity

SEM1

P-value

1

2

3

N. of calves

86

167

152

253

Hemoglobin, mmol/l

6.71

6.31

6.38

6.41

0.23

0.10

Hematocrit,%

30.66

29.13

29.56

29.54

0.95

0.16

MCV2, fl

31.82

31.72

31.85

31.56

0.46

0.79

MCH3 , amol

692.5

677.7

684.2

680.0

11.4

0.41

MCHC4 , mmol/l

21.65

21.31

21.26

21.49

0.10

0.07

RDW, SD5 *, %

35.84

36.20

36.36

36.19

0.31

RDW, CV6 , %

32.86

32.54

32.58

32.56

0.24

0.95

RBC7, 1012/l

9.66

9.25

9.29

9.40

0.25

0.18

WBC8 , 10 9/l

10.78

10.16

10.18

10.16

0.44

0.61

Neutrophils, 10 9/l

2.23

2.42

2.47

2.61

0.21

0.98

20.03

22.81

22.49

23.35

1.02

6.51

6.02

6.02

6.13

0.28

Lymphocytes*, %

64.55

60.46

60.54

59.96

1.00

Monocytes, 10 9/l

14.73

14.88

14.09

14.24

0.88

0.75

Monocytes, %

13.69

14.48

14.22

14.29

0.29

0.50

Basophils, 10 9/l

0.12

0.13

0.16

0.14

0.009

0.65

Basophils, %

1.19

1.34

1.55

1.41

0.07

0.16

Eosinophils, 10 9/l

0.05

0.09

0.13

0.10

0.01

0.06

Eosinophils*, %

0.54

0.90

1.19

0.98

0.10

Neutrophils*, %
Lymphocytes, 10 9/l

1

4-10

0.26

SEM = pooled standard error; 2MCV = mean corpuscular volume; 3 MCH = mean corpuscular hemoglobin;
MCHC = mean corpuscular hemoglobin concentration; 5 RDW, SD = red blood cell width, standard deviation; 6 RDW, CV = red blood cell width, coefficient of variation; 7RBC = red blood cells; 8WBC = white blood
cells. * The statistical model for these variables did not converge.
4
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Ease of birth
Unassisted

SEM

P-value

Assisted

529

154

6.48

6.43

0.22

0.70

29.92

29.52

0.91

0.39

31.93

31.55

0.43

0.18

686.6

680.6

10.7

0.36

21.38

21.56

0.07

0.42

36.15

36.24

0.24

32.60

32.47

0.17

0.59

9.36

9.44

0.24

0.61

10.42

10.22

0.39

0.44

2.44

2.60

0.14

0.20

22.45

22.96

0.8

6.28

6.06

0.26

60.73

60.98

0.79

14.52

14.45

0.75

0.91

14.39

13.92

0.23

0.95

0.14

0.13

0.006

0.77

1.41

1.32

0.05

0.84

0.11

0.08

0.01

0.42

1.00

0.82

0.08
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0.25
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Abstract
The objective of the study was to investigate effects of calf transport age (14 d vs. 28
d) and calf (sex and breed) and dam characteristics (parity and ease of birth) on health
and performance of veal calves until slaughter age. Calves (N = 684) originated from
13 dairy farms in the Netherlands and were transported at either 14 d or 28 d of age
from the dairy farm to 8 Dutch veal farms. A health assessment of calves was performed on a weekly basis at the dairy farm and in weeks 2, 10, 18 and 24 at the veal farm.
Body weight of calves was measured one day prior to transport and upon arrival at
the veal farm. At the veal farm, use of antibiotics, other medicines during the rearing
period (both at herd and individual level) and carcass weights were recorded. Calves
transported at 28 d had a higher body weight upon arrival (Δ =11.8 kg), a higher carcass
weight at slaughter (Δ = 14.8 kg), received less individual treatments with medicines
other than antibiotics (Δ = -5.4%), and had a lower mortality rate (Δ = -3.1%) at the veal
farm compared to calves transported at 14 d. Crossbreds other than Belgian Blue ×
Holstein Friesian received a higher number of individual treatments with antibiotics
and other medicines (Δ = 14.8% and Δ = 15.1%, respectively) at the veal farm compared
to Belgian Blue × Holstein Friesian calves. One day prior to transport, body weight of
calves born from first parity cows was lower (Δ = -4.7 kg on average) compared to calves
born from higher parity cows. The results show that both calf and dam characteristics
influenced later health and performance of veal calves.
Key words: veal calf, transport age, health, performance
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In the Netherlands, as well as in other European countries, veal calves are collected from dairy farms and are transported to a collection center before entering the
veal sector (Damiaans et al., 2019). In the collection center, calves are sorted by body
weight, breed or conformation and thereafter they are transported to a veal farm. The
legally required minimum age at which calves are transported and enter the Dutch veal
sector is 14 d (SBK, 2018). Upon arrival at the veal farm, calves frequently exhibit health
problems (Bähler et al., 2012; Pempek et al., 2017; Renaud et al., 2018b), some of which
are associated with a higher risk of mortality (Pempek et al., 2017; Renaud et al., 2018b).
The sometimes high disease and mortality rates in veal calves are likely related to the
various challenges these animals are exposed to, including transport, irregular meals
and mixing with other animals (Pempek et al., 2017). Most importantly, in comparison
with older animals, young calves have a higher risk of infection with pathogens because
of an immature immune system and an additional risk of failure of passive transfer due
to insufficient colostrum intake (Autio et al., 2007; Pardon et al., 2015); they could, therefore, be considered less ‘robust’ than older animals. Robustness can be defined as the
ability of calves to cope with environmental challenges and to bounce back rapidly
when challenges occur (Colditz and Hine, 2016). Robust calves are better equipped to
cope with endemic infections and fight diseases and thus probably have a lower need
for antimicrobials. In a companion paper (Marcato et al., 2021a) we looked at potential
early indicators of robustness measured in blood of calves, including immunoglobulins
(Pardon et al., 2015; Goetz et al., 2021) and hematological parameters (von Konigslow
et al., 2020 ).
The current study will examine the clinical health status and mortality rate of calves,
and will quantify the number of antibiotic and other medical treatments as more ultimate measures of robustness (Marcato et al., 2018; de Almeida et al., 2019). Our central
hypothesis was that calves transported at 28 days of age from the dairy farm to the
veal farm are more robust, have a greater adaptive capacity and, therefore, show
less clinical health problems compared to calves transported at 14 days of age. An
improved health status of calves transported at 28 days of age might contribute to a
lower number of medical treatments and, possibly, a higher carcass weight compared
to calves transported at 14 days of age. Thus, the main aim of the current study was
to examine – in a longitudinal fashion – the effects of transport age on measures of
health and performance, and the mortality rate of calves at the veal farm. In addition,
we aimed to investigate the extent to which characteristics related to the calves (breed
and sex) and their dams (parity and ease of birth) might affect the robustness of veal
calves. Recent studies provided support for the relevance of these characteristics for
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Introduction

health and performance of beef cattle (Diana et al., 2020) and female offspring of dairy
cows (Astiz et al., 2014; Pinedo and De Vries, 2017). In the present experiment, calves
were individually followed prospectively from birth at the dairy farm until the end of
the fattening period at the veal farm.

Materials and methods
Experimental design
The experiment was conducted between March 2019 and May 2020, and was approved
by the Central Committee on Animal Experiments (the Hague, the Netherlands; approval number 2017.D-0029). The experimental design was a matrix, consisting of 13 dairy
farms and 8 veal farms (see Marcato et al., 2021a). Calves (N= 684) originated from 13
different Dutch dairy farms. Within each dairy farm, calves were assigned to one or two
treatment groups, i.e. transport to the veal farm at either 14 or 28 d of age. Calves of all
13 dairy farms were transported to 8 veal farms. At each transport day, two transporters
collected calves from the dairy farms (6 and 7 dairy farms, respectively) and brought
these directly to the veal farm, meaning that for each veal farm in total 4 transports were
performed. More details on the experimental design are described in our companion
paper (Marcato et al., 2021a).

Health assessment
Health assessments of calves were performed at the dairy farms on a weekly basis
until one day prior to transport. All calves were examined individually on the basis of a
fixed protocol (see protocol 1, Appendix 1). During each clinical assessment, the rectal
temperature was also recorded. At the veal farm, health assessments took place in
weeks 2, 6, 10, 18 and 24 post-transport. In week 2 post-transport, calves were housed
individually and their health was examined using protocol 1; at all other moments, calves
were group housed in pens, but calves were still individually examined on the basis of
the Welfare Quality® Protocol on veal calves (Appendix 2; Brscic et al. (2012)). Presence
of loose or liquid manure, thick and white manure were the only items scored at pen
level. Health assessments of calves at the dairy and veal farms were performed by in
total 5 different observers. These observers were thoroughly trained, theoretically as
well as practically (on-farm), and inter-observer reliability was tested at the end of the
training period (k-coefficient = 98%).

Antibiotics and other medical treatments
At both dairy and veal farms, the use of antibiotics and other medical treatments was
recorded at individual calf level. Information on individual treatments included the following data: 1) calf treated or not with antibiotics or other medicines (this latter category
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and anti-coccidiosis; 2) whether single or repeated antibiotic/medical treatments
were applied; 3) age at which treatments were applied. Herd treatments (applied on
all calves, via the milk) were also recorded during the rearing period at the veal farm,
as well as the age at which the herd treatments were applied and the type of medication that was used.

Body weight, average daily gain (ADG) and carcass weight
All calves at the dairy farms were weighed on an portable scale directly after birth and
weekly thereafter until one day prior to transport. Subsequently, the body weight of each
calf was recorded upon arrival at the veal farm and carcass weight was finally recorded
at slaughter. ADG at the dairy farm was calculated on a weekly basis.

Calf and cow characteristics
Characteristics of calves and their dams were recorded at the dairy farm. With regard to
calves, body weight at birth, breed and sex were recorded; with regard to cow characteristics, parity of the dam and ease of birth of calves were recorded. Ease of birth was
recorded as a binary response, where a score = 0 indicated a calving process without
the assistance of the farmer, and a score = 1 indicated that assistance of the farmer was
required during the calving process.

Mortality rate at the veal farm
An index of mortality rate at the veal farm was calculated separately for calves transported either at 14 or 28 d of age, as well as for different breeds and sexes of calves. Total
mortality was calculated as the sum of the numbers of calves that died, were euthanized by the veterinarian for health reasons, or were prematurely slaughtered because of
poor performance (i.e. did not successfully complete the rearing period at the veal farm).

Data processing and statistical analyses
All statistical analyses were performed with SAS 9.4 (SAS Inst. Inc., Cary, NC). In the
current study, variables were either analyzed as binary variables or as continuous variables. Binary variables were analyzed with a generalized linear mixed model comprising
a logit link function, whereas continuous response variables were analyzed with a linear
mixed model. In the latter case, residuals were checked for normality and homogeneity
of variance and variables were log-transformed when needed. Binary variables were
analyzed with a linear mixed model with Pseudo Likelihood or equivalently Penalized
Quasi Likelihood (PQL), employing SAS procedure GLIMMIX, whereas continuous variables were analyzed with a linear mixed model with restricted maximum likelihood,
employing SAS procedure MIXED.
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referred to products, other than antibiotics such as anti-inflammatories, multivitamins,

Health parameters were analyzed as binary data with score 0 vs score 1 and 2. Individual
treatments with antibiotics or medicines were also expressed as binary data (0 = calf
not treated at individual level with antibiotics; 1 = calf treated at least once at individual
level with antibiotics). Rectal temperature was assessed as a continuous variable, but
analyzed as a binary variable (0 = calves with temperature < 39.5º C; 1 = calves with
temperature ≥ 39.5º C) to investigate prevalence of fever. Body weight and carcass
weights were analyzed as continuous variables
In week 1 after birth of calves at the dairy farm, health parameters and body weight
were analyzed with a linear mixed model (referred to as model 1), which comprised fixed
main effects for factors Sex (two levels: bull or heifer) and Breed (four levels: Holstein
Friesian, Holstein-Friesian × Belgian Blue, or other crossbreds) of calves, for Parity (four
levels: 1, 2, 3, 4-10) of dams, for Ease of birth (two levels: without assistance (score 0)
or with assistance of the farmer (score 1)), a covariate for calf birthweight among fixed
effects, and random effects for dairy farms in addition to random error (residual) terms.
Random farm effects account for dependence between observations from calves from
the same farm and represent between farm variation and random error terms represent
(remaining) variation between calves within the same farm.
One day prior to transport, health parameters and body weight were analyzed with a
linear mixed model (further referred to as model 2) similarly to model 1, but with the
inclusion of a factor at two levels for transport age (14 d of age vs. 28 d of age).
Health data collected in week 2, 6, 10, 18 and 24 post-transport at the veal farm were
analyzed similarly to model 2, but the linear mixed model used for analysis (referred to
as model 3) was more elaborate. The model comprised random effects for dairy farms,
for veal farms, and their interaction, random effects for transports, and random effects
for animals, in addition to the usual random error (residual) terms.
Data on individual treatments with antibiotics during the rearing period at the dairy and
the veal farm were analyzed with the same model as was used for health data assessed at the veal farm (model 3). The total usage of antibiotics and other medicines at the
dairy and veal farms was analyzed with model 2.
Carcass weights at slaughter were analyzed with a linear mixed model with the same
fixed and random effects in the model used for health data assessed at the veal farm
(model 3).
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with antibiotics or other medicines at both dairy and veal farms, which was introduced
as a qualitative factor in model 2, comprising five main levels: 0 = calf not treated; 1 = calf
treated once; 2 = calf treated 2 times; 3 = calf treated 3 times; 4 = calf treated ≥ 4 times.
Average daily gain at the dairy farm and body weight at arrival at the veal farm were
also analyzed in relation to individual treatments with antibiotics or other medicines,
and carcass weights. Individual treatments and carcass weight were used as response
variables, and ADG and body weight at arrival at the veal farm were introduced as
covariates in the model (same as model 3). Interactions between the covariates and
the fixed factors in the model were tested to check whether or not slopes were equal
for fixed effect levels.
In all analyses, approximate F-tests (Kenward and Roger, 1997) were used for fixed
effects. Subsequent pairwise comparisons were done with Fisher’s LSD method. Effects
with P ≤ 0.05 were considered significant.
Mortality rates were too low to allow for a parametric analysis as described above.
Therefore, the non-parametric Wilcoxon Signed Rank Test was performed to test for
differences in mortality rate at the veal farm between calves transported at either 14 or
28 d of age and for different breeds and sexes of calves. For each veal farm, two matched
(dependent) observations were available, i.e. the mortality rates among calves transported at 14 and 28 d, or among calves of Holstein Friesian an a mixed breed, or among
male and female calves, respectively. Effects with P ≤ 0.05 were considered significant.

Results
Effects
Transport age
One day prior to transport, the percentage of calves with loose or liquid manure was
significantly higher (Δ = 16.6%) in calves transported at 14 d compared to calves transported at 28 d (P < 0.01; Table 1). The percentage of calves with an impaired skin elasticity (score 1 and 2; Δ = 6%) was higher in the 14 d group compared to the 28 d group,
whereas body weight at transport was lower (Δ = -11.8 kg) in calves transported at 14 d
than calves transported at 28 d (P < 0.05; Table 1). Transport age did not have significant
effects on health parameters assessed two weeks after arrival at the veal farm (Table
2). Prevalences of health problems beyond week 2 at the veal farm were low (< 10%),
thus effects of transport age, as well as for breed, sex, parity and ease of birth could not
be statistically tested. The percentage of calves which received at least one individual
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Carcass weights were also analyzed in relation to the number of individual treatments

medical treatment other than antibiotics at the veal farm was higher (Δ = 5.4%) in 14 d
calves compared to 28 d calves (P = 0.02; Table 3). Total amount of antibiotics or other
medicines administered individually to calves at both the dairy and the veal farm was
not significantly different among the two age groups (Table 3). Calves transported at 14
d had a lower carcass weight at slaughter (Δ = -14.8 kg) compared to calves transported
at 28 d (P < 0.01; Table 4).
Calf sex
Body weight measured in week 1 after birth and a day prior to transport was significantly higher (Δ = 1.8 kg and Δ = 5.8 kg, respectively) in bull calves compared to female
calves (both P < 0.01; Table 5 and Table 1, respectively). Calf sex did not affect health
parameters assessed at the dairy farm (week 1 and one day prior to transport), but
bull calves showed more signs of navel inflammation (Δ = 7.3%) compared to female
calves in week 2 post-transport (P = 0.02; Table 2). Beyond week 6 post-transport, sex
did not affect health. In terms of individual antibiotic and other medical treatments, no
significant differences were found between bull and females calves (Table 3). Carcass
weights at slaughter were higher (Δ = 16.8 kg, respectively) in bull calves compared to
female calves (P < 0.01; Table 4).
Calf breed
Belgian Blue crossbred calves had a higher body weight in week 1 after birth (Δ = 1.5 kg
on average) and a day prior to transport (Δ = 4.6 kg on average) compared to Holstein
Friesian calves and other crossbreds (both P < 0.01; Table 5 and 1, respectively). Breed did
not affect clinical health parameters assessed at the dairy and veal farms. Total use of
individual antibiotic and other medicine treatments in calves at the dairy and veal farms
was higher in other crossbreds calves (Δ = 17.3% and Δ = 20.2% on average respectively)
compared to Holstein Friesian calves and Belgian Blue crossbreds (both P < 0.05; Table
3). The prevalence of calves individually treated with antibiotics and other medicines at
the veal farm was also higher in other crossbred calves (Δ = 13.6 % and Δ = 13.4% on average, respectively) compared to Holstein Friesian calves and Belgian Blue crossbreds
(both P = 0.04; Table 3). Breed had a significant influence on carcass weight at slaughter
(P < 0.05. Table 4). Belgian Blue crossbreds had a higher carcass weight compared to
other crossbreds (Δ = 9.7 kg) and Holstein Friesian calves (Δ = 17.9 kg, P < 0.01).
Parity
In week 1 after birth, calves born from second parity cows showed less signs of navel
inflammation than calves from third parity cows (Δ = -12.1%, P = 0.02; Table 5) and other
parity classes. One day prior to transport, body weight of calves born from first parity
cows (Δ = -4.7 kg on average) was significantly lower compared to calves born from
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ters assessed at the veal farm, or the individual use of antibiotics and other medical
treatments (Table 7). In addition, carcass weights at slaughter were not significantly
influenced by parity (Table 8).
Ease of birth
Calves born with assistance of the farmer had a higher body weight a day prior to
transport (Δ = 2.5 kg; P < 0.01; Table 6). Ease of birth did not affect any health parameters
assessed at the dairy and veal farms and did not have an influence on individual use of
antibiotics and other medical treatments (Table 5, 7, 9). Carcass weights were also not
significantly affected by ease of birth (Table 8).

Herd treatments with antibiotics and medicines
Besides individual treatments, calves were subjected to an average of 4.4 herd treatments with antibiotics and 3.9 herd treatments with other medicines at the veal farm.
The antibiotic treatments were provided via the milk for an average of 10 feedings over
5 days per treatment.

Relationships
Between individual use of antibiotics or other medicines and carcass weight
Calves that received three or more individual treatments with antibiotics or other medicines had a significantly lower carcass weight at slaughter (Δ = -13.6 kg on average for
antibiotics and Δ = 15.0 kg on average for other medicines, respectively) compared to
calves treated once or twice (P < 0.01;Table 10). Additionally, calves not treated at all had
a significantly higher carcass weight compared to calves individually treated at least
once with antibiotics (Δ = 19.6 kg on average) and other medicines (Δ =16.1 kg on average). The results on individual treatments with antibiotics and other medicines at the
veal farm were also in line with the results on total use (Table 10).
Between body weight upon arrival or ADG at dairy farm and later performance
The relationship between use of antibiotics or other medicines and body weight upon
arrival was not significant. The relationship between use of antibiotics or other medicines and ADG at the dairy farm arrival was also not significant. Body weight upon
arrival and ADG at the dairy farm were both positively associated with carcass weight
at slaughter (slope ß = 0.228, SE = 0.05, and slope ß = 15.1, SE = 3.12, respectively; P <
0.01). These regression coefficients were obtained from regression models without the
interaction term, i.e. on the assumption of homogeneity of regression slopes (slopes
are parallel for different ages of transport, parity groups, sexes and breeds). The interaction between body weight upon arrival and the fixed effect of transport age was
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higher parity cows (P < 0.01; Table 6). Parity did not significantly affect health parame-

significant (P < 0.01). This implies that the slopes of the covariable body weight upon
arrival were not the same for the two age groups. The effect of body weight upon arrival on carcass weight was much higher for calves transported at 28 d of age (slope ß
= 0.85, SE = 0.13) than for calves transported at 14 d of age (slope ß = 0.13, SE = 0.05).
Table 1.

Effects of calf transport age, sex and breed on prevalence of health problems (% of calves)
and body weight of calves assessed one day prior to transport from the dairy farm to the
veal farm1

Parameter

Transport age

SEM2

P-value

Sex

14 d

28 d

Bull

Heifer

N. of calves

372

326

522

176

Navel inflammation

19.6

12.9

2.0

0.23

17.0

14.8

Loose or liquid manure

23.6

7.0

1.8

< 0.01

15.5

17.0

Joint problems

3.2

5.5

1.3

0.15

5.0

2.3

Coughing

3.8

4.9

1.3

0.47

4.2

4.5

Eye discharge

5.4

3.7

1.3

0.67

4.6

4.5

Sunken eyes

2.7

1.2

0.8

0.32

1.7

2.8

Nose discharge

2.4

4.0

0.9

0.38

3.8

1.1

Skin elasticity

7.2

1.2

1.2

<0.01

4.8

2.8

Rectal temperature*

5.6

3.4

1.1

4.0

6.2

Body weight, kg

56.3

68.1

1.9

65.1

59.3

1

<0.01

3

LSmeans ± SEM; SEM = pooled standard error of the mean;. Breed: HF = Holstein Friesian, HF× BB =
Holstein Friesian × Belgian Blue crossbreds, O = other crossbreds; a, b, c LSmeans within a factor and line >>
2

Table 2. Effects of calf transport age, sex and breed on prevalence of health problems (% of calves)
of calves assessed in week 2 post-transport at the veal farm1 .
Parameter

Transport age
14 d

28 d

N. of calves

365

320

Navel inflammation

15.1

10.1

Loose or liquid manure

34.5

37.2

Joint problems

4.4

2.2

Coughing

4.1

6.9

Sunken eyes

3.6

Looped ears

3.8

SEM2

P-value

Sex
Bull

Heifer

512

173

0.14

14.2

6.9

2.6

0.25

35.7

35.8

0.9

0.06

3.9

1.7

1.2

0.31

4.9

6.9

3.1

1.0

0.60

3.3

3.4

2.5

0.9

0.15

2.9

4.0

1

1.8

LSmeans ± SEM. 2SEM = pooled standard error of the mean; 3Breed: HF = Holstein Friesian, HF× BB =
Holstein Friesian × Belgian Blue crossbreds, O = other crossbreds.
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model, the effect of transport age on carcass weight remained statistically significant (P
< 0.01). Carcass weights corrected for body weight upon arrival of calves transported at
either 14 or 28 d of age were 152.9 ± 4.6 and 165.7 ± 4.7 kg, respectively (LSmeans ± SEM).

SEM

P-value

SEM

Breed3
HF

HF× BB

O

240

252

206

P-value

2.2

0.24

12.1

15.5

22.8

2.4

0.32

2.2

0.71

15.8

17.1

14.5

2.4

0.95

1.3

0.33

2.9

1.6

9.7

1.5

0.50

1.5

0.49

4.6

3.6

4.8

1.6

0.80

1.5

0.86

7.9

2.7

1.4

1.4

0.51

1.0

0.10

3.7

1.2

1.0

0.9

0.14

0.8

0.20

5

2.8

1.4

1.1

0.55

1.3

0.43

2.5

1.6

10.2

1.4

0.29

4.6

5.5

3.4

1.3

59.8a

65.3b

61.5a

2.0

1.3
1.9

<0.01

<0.01

<< lacking a common superscript differ (P ≤ 0.05). *The statistical model did not converge and this
explains the lack of P-values for rectal temperature.

SEM

P-value

SEM

Breed3
HF

HF× BB

P-value

O

236

246

203

1.9

0.02

10.6

14.6

13.8

2.4

0.12

2.9

0.64

12.3

9.3

13.8

3.4

0.93

0.9

0.32

2.9

2.8

4.4

1.4

0.86

1.4

0.27

7.2

4.9

3.9

1.4

0.14

1.1

0.81

4.2

2.8

2.9

1.2

0.84

1.1

0.83

3.3

3.6

2.4

1.1

0.93
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At the same time, after introduction of body weight upon arrival as a covariable in the

Table 3. Effects of calf transport age, sex and breed on prevalence (%) of calves individually treated
with antibiotics and other medicines1 .
Parameter

Transport age

N. of calves

P-value

SEM2

Sex

14 d

28 d

Bull

Heifer

507

173

362

318

Total use of antibiotics

4

30.4

28.9

2.5

0.79

31.1

25.4

Total use of medicines

5

34.0

32.1

2.6

0.62

34.3

29.5

Use of antibiotics

24.3

21.4

2.3

0.14

23.9

20.2

Use of other medicines

27.1

21.7

2.3

0.02

25.4

22.0

At the veal farm:

1

2

3

LSmeans ± SEM. SEM = pooled standard error of the mean; Breed: HF = Holstein Friesian, HF× BB =
Holstein Friesian × Belgian Blue crossbreds, O = other crossbreds; 4, 5 Total use of antibiotics or >>
Table 4. Effects of calf transport age, sex and breed on carcass weight of calves at slaughter1 .
Parameter

N. of calves
Carcass weight, kg

Transport age

P-value

SEM2

Sex

14 d

28 d

Bull

Heifer

350

315

469

169

152.0

166.8

167.8

151.0

4.5

< 0.01

1

LSmeans ± SEM.2SEM = pooled standard error of the mean; 3 Breed: HF = Holstein Friesian, HF× BB =
Holstein Friesian × Belgian Blue crossbreds, O = other crossbreds;>>

Table 5. Effects of calf sex and breed, parity of dam and ease of birth on prevalence of health
problems (% of calves) and body weight of calves in week 1 after birth at the dairy farm 1 .
Parameter

Sex

SEM2

P-value

Breed3

Bull

Heifer

HF

HF× BB

O

N. of calves

536

189

259

258

208

Navel inflammation

36.4

29.6

2.7

0.34

30.1

32.1

42.3

Loose or liquid manure

18.6

22.2

2.4

0.13

15.0

20.9

23.5

Joint problems

6.7

3.7

1.3

0.75

6.5

3.5

8.1

Nose discharge

3.9

2.1

1.1

0.43

3.9

5.0

1.0

Skin elasticity

13.2

7.4

1.7

0.15

6.9

8.5

21.6

RT5

9.5

11.6

1.7

5.8

12.8

Body weight, kg

48.7

46.9

0.66

1

< 0.01

47.3

a

48.8

b

11.9
47.4 ab

LSmeans ± SEM. 2SEM = pooled standard error of the mean; 3 Breed: HF = Holstein Friesian, HF× BB =
Holstein Friesian × Belgian Blue crossbreds, O = other crossbreds; 4 Ease of birth: 0 = unassisted; >>
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P-value

Breed3
HF

HF× BB

O

248

203

229

SEM

P-value

2.7

0.42

2.8

0.68

28.4

2.5

0.85

20.1 ab

17.7a

32.5b

2.8

0.04

2.5

0.95

22.2ab

18.9 a

34.0b

2.9

0.04

25.3

a

ab

23.8

a

41.9 b

3.0

0.02

25.8

a

b

3.1

0.03

47.3

<< medicines refers to the sum of antibiotics or other medical treatments given at the dairy and veal
farm. a, b, c LSmeans within a factor and line lacking a common superscript differ (P ≤0.05).

SEM

P-value
HF

HF× BB

O

207

197

209
4.5
<<

a, b, c

SEM

Breed3

< 0.01

150.7

b

168.6

c

P-value

4.7

158.9 a

< 0.01

LSmeans within a factor and line lacking a common superscript differ (P ≤0.05).

SEM P-value

Parity
1

2

98

SEM P-value Ease of birth4
3

169

153

SEM P-value

4-10

0

1

273

536

155

0.02

34.5

34.8

2.9

3.1

0.34

2.6

0.89

14.3

16.6

18.3

22.7

3.0

0.25

19.8

19.3

2.5

0.79

1.6

0.44

10.2

7.7

6.5

3.3

2.2

0.47

5.6

5.2

1.4

0.59

1.4

0.50

4.0

3.6

5.2

2.6

1.8

0.86

4.1

1.9

1.1

0.41

2.2

0.77

11.2

18.9

6.5

9.9

2.6

0.11

12.3

10.3

2.0

0.66

4.0

8.3

7.8

14.6

2.7

10.2

9.0

1.8

47.8

47.6

48.3

47.7

0.70

47.7

47.9

0.65

1.9
0.76

< 0.01

ab

35.7

27.8

a

39.9

b

36.6

3.8

ab

<< 1= assisted by the farmer; 5 RT = rectal temperature.
common superscript differ (P ≤ 0.05).

a, b, c

173

0.52

0.67

0.61

LSmeans within a factor and line lacking a
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SEM

Table 6. Effects of parity of the dam and ease of birth on prevalence of health problems (% of calves),
body weight and rectal temperature of calves assessed a day prior to transport1 .
Parameter

Parity

SEM2

P-value

1

2

3

91

167

151

259

Navel inflammation

11.0

16.8

14.6

19.7

2.9

0.66

Loose or liquid manure

16.5

12.6

16.5

17.8

3.0

0.49

Joint problems

3.3

6.6

2.0

4.6

1.8

0.19

Coughing

6.6

1.2

6.0

5.0

2.1

0.20

Eye discharge

4.4

5.4

2.6

4.2

2.1

0.22

Sunken eyes

1.0

4.2

0.7

1.9

1.1

0.34

N. of calves

4-10

Nose discharge

2.2

1.8

3.9

4.2

1.4

0.34

Skin elasticity

6.6

4.2

4.0

4.6

2.0

0.72

1.9

<0.01

Body weight, kg

c

58.7
4.4

Rectal temperature*

62.5
3.6

a

ab

63.4
4.6

64.2
5.4

b

1.6

1
LSmeans ± SEM; 2SEM = pooled standard error of the mean. a, b, c LSmeans within a factor and line
lacking a common superscript differ (P ≤0.05). *The statistical model did not converge and this explains
the lack of P-values for rectal temperature.

Table 7.

Effects of parity and ease of birth on prevalence (% of calves) of individual treatments
with antibiotics and other medicines1 .

Parameter

Parity

N. of calves
Total use of antibiotics

SEM2

1

2

3

4-10

88

166

146

254

P-value

3

38.6

32.5

23.3

28.7

3.8

0.20

Total use of medicines4

42.0

36.7

28.8

30.7

3.9

0.40

At the veal farm:
Use of antibiotics

31.8

21.7

18.5

23.6

3.5

0.47

Use of other medicines

32.9

22.9

22.6

24.4

3.6

0.59

1

LSmeans ± SEM; 2SEM = pooled standard error of the mean; 3, 4 Total use of antibiotics or medicines
refers to the sum of antibiotics or other medical treatments given at the dairy and veal farm.
Table 8. Effects of parity of the dam and ease of birth on carcass weight at slaughter1 .
Parameter

Parity

N. of calves
Carcass weight, kg
1

1

2

3

4-10

87

164

145

244

154.8a

160.7ab

159.1 ab

163.0b

2

LSmeans ± SEM; SEM = pooled standard error of the mean.
common superscript differ (P ≤0.05).
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a, b, c

SEM2

P-value

4.74

0.07

LSmeans within a factor and line lacking a
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Ease of birth
Unassisted

SEM

P-value

Assisted

539

156

15.6

18.6

2.3

0.23

14.6

19.9

2.4

0.49

3.7

6.4

1.5

0.03

4.1

5.1

1.4

0.43

4.1

5.8

1.6

0.74

2.4

0.6

0.7

0.16

3.0

3.8

1.1

0.48

4.8

3.2

1.2

0.39

61.0

63.5

1.9

<0.01

4.6

3.8

1.2

Ease of birth

SEM

P-value

Unassisted

Assisted

526

151

28.7

33.8

2.9

0.41

32.1

37.1

3.0

0.55

21.9

27.1

2.7

0.67

23.4

29.1

2.8

0.55

Ease of birth

SEM

Unassisted

Assisted

514

148

158.6

160.2

P-value

4.5

0.49
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Table 9. Effects of parity of the dam and ease of birth on prevalence of health problems (% of calves)
observed in week 2 post-transport at the veal farm1 .
Parameter

1

Parity

SEM2

P-value

1

2

3

4-10

N. of calves

90

166

149

252

Navel inflammation

13.3

15.1

14.1

11.5

2.8

0.77

Loose or liquid
manure

34.4

43.4

31.5

34.5

3.9

0.15

Joint problems

5.5

2.4

3.3

3.2

1.6

0.29

Coughing

4.4

7.8

3.3

5.5

1.8

0.28

Sunken eyes

3.3

4.2

4.0

2.4

1.5

0.69

Looped ears

1.1

2.4

4.0

3.6

1.3

0.60

LSmeans ± SEM; 2SEM = pooled standard error of the mean.

Table 10. Association between carcass weight of calves and the use of individual treatments with
antibiotics or other medicines.
Parameter

N. calves

Carcass weight (kg)

Dairy + veal farm

Total use of antibiotics
0

478

163.4d

1

118

151.9 c

2

39

149.2bc

3

19

139.2ab

≥4

26

134.7a

Total use of medicines
0

455

163.8

1

57

155.8b

2

82

154.6b

3

19

140.9 a

≥4

67

139.4 a

Veal farm

P-value

4.14

< 0.01

3.67

< 0.01

5.72

< 0.01

c

Use of antibiotics
0

524

162.7

1

84

149.9 b

2

35

144.3 ab

3

17

144.1 ab

≥4

20

135.2a

c

176
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Ease of birth

SEM

P-value

Unassisted

Assisted

529

153

13.2

12.4

2.1

0.34

35.0

37.9

3.0

0.55

3.4

2.6

1.0

0.16

5.7

4.6

1.4

0.49

3.6

2.6

1.1

0.47

3.2

3.3

1.1

0.88

Table 10. Continued

Parameter

N. calves

Carcass weight (kg)

Veal farm

Use of medicines

a, b, c, d

0

513

162.8d

1

19

155.7cd

2

71

151.4bc

3

15

141.5 ab

≥4

62

141.0a

SEM

P-value

5.69

< 0.01

LSmeans within a factor and line lacking a common superscript differ (P ≤0.05).

Mortality rate at the veal farm
Mortality at the veal farm was higher in calves transported at 14 d of age compared to
calves transported at 28 d of age (5.9 % vs. 2.8 %, respectively, P < 0.05, Wilcoxon Signed
Rank Test). Notably, on 5 out of the total of 8 veal farms involved in the present experiment no mortality at all occurred during the entire rearing period among calves were
transported at 28 d of age, whereas among calves transported at 14 d of age this only
held for 1 veal farm. No significant differences in mortality rate were found between
different breeds or sexes of calves.

177

Discussion
Effects
Transport age
To the best of our knowledge the current study is the first to systematically examine and
demonstrate effects of different ages of calves at transport from the dairy farm to the
veal farm on health and performance of veal calves. When calves in the Netherlands
are usually transported to the veal farm, i.e. around 14 days of age, the animals are in
the so called “immune gap period” (Hulbert and Moisa, 2016), in which maternal antibodies decrease while the calf own immune system is still immature (Hulbert and
Moisa, 2016). Results of our companion paper (Marcato et al., 2021a) demonstrated
that the “immune gap” exists in both age groups (14 d and 28 d) at the moment of transport, but the developmental stage of the adaptive immune system might be different
between age groups. In this paper it is suggested that the adaptive immune system of
calves transported at 28 d of age might be more developed compared to that of calves
transported at 14 d of age. To try to understand whether or not a possible difference
in adaptive immunity between transport age groups is reflected in differences in the
health status of calves, the current study investigated the effects of transport age on
various measures of robustness of calves at the veal farm. One day prior to transport,
calves transported at 14 d of age had a higher prevalence of loose or liquid manure and
more signs of dehydration (as indicated by skin elasticity) compared to calves transported at 28 d of age. Calves transported at 14 d also had a lower body weight at transport and upon arrival at the veal farm compared to calves transported at 28 d. These
pre-transport signs shown by 14 d calves might be all linked to a lower robustness of
calves upon arrival at the veal farm. Smith et al. (2009) indicated that diarrhea might
be responsible for creating dehydration, possibly resulting in a higher mortality at the
veal farm (Berchtold, 2009; Renaud et al., 2018a). However, this latter study did not find
a relationship between fecal score and dehydration, thus they could not conclude that
diarrhea is associated with dehydration. Moreover, this experiment was not conducted
with calves transported at different ages, so potential relationships between transport
age, diarrhea, dehydration and mortality could not be established.
In the present experiment, in spite of a clear health difference between transport age
groups one day prior to transport, we did not find any significant effects of transport
age on measures of clinical health at the veal farm. In the second week upon arrival
prevalences of loose and liquid manure were not only similar between transport age
groups, but also much higher (over 35% on average) than at the dairy farm one day prior
to transport (15% on average). Apparently, all calves, regardless of age, had difficulty
coping with the transition from the dairy farm to the veal farm, in adjusting their digestive
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or liquid manure, it remains unknown the extent to which exposure to pathogens or, for
example, a change in dietary conditions was the defining factor here. The prevalences
of loose or liquid manure observed at the veal farm are in line with previous studies
in veal calves (Wilson et al., 2000; Marcato et al., 2020c). In the study of Marcato et al.
(2020c) the prevalence of this condition also sharply increased in the first three weeks
post-transport (from 5% upon arrival at the veal farm to 39% in week 3). Beyond week
2, prevalences of clinical signs of respiratory problems were generally quite low (< 5%
at the beginning of the rearing period, and always < 10 %, Figure 1), which is in contrast
with other studies (e.g. Pardon et al. 2015).
The prevalences of all other clinical parameters were even lower (< 5 %). In view of the
high number of herd treatments with antibiotics applied on the veal farms that participated in the current experiment (i.e., on average 4.4 herd treatments per farm), it seems
likely that bacterial infections were largely suppressed, which may also have masked
differences in (overt) clinical consequences between treatment groups. Interestingly,
despite an overall high level of antimicrobial use in this study, in comparison with calves
transported to the veal farm at 28 days of age, a significantly higher proportion of calves
transported at 14 days of age received individual medical treatments other than antibiotics. This could be interpreted as an indication of reduced vigor in calves transported
at 14 days of age. Two additional findings from the current study seem to support this
idea. First, even after correcting carcass weight for body weight upon arrival, the effect
of age of transport on carcass weight remained statistically significant. This suggests
that the ultimate difference in carcass weight between age groups at the end of the
rearing period was not merely the consequence of maintaining an age-related body
weight difference that existed at the time of arrival at the veal farm. Moreover, the slope
of the curve between carcass weight and body weight upon arrival at the veal farm was
considerably steeper for calves transported at 28 d of age than for calves transported
at 14 d of age, as indicated by different regression coefficients (0.85 vs. 0.13). This would
suggest that calves transported at 28 d also exhibited a higher growth rate during the
rearing period in comparison with calves transported at 14 d. However, further research
would be necessary to characterize growth curves of calves from arrival at the veal
farm until slaughter in more detail. Secondly, and most importantly, the mortality rate
among calves transported to the veal farm at 14 d of age was higher than the mortality
rate among calves transported at 28 d (5.9 vs. 2.8 %). Since mortality rate is generally
considered the ultimate measure of robustness (Marcato et al., 2018; de Almeida et al.,
2019), we tentatively propose that transportation of calves from the dairy farm to the veal
farm at 28 rather than 14 d of age might contribute to a higher robustness of the animals.
A more advanced adaptive immune system in calves transported at 28 d relative to
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system. Since it was not possible to distinguish between infectious or feed-related loose

animals transported at 14 d, among other things reflected in differences between age
groups in immunoglobulin isotypes and various immune cell counts (see Marcato et
al. 2021a) might be one of the influencing factors behind this difference.
Breed
As reported by Diana et al. (2020), breed is an important factor with a strong impact on
performance traits, antimicrobial use, and risk of mortality in beef cattle. These authors
found that beef breeds with a higher body weight at the beginning of the fattening
cycle had a lower likelihood to be treated with antimicrobials. In our study, Belgian
Blue × Holstein Friesian calves were heavier upon arrival at the veal farm compared to
other crossbreds and Holstein Friesian calves. This can be attributed to the genetics of
Belgian Blue, which is a breed with exaggerated muscular growth (Fiems et al., 2013),
rather than a characteristic associated with improved robustness. Total use of antibiotics was higher in other crossbreds compared to both Holstein Friesian and Belgian
Blue × Holstein Friesian calves. These results are in contrast to the idea that crossbreds
are more robust than pure breeds (Clasen et al., 2017, 2019), and they indicate that there
might be a difference in robustness among different types of crossbreds. Moreover,
previous studies reported that double muscled breeds, such as Belgian Blue, may even
have an impaired immunity due to their lower amount of body fat, which may affect
their susceptibility to diseases and performance (Fiems, 2012; Pardon et al., 2012b). In
the current study, differences in clinical health status among breeds were not present.
However, our study showed that the use of antibiotics and other medicines at the veal
farm was higher in other crossbreds compared to Belgian Blue × Holstein Friesian calves.
These results might be an indication that crossbreds other than Belgian Blue × Holstein
Friesian calves are less robust, but this would need confirmation in future research.
Sex
Sex of the calves is another factor that was not extensively investigated in veal calves
and might affect their production traits and robustness. Previous studies showed that,
already in early life, sex-related differences in the immune system and sex hormone
milieu in humans and animals are contributing factors for a higher disease susceptibility and mortality among males compared to females (Baxter et al., 2012; Zarulli et al.,
2018; Pradhan and Olsson, 2020). In support of these findings, the prevalence of navel
inflammation in week 2 post transport was higher among bull calves compared to
heifers calves. However, sex did not significantly affect the mortality rate at the veal farm.
The high prevalence of inflamed navels in bull calves upon arrival at the veal farm is a
common problem in the veal industry (Wilson et al., 2000; Renaud et al., 2018b). Wilson
et al. (2000) showed that the percentage of bull calves with unacceptable navel scores
(scores 1 and 2) were 32% and 23.7% upon arrival and 28 d post transport, respectively.
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navels (score 3) upon arrival at the veal farm are at a higher risk for early (< 21 d; OR =
2.4) and late mortality (> 21 d; OR = 1.8) than the reference category with navel score 0
or 1. Eventually this infection can spread to other parts of the body and affect multiple
organs. To prevent this condition and the corresponding use of antibiotic treatments,
hygiene should be monitored and the navel of all bull and surplus female calves, should
be carefully dipped into disinfecting solutions after birth at the dairy farms of origin
(Mee, 2008; Renaud et al., 2018b).
Parity
The current study as well as results of our companion paper (Marcato et al., 2021a)
showed that parity affected calf performance not only around birth, but also in the longer
term. In fact, calves born from first parity cows had a significantly lower body weight in
week 1 after birth and one day prior to transport compared to calves born from cows
of older parity. These effects might be explained by the difference in nutrient availability in late gestation between primiparous and multiparous cows (Carvalho et al., 2020).
Effects of maternal characteristics on future performance of calves are well reported
in dairy cattle (Astiz et al., 2014; Pinedo and De Vries, 2017), but there are no studies in
veal calves. Besides the weight differences due to parity, there were no additional long-term effects of parity on health status and performance of calves. However, it might be
interesting to investigate whether rearing regimes of calves at the dairy and veal farm
need to be adjusted, or perhaps could be optimized, based on the parity of the dam.
Calving process
In the current study, ease of birth was only associated with the body weight of calves
one day prior to transport, but no significant effects of this factor were found on the clinical health status of calves. Previous studies have reported significant effects of ease of
birth on post-natal health of calves (Probo et al., 2012; Barrier et al., 2012), but no studies
investigated long-term effects of ease of birth in veal calves. The current experiment
provided no support for the idea that ease of birth may have long-term consequences
on health and performance of calves.

Use of body weight as an indicator of robustness
Body weight of calves upon arrival at the veal farm is believed to be a reliable indicator
of robustness (Marcato et al., 2018), because it has been associated with later risks of
disease, in particular respiratory disorders (Brscic et al., 2012), and mortality at the veal
farm. Recent observational studies showed that every 1 kg increase in body weight of
calves upon arrival is associated with a decreased hazard of mortality in the first 21 d
(OR = 0.93; Renaud et al. (2018b)) and 78 d (OR = 0.925; Goetz et al., (2020)) at the veal
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Moreover, Renaud et al. (2018b) showed that bull calves with enlarged and inflamed

farm, respectively. The current study showed that the difference in body weight upon
arrival between the two age groups was associated with a difference in several putative measures of robustness, including neutrophil and lymphocyte counts, levels and
patterns of N-IgA and N-IgM, the prevalence of individual treatments with medicines
other than antibiotics, growth rate, and mortality rate. However, significant weight differences between other treatment groups of calves, e.g. between calves born from dams
with different parities, or between calves born with or without assistance during calving,
did not necessarily coincide with differences in any other putative measure of robustness. Likewise, a higher average weight upon arrival at the veal farm due to breed such
as, for example, was observed in Holstein Friesian × Belgian Blue crossbreds in comparison with Holstein Friesian calves, was not associated with significant differences in individual treatments with antibiotics or mortality rate. Therefore, the current study seems
to suggest that weight upon arrival per se might not be a reliable indicator or predictor
of robustness, but should be considered in combination with other factors such as, for
example, age (which may likely be associated with underlying characteristics related to
the development of the adaptive immune system) or breed (i.e., genetic background).
The results of the current study clearly support previous findings that antimicrobial use
is negatively related to carcass weight of calves at slaughter. Calves which received > 4
individual antibiotic treatments had on average a 27.5 kg lower carcass weight compared
to calves without antibiotic treatments. In accordance, Pardon et al. (2013) demonstrated
that for every 1% increase in antimicrobial drug use the carcass weight decreased by
1.5 kg. In a previous study, we also found that carcass weight was negatively related to
the number of individual treatments with antibiotics (Marcato et al., 2020c). In this latter
study, the average carcass weight of calves receiving > 2 treatments was 12.5 kg lower
compared to that of calves with no treatments. Thus, predicting robustness of calves
based on body weight upon arrival might be more complicated. However, retrospectively interpreting robustness of calves in terms of treatments with antibiotics based on
differences in carcass weight seems to be feasible across factors such as age and breed.
Table 11. Prevalence of health problems1 across weeks.
Sampling moments
Dairy farm (after birth)
Week 1

Week 2

Calves with
53.1%
55.1%
(388/730) (398/722)
at least one
health problem
1

Veal farm

Week 3

Week 4

Week 5

Week 2 post-transport

45.8%
(326/712)

33.0%
(110/333)

31.6%
(104/329)

52.8%
(362/685)

% of calves with at least one health issue over the total amount of calves.
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Figure 1.

Prevalence of abnormal breathing, nasal discharge and coughing in veal calves in
week 6, 10, 18 and 24 at the veal farm (expressed as proportion of calves).

Conclusions
This study showed that health and performance of veal calves was significantly affected
by transport age and breed. Transportation of calves from the dairy farm to the veal farm
at 28 d of age resulted in less individual treatments with medicines other than antibiotics at the veal farm and a higher carcass weight compared to transportation at 14 d of
age. Mortality rate at the veal farm was lower in calves transported at 28 d than in calves
transported at 14 d. More crossbreds other than Holstein Friesian × Belgian Blue calves
received individual treatments with antibiotics and medicines other than antibiotics at
the veal farm compared to Holstein Friesian × Belgian Blue calves. Collectively, these
findings suggest a higher robustness of calves transported at 28 d of age in comparison with calves transported at 14 d of age. Additionally, Holstein Friesian × Belgian
Blue calves seemed more robust in comparison with other crossbreds. The potential
readouts of robustness recorded in this study and in the previous companion paper
might be helpful for the veal sector in developing strategies to improve calf health and
reduce antimicrobial use at the veal farm. 
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= Coughing
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Table A1 Health parameters of veal calves assessed on a weekly basis at the dairy farm and in week
2 at the veal farm. Health parameters were assessed at individual level.
Health parameter
Navel inflammation

Joint inflammation

Loose or liquid manure

Coughing

Eye discharge

Sunken eyes

Ears

Nasal discharge

Skin elasticity

Score

Explanation

0

No signs of inflammation

1

Swollen, without discharge

2

Swollen, with discharge

0

No evidence of joint problems

1

Slight swelling, not warm or painful

2

Swelling with pain, heat, slight lameness

0

No loose or liquid manure

1

Pasty manure

2

Watery manure

0

No coughing

1

Induced single coughing

2

Repeated coughing

0

No eye discharge

1

Slight watery discharge

2

Moderate amount of bilateral ocular discharge

0

Normal, bright eyes

1

Eyes markedly recessed into the orbits

0

Normal

1

Slight unilateral droop

2

Head tilt or bilateral droop

0

No discharge

1

Watery discharge

2

Purulent discharge

0

Skin tent returns to normal < 2 s

1

Skin tent returns to normal in 2-4 s

2

Skin tent returns to normal in > 8-10 s
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Appendix 1

Appendix 2
Table A2 Health parameters of veal calves assessed at pen level in week 6, 10, 18 and 24 post-transport at the veal farm.

Health parameters

Explanation

Method of
assessment

Milk leftovers

Untouched rests of milk in the feeding trough

Yes / No

Roughage leftovers

Untouched rests of roughage in the feeding trough

Yes / No

Abnormal breathing

Fast breathing (> 40 breaths/min), excessive abdominal breathing

number of calves

Nose discharge

Presence of discharge from one or both nostrils

number of calves

Coughing

Audible expulsion of air through the mouth of calves

number of calves

Loose or liquid
manure

Presence of loose or liquid manure in the pen

Yes / No

Thick manure

Thicker and higher consistency manure, often
combined with undigested food

Yes / No

White manure

Sticky and higher consistency manure. The colour is
white or grey

Yes / No

Bloated calves

Calves with overfilled/bloated belly (upper, lower,
right, left and all around)

number of calves

Lame calves

Calves with a different load/ or do not stand on one
or more legs

number of calves

Claw problems

Red and swollen skin around the claw, often
combined with lameness

number of calves

Joint problems

Clear thickening of one or more joints caused by
accumulation of fluids/ synovia. Often painful and
combined with lameness

number of calves

Bursa problems

Clear thickening (disc or round shaped) of the joint.
Usually not painful and calves are not lame

number of calves

Chewing wounds

Wounds (damaged tail/ ear or skin on the body)
caused by other calves in the pen.

number of calves

Skin infection

Skin damage due to infection: presence of round,
hairless spots and wrinkled skin

number of calves

Hard skin

Thickened skin (often wrinkled and hairless), especially on the withers

number of calves

Urine suckling

Calves that suckle urines from other calves as well
as calves being suckled

number of calves

Condition 15-30

Calves that are 15-30% behind condition (based on
weight and size of calves) compared to the other
calves in the herd

number of calves

Condition >30

Calves that are >30% behind condition (based on
weight and size of calves) compared to the other
calves in the herd

number of calves

Wet fur

Calves with a wet fur all along the back line

number of calves

Dull fur

Dull fur with abnormal structure, gloss and length

number of calves

Sick calves

Calves (not scored earlier) that give a general sick
impression, depressed calves/ not attentive

number of calves
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Robustness can be defined as the capacity of an animal to cope with environmental
challenges and to bounce back rapidly after challenges occur (Colditz and Hine, 2016).
Robust animals are well equipped to cope with endemic infections and to fight diseases
and, thus, probably have a lower need for antimicrobials. Robustness can be measured in terms of physiological indicators (such as fluctuations in glucose levels and body
temperature), which reflect the capacity of an animal to regulate the functions of the
body in relation to external stimuli (Scheffer et al., 2018). This in turn might have an effect
on morbidity, mortality rate of animals and antimicrobial use, which represent additional, and more ultimate, measures of robustness. Robustness is an animal characteristic that is shaped by early-life environmental factors and by animal characteristics
(such as body weight, breed or age) (Scheffer et al., 2018). The aim of this thesis was to
investigate the role of different animal and environmental factors in robustness of veal
calves. With regard to environmental factors, Chapter 3, 4 and 5 described effects of
transport-related factors (including pre-transport diet, transport duration and type of
vehicle) on readouts of robustness of calves. Chapter 6 and 7 described effects of early
rearing conditions of future veal calves at the dairy farm (such as assistance during
calving, colostrum management, dry cow management). In addition, these two chapters
discussed effects of calf characteristics (including transport age, sex and breed) and
dam characteristics (including parity) on robustness of calves. In this thesis, robustness
was assumed to be reflected in short-term effects, i.e. how calves immediately coped
with the challenges they were subjected to, as well as in long-term effects, i.e. what were
the carry-over effects of early life challenges or predisposing biological factors in the
longer run. Robustness was quantified in terms of the prevalence of health problems,
the number of herd and individual antibiotic and medical treatments, and the mortality rate during the rearing phase of veal calves. Moreover, this thesis focused on blood
variables that might be used as biomarkers (or predictors) of robustness. The first part
of the General Discussion will discuss the main findings of Chapter 3-7 in relation to
robustness. Chapter 2, which is a review on potential biomarkers of robustness in veal
calves, will also be used to support the results found in both experiments. The second
part of the General Discussion will provide suggestions and practical implications to
the veal sector on ways to improve robustness of veal calves. Finally, some suggestions on future studies will be made.
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Introduction

Effects of transport-related factors
on robustness of calves
Transport represents one of the largest challenges for veal calves (Brscic et al., 2012;
Renaud et al., 2018b) and thus it probably can affect their robustness (Chapters 3, 4
and 5). Calves are mostly transported between 14 and 20 days of age, commingled
and placed in new housing environments (Brscic et al., 2012; Goetz et al., 2021). As indicated in Chapter 2, all these factors may have negative consequences on physiology
(Grigor et al., 2001; Minka and Ayo, 2010) and health of calves (Earley et al., 2017). As a
result, pathogens may easily spread among veal calves which may lead to high levels
of morbidity (Pardon et al., 2012b), mortality (Bähler et al., 2012), antimicrobial use (Bos et
al., 2013) and, as an undesirable side-effect, antimicrobial resistance (Catry et al., 2016)
in the veal industry. The need for practical interventions to alleviate or prevent these
negative effects was the motivation behind the investigation into three transport-related factors that were hypothesized to have a large influence on the health of calves: 1)
pre-transport diet, 2) transport duration and 3) type of vehicle used.

Pre-transport diet
Feeding practices before transport have not been extensively studied (Devant and
Marti, 2020) and there has always been a debate on what to feed calves at the collection center prior to transport. Previous research mainly addressed effects of administration of electrolytes, mineral and glucose solutions (Knowles et al., 1997; Schaefer et al.,
1997). However, none of the previous studies investigated the use of milk as a pre-transport meal in young veal calves. Chapters 3, 4 and 5 provide the comparison between
the use of milk and electrolytes. Moreover, calves in the experiment were exposed to
procedures as they exist in common practice: they were collected from different dairy
farms in Germany, received and mixed at a collection center and transported to a veal
farm in the Netherlands. Since Germany represents a major source of calves for veal
production in The Netherlands (≈ 50% of calves) (Bos et al., 2013), this study was expected to provide results that were relevant for the Dutch situation. This approach was in
contrast with some previous studies, where calves were not challenged prior to transport to the veal farm (Knowles et al., 1997; Knowles et al., 1999b). In fact, in these latter
studies calves were allowed to rest and recover from the first transport to the auction
for at least a week prior to the start of the experiment.
The current findings demonstrated that feeding milk prior to transport may have various
beneficial effects compared to feeding electrolytes. First, Chapter 3 showed that milk,
having a higher nutrient and energy content compared to electrolytes, seemed to
protect calves against nutrient mobilization and, thus, body weight losses. This was
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µmol/l), urea (5.4 vs 6.5 mmol/l) and ß-HB (0.3 vs 0.5 mmol/l) concentrations directly
post-transport in calves fed with milk (Tadich et al., 2005; Chapter 2). Second, Chapter 4
demonstrated that, upon arrival at the veal farm, feeding milk prior to transport contributed to lower cortisol (8.8 vs 10.8 ng/ml) and bilirubin levels (10.4 vs 12.8 µmol/l), and
to higher levels of monocytes (45.1 % vs 41.0 %) compared to feeding electrolytes. These
blood characteristics are signs of a lower stress response and better immune function
as a result of the higher energy intake of milk compared to electrolytes (Woodward,
1998; Ballou et al., 2015; Chapter 2). Despite these short-term beneficial effects, Chapter
5 showed that feeding milk prior to transport, increased fecal abnormalities in calves
at the veal farm (Brown et al., 2005). In the first 3 weeks post-transport, milk-fed calves
had a higher prevalence of loose or liquid manure compared to calves electrolyte-fed (30.7% vs 22.8%, respectively). This higher prevalence may have contributed to the
higher antibiotic use in milk-fed calves compared to electrolyte-fed calves at the veal
farm (milk-fed calves treated = 38% vs electrolyte-fed calves treated = 28%). Overall, the
results showed that pre-transport diet influenced a number of blood variables directly
post-transport, whereas no significant effects were present in the longer term. Health
status of calves beyond week 5 post-transport was also not affected by pre-transport
diet, indicating that long-term effects were not present.

Transport duration
Although transport itself is a challenge for young calves, the duration of the transport
might make this challenge more or less severe (Eicher, 2001). Long transport durations
of young calves (> 8 hour transport) have been associated with dehydration, weight
loss and mobilization of body reserves (Kent and Ewbank, 1986b; Knowles et al., 1997).
Whether these effects are due to the length of transport or the duration of feed and
water withdrawal (Grandin et al., 2014; Chapter 2) is unclear. The length of transport
(up to 800 km) was found to be positively correlated to mortality of young veal calves
upon arrival at the farm (Cave et al., 2005). Despite the potential relevance of this topic,
there are very few studies conducted on transport duration in young veal calves in
Europe (Knowles et al., 1999b; Bernardini et al., 2012). Moreover, the available studies
have mainly focused on physiological indicators, whereas information on the immune
system, and more long-term effects on health, behavior and performance of calves
was largely lacking.
Chapters 3, 4 and 5 investigated physiological, immunological and health responses
of calves in relation to both short and long-term transport under current practices. All
findings in these chapters led to the same conclusion: long transport duration (18 h)
had more short-term detrimental effects compared to short transport duration (6 h).
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also reflected in the higher glucose (3.9 vs 3.4 mmol/l) and lower NEFA (876.9 vs 719.9

This conclusion was based on lower concentrations of glucose (3.2 vs 4.1 mmol/l), Ca
(2.3 vs 2.5 mmol/l) and higher concentrations of ß-HB (0.48 vs 0.40 mmol/l) and NEFA
(845.5 vs 751.3 µmol/l) post-transport in calves transported for 18 h compared to calves
transported for 6 h. High urea concentrations, an indicator of protein utilization, were
also maintained until 24 h post-transport in calves with 18 h transport (Chapter 3).
Additionally, 18 h transport duration provoked higher bilirubin (12.3 vs 10.8 µmol/l) and
cortisol (11.6 vs 7.9 ng/ml) concentrations than 6 h transport duration (Chapter 4), which
could be related to prolonged fasting (West, 1990; Averos et al., 2008). The higher
cortisol values probably determined also a leukocyte redistribution (higher CD8+ cells)
into the peripheral blood, in line with previous studies (Masmeijer et al., 2019). In line
with Chapter 2 and previous studies (Knowles et al., 1999b; Wilson et al., 2000; Renaud
et al., 2018a), Chapter 3 and 4 indicated that ß-HB, NEFA, bilirubin, glucose and urea
are the parameters most affected in the short-term post-transport. Effects of transport
duration also interacted with pre-transport diet. In fact, the combination of feeding electrolytes and long transport duration caused more severe body weight losses (-0.74 kg
vs 0.41 kg) and greater short-term changes in blood variables of calves compared to
feeding milk and a shorter transport duration. Overall, the findings showed that effects
of transport duration on blood variables and body weight were evident immediately
post-transport, but they did not affect long-term clinical health or growth performance.

Type of vehicle
Along with pre-transport diet and transport duration, the type of vehicle represents
another factor that may affect robustness, and therefore health, of calves upon arrival at the veal farm (Chapter 3, 4, 5). Effects of transport conditions on health of young
veal calves have never been investigated. Previous studies looked at effects of season
(Knowles et al., 1999b; Giespert et al., 2000) in which calves were transported and
effects of environmental temperature on thermoregulation of these animals (Bernardini
et al., 2012), but effects of type of vehicles were never described. Results described in
Chapter 3, 4 and 5 showed inconsistent and contradictory results on the effects of the
type of vehicle. In Chapter 3, an increase in post-transport osmolality (Δ = 5.6 vs Δ = -8.0
mosmol/kg), Na (Δ = 2.2 vs Δ = -4.5 mmol/l) and rectal temperature (Δ = 0.3 vs Δ = 0.1 ºC)
compared to their pre-transport values was found in calves transported in the conditioned truck compared to calves transported in the open truck. These changes might be
the result of dehydration and compromised thermoregulatory abilities (Minka and Ayo,
2010). Chapter 4 demonstrated that transportation of calves in the conditioned truck
led to a higher post-transport white blood cell count (9.5 vs 8.1 × 109/l), a higher proportion of neutrophils (41.5% vs 37.6 %) and a lower proportion of lymphocytes (35.4% vs
40.2 %) compared to transportation of calves in the open truck. These results might be
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heral blood as a consequence of higher stress experienced by calves transported in
the conditioned truck compared to calves transported in the open truck (Murata et al.,
1987; Masmeijer et al., 2019). In line with Chapter 3 and 4, Chapter 5 showed that the day
post-transport, calves transported in the conditioned truck showed the highest prevalence of discomfort behavior (9 %). However, in the first 3 weeks post-transport, calves
transported in the conditioned truck showed a lower prevalence of navel inflammation
compared to calves transported in the open truck (5.9 % vs 9.2%). The lower prevalence
of navel inflammation is an important sign of robustness, because in a recent observational study (Renaud et al., 2018b) this variable was associated with early mortality (< 21
d post-transport) at the veal farm. Moreover, transportation of calves in the conditioned
truck in combination with feeding electrolytes before transport was the treatment that
contributed to the lowest prevalence of loose and liquid manure (18 %) during the first 3
weeks post-transport. These ambivalent results showed that type of vehicle might have
effects on calf robustness but exact vehicle settings should be further investigated. In
fact, in our study, using the settings of the climate control system according to those
provided by the manufacturer and applied by the transporter, there were no significant
differences in temperature and relative humidity between the conditioned and open
truck. Thus, at present, it remains unknown which environmental factors in each type
of vehicle contributed to the effects found in the experiment.

Conclusions on transport-related factors
Chapters 3 and 4 showed that effects of transport-related factors were temporary and
affected the physiology and metabolism of calves only in the short-term. Most of the
blood parameters returned to their likely baseline values within 24 h post-transport,
with the exception of albumin, total protein and osmolality concentrations, which were
affected until 48 h post-transport. In addition, Chapter 5 showed that effects of transport-related treatments on health status of calves were evident within the first 3 weeks
post-transport, but not thereafter, except for effects of pre-transport diet on antibiotic
use. However, it was not possible to rule out the possibility that some of these antibiotic treatments were applied without a proper clinical justification because it was not
possible to distinguish between feeding related and infectious diarrhea. An overview
of effects of treatments immediately after arrival, in the short and in the long-term is
shown in Table 1.
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indicative of a shift in immune cell subsets and a leucocyte redistribution in the perip-

Table 1.

Measurements in veal calves affected by their experimental treatments1 and their interactions immediately post-transport, in the short and long-term
Measurements in calves

Experimental
treatments

1

Immediate effects
(upon arrival until 48 h
post-transport at veal farm)

Short-term effects
(1-3 weeks
post-transport)

Long-term effects
(> week 3
post-transport)

• Loose or liquid
manure

• Individual treatments with
antibiotics

Pre-transport diet
• glucose
(Milk vs. Electrolytes) • monocytes
• NEFA
• ß-HB

• urea
• cortisol
• bilirubin

Transport duration
(6 h vs. 18 h)

•
•
•
•
•
•

•
•
•
•
•
•

Type of vehicle
(Conditioned truck
vs. Open truck)

• osmolality
• Na
• white blood
cells
• haptoglobin

neutrophils
lymphocytes
discomfort
behaviour

• Navel inflammation -

Pre-transport diet
× transport duration

glucose
urea
NEFA
total protein

Ca
osmolality
bilirubin

-

-

Pre-transport diet
× type of vehicle

-

-

• Loose or liquid
manure

-

glucose
Ca
NEFA
ß-HB
urea
cortisol

bilirubin
CD8+ T cells
albumin
total protein
osmolality
Na

-

pre-transport diet, transport duration and type of vehicle. Table based on Chapter 3, 4 and 5

The lack of long term effects on health status might be due to the following reasons:
X Calves are robust, thus they have the ability to recover quickly after transport.
Despite their relative immature physiological system (Schrama et al., 1993;
Hulbert and Moisa, 2016), calves responded to transport in the short term, indicating a quick recovery.
X The collective effects of the transition of calves from the dairy farm to the veal
farm (including transport and commingling with other calves at the collection
center), and of the husbandry conditions during the subsequent rearing period
(including dietary changes, and, again, commingling with other calves) might
be so large that they overrule potential effects of individual transport factors on
health and adaptive capacity of calves.
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post-transport masked potential long-term effects of transport-related factors
on health status of calves. In the experiment, calves received 5 herd treatments
with antibiotics within the first 2 months after arrival at the veal farm (Chapter 5).
Moreover 25% calves were individually treated with antibiotics and 22% of calves
were individually treated with medicines (Chapter 5). This experiment shows that
there is a high use of antibiotics. This is supported by observations in the second
experiment (Chapter 6 and 7). That experiment included 8 different veal farms
and the data was also based on a larger sample size (680 calves). Again, calves
received on average 4.4 herd treatments with antibiotics and 3.9 herd treatments
with other medicines. On the top of that, 23% calves were individually treated with
antibiotics and 25% of calves were individually treated with medicines within the
first two months post-transport.
The results of this first part of the discussion showed that transport-related
factors affected health of calves in the short-term, especially during the first
hours post-transport. The first two options indicated above were likely not the
main causes for the lack of treatment effects on the health status of calves in the
long-term. In fact, health problems were still present during the rearing period at
veal farm, suggesting that robustness of calves was affected and the transition
to the veal farm represented a challenge. Therefore, the most logic explanation
for the lack of treatment effects would be the high use of herd and individual
treatments with antibiotics and medicines.

Effects of management factors on dairy
farms on calf robustness
Dairy farm management and, in particular, colostrum management might also affect
robustness of calves. Most calves that enter the veal industry are male calves from dairy
production and surplus female calves, which have long been considered as by-products (Devant and Marti, 2020). These animals may not represent a priority for the dairy
sector. As a consequence, they might receive little attention and run the risk of poor
post-natal care, in particular insufficient intake or quality of colostrum (Cave et al., 2005).
A second experiment (Chapter 6 and 7) confirmed that colostrum is extremely important
for passive transfer of Ig’s to calves in accordance with previous studies (Godden et al.,
2009; Dunn et al., 2018). Chapter 6 determined natural antibodies specific for phosphorylcholine conjugated to bovine serum albumin (PC-BSA). Phosphorylcholine is an
abundant environmental antigen, present on bacterial membranes, fungi and parasites (Pinkert et al., 1989). Pinkert et al. (1989) reported that immune responsiveness to
197

CHAPTER 8

X High use of herd and individual treatments with antibiotics within the first 6 weeks

PC is a useful model for pathogen recognition and, in combination with BSA, allows to
detect also natural autoantibodies. Since Chapter 6 determined both natural antibodies and natural autoantibodies, the term N-Ig’s (N-IgG, N-IgM and N-IgA) was utilized to indicate natural antibodies detected against PC-BSA. Notably, in Chapter 6, a
positive relationship was found between the amount of N-Ig’s in colostrum and N-Ig’s
in the serum of calves measured in week 1 after birth (ß = 0.61 (SE = 0.06), ß = 0.58 (SE
= 0.07), ß = 0.57 (SE = 0.06) for N-IgG, N-IgM and N-IgA respectively; P < 0.05), and one
day prior to transport to the veal farm (ß = 0.62 (SE = 0.06), ß = 0.17 (SE = 0.06), ß = 0.17 (SE
= 0.05), for N-IgG, N-IgM and N-IgA respectively; P < 0.05). Interestingly, N-IgG in colostrum was even significantly associated with IgG in calf serum in week 2 (ß = 0.68 (SE
= 0.05); P < 0.05) and week 10 (ß = 0.19 (SE = 0.05); P < 0.05) after arrival at the veal farm.
These long-term relationships were not found beyond week 2 after birth in replacement heifer calves (Mayasari et al., 2016). This suggests that the level of maternal N-Ig’s
in colostrum seemed to have long-term effects on serum N-Ig’s levels in veal calves.
Chapter 6 showed also that N-Ig’s concentrations, especially N-IgG, were negatively
related to individual use of antibiotics and other medicines at the veal farm (Table 2).
These results suggest that maternal N-Ig’s, in particular N-IgG, exert long-term effects
on health and may be used as a biomarker of robustness of veal calves.
Table 2. Regression coefficients, standard error, and significance values of individual treatments
with antibiotics and other medicines during the whole rearing period at the veal farm in
relation to calf serum immunoglobulin titers measured at different time points.
Antibiotics

Other medicines

week 1 after birth

ß = -0.196 (0.06), P < 0.001

ß = -0.192 (0.06), P < 0.001

one day prior to transport

ß = -0.235 (0.07), P < 0.001

ß = -0.212 (0.06), P < 0.001

week 2 at the veal farm

ß = -0.253 (0.06), P < 0.001

ß = -0.196 (0.06), P = 0.001

week 1 after birth

ß = -0.165 (0.06); P = 0.03

ß = -0.136 (0.06), P = 0.01

one day prior to transport

ß = -0.168 (0.09), P = 0.05

ß = -0.114 (0.08), P = 0.17

week 2 at the veal farm

ß = -0.04 (0.06), P = 0.57

ß = -0.03 (0.07), P = 0.66

week 1 after birth

ß = -0.148 (0.06), P < 0.01

ß = -0.132 (0.06), P = 0.02

one day prior to transport

ß = -0.160 (0.10), P = 0.14

ß = -0.08 (0.10), P = 0.43

week 2 at the veal farm

ß = 0.04 (0.09), P = 0.68

ß = 0.04 (0.09), P = 0.68

N-IgG

N-IgM

N-IgA
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system of new-born calves (Probo et al., 2012), which might affect robustness of calves
at a later stage. Calves with a higher birth weight more often require assistance of the
farmer during birth and the calving process might be prolonged (Eriksson et a., 2004).
Heavy calves might be less vigorous (due to hypoxia) after the calving process requiring
assistance of the farmer, and thus they might drink less colostrum compared to calves
born without assistance (Vasseur et al., 2009; Barrier et al., 2012). A lower colostrum intake
may result in inadequate transfer of immunoglobulins and to a poorer survivability of
calves (Lombard et al., 2007; Gasparelli et al., 2009). In line with previous studies, Chapter
6 showed that calves born with assistance had a higher birth weight compared to calves
born without assistance (45.1 vs 43.1 kg, respectively). However, no differences in various
N-Ig’s were found between calves that received assistance during birth and calves with
a normal delivery. Chapter 7 also showed that ease of birth also had no significant long
term effects on antibiotic treatments and health problems at the veal farm.
Chapter 6 showed that calves born from cows with a shorter dry period length (0-30
days) had a lower birth weight (42.6 kg) compared to calves born from cows with a longer
dry period length (44.6 kg for cows with 30-60 days, and 45.5 for cows with > 60 days).
This result was in line with the study of Kamal et al. (2014) and it suggests that dry period
management might be also a factor with a potential influence on future robustness of
calves. Therefore, more research is needed to understand the role of dry period length
on robustness of veal calves as well as replacement heifer calves.

Conclusions on management factors on dairy farms
Results found in Chapter 6 and 7 showed that dairy farm management might be a
predisposing factor of robustness of calves. In particular, colostrum management
appears to be important, because N-Ig’s in colostrum protect the calf via passive
transfer and they are negatively related to individual treatments with antibiotics and
other medicines in the long-term. Consequently, monitoring colostrum quality by dairy
farmers before feeding it to calves, e.g. using a refractometer, is strongly recommended.
Possible associations between other management factors, including dry period length,
and calf robustness need further investigations.

Factors inherent to the animal
The previous sections described the impact of different environmental factors and
management factors at dairy farms, on predisposing factors of robustness of veal
calves. Another way to improve robustness of calves is by looking at factors inherent
to the animals. The following paragraphs discuss the main findings of Chapter 6 and 7,
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The birth process is another factor known to affect the hematological profile and immune

thus how calf characteristics (age, breed and sex), and characteristics of the dam (parity)
can impact robustness of calves.

Transport age of calves
Under current practices, calves are transported at an age between 14 and 20 days
(Hulbert and Moisa, 2016; Devant and Marti, 2020) and that was also the case in the first
experiment (Chapter 3, 4 and 5). At this young age, the immune system of calves is not
fully developed because their adaptive immunity becomes functional at 3-6 weeks
of age (Heinrichs and Elizondo-Salazar, 2009). The early intake of sufficient amounts of
good quality colostrum is crucially important to establish early protection to calves, due
to the passive transfer of immunoglobulins, and other components such as leukocytes, hormones and cytokines (Silva et al., 2013; Gomes et al., 2014). However, maternal
immune protection gradually declines over time and at two weeks of age calves are
known to be in the most critical period, the so-called “immune gap”, due to the combination of a decreased passive immunity and the absence of a mature adaptive immune
system of calves (Chase et al., 2008; Figure 1 on previous page).
In this window, calves are at the highest risk of enteric and respiratory diseases (Hulbert
and Moisa, 2016). It has been suggested that transportation of calves at an older age
(> 3 weeks of age) would reduce the incidence of diseases, because of a more developed adaptive immune system of the calf itself (Devant and Marti, 2020). Given this
background, an experiment (described in Chapter 6 and 7) was conducted to compare
effects of two different age groups on robustness of calves that enter the veal industry:
1) 14 d, the conventional transport age, and 2) 28 d, a delayed transport age. Indicators
of robustness were measured on the basis of different variables:
X Immunoglobulin titers specific for phosphorylcholine conjugated to bovine
serum albumin (PC-BSA) (named as N-IgG, N-IgM and N-IgA, and collectively as N-Ig’s). These titers were measured in serum of calves at different
time points (week 1 after birth, day prior to transport, week 2 and 10 post-transport). Pardon et al. (2015) indicated that 40% of calves that enter
the veal industry suffer of failure of passive transfer (FPT) and their study
showed that calves with serum Ig < 7.5 g/L at arrival at the veal farm had a
substantial higher risk for bovine respiratory disease (BRD) (see Figure 2).
Renaud et al. (2018a) compared blood IgG values of calves that survived and
those of calves that died during the first 21 d at the veal farm. These authors found
that higher IgG concentrations upon arrival were associated with lower odds of
mortality (OR = 0.94 every 1 g/L increase in IgG). The advantage of measuring
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Figure 1.

Development of the immune response in calves: from conception to puberty. The
window of susceptibility represents the immune gap period (reprinted from Chase et al.
(2008) “Neonatal immune development in the calf and its impact on vaccine response”, 24,
87-104. © 2008 Elsevier B.V. With permission from Elsevier).

Figure 2.

Survival graph for occurrence of bovine respiratory disease (BRD) in rosé veal calves
in the first weeks after arrival, according to the immunoglobulin (Ig(g/L)) concentration measured upon arrival (reprinted from Pardon et al. (2015) “Prediction of respiratory
disease and diarrhea in veal calves based on immunoglobulin levels and the serostatus for
respiratory pathogens measured at arrival”, 120, 169-176. © 2015 Elsevier B.V. With permission from Elsevier).
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Ig’s only upon arrival might be to create high and low-risk groups of calves at
that particular moment. In order to understand when the “immune gap” occurs
and whether it is more or less pronounced in calves transported at 28 d compared to 14 d, it is of interest how the pattern of immunoglobulin concentrations
develops over time. The results described in Chapter 6 showed that the lowest
N-IgM and N-IgA titers occurred at the age of 4 weeks, i.e. in week 2 post transport in calves transported at 14 d of age, and one day prior to transport in calves
transported at 28 d of age. This suggested that the adaptive immune system of
calves was not yet functional when calves were transported to the veal farm,
thus transport at either 14 d or 28 d still took place during the most susceptible
time window. Chapter 6 showed also that the lowest N-IgG titers were obtained
in week 10 post-transport in both transport age groups, and until that time the
level of N-IgG seemed to only moderately decrease. These results were notably different from previous studies (Chase et al., 2008; Hulbert and Moisa, 2016).
The results might reflect a more pronounced endogenous IgG production in
calves in the experiment compared to other calves due to the greater activation of their adaptive immunity following arrival at the veal farm. However, it was
not feasible to discriminate between N-IgG’s of maternal or endogenous origin.
Future research is, therefore, needed to further characterize patterns over time
of immunoglobulins in veal calves.
In week 2 post-transport, titers of N-IgA and N-IgM in calves transported at 28
d were higher compared to those of calves transported at 14 d (Chapter 6). This
difference between the two transport age groups might reflect the decline of
the effectiveness of passive immunity derived from colostrum in 14 d-old calves
and the activation of endogenous Ig synthesis in 28 day-old calves (Burton et
al., 1989; Chase et al., 2008). Although calves still appeared to be in the immune
gap, it can be hypothesized that transport of calves at 28 d might be more appropriate than to transport them at 14 d of age, because the development of their
adaptive immunity was more advanced, which could result in a higher robustness to diseases.
X Health status. Chapter 7 showed that, one day prior to transport, calves transported at 14 d of age had a higher prevalence of loose or liquid manure (24 % vs.
7 %) and more signs of dehydration (7 % vs. 1 %) compared to calves transported at 28 d of age. Despite these health differences between age groups one
day prior to transport, transport age did not affect health status of calves in the
long-term at the veal farm. In week 2 post-transport, prevalences of loose and
liquid manure were similar between age groups, but much higher (over 35% on
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results were in line with previous studies (Wilson et al., 2000; Chapter 5) and they
may reflect the difficulty of calves to cope with the transition from the dairy farm
to the veal farm. Beyond week 2 post-transport, prevalences of health problems
were < 10 %, especially clinical signs related to respiratory problems. This may be
the cause of the high number of herd treatments (4.4 on average per veal farm),
which likely suppressed bacterial infections and masked differences in clinical
problems between treatment groups.
X Hematological profile a day prior to transport and two weeks post-transport. As
indicated in Chapter 2, recent studies suggested that hematological parameters, such as neutrophils or lymphocytes, can be used as biomarkers of health
in veal calves. Von Konigslow et al. (2020) showed that lymphocyte counts
between 4.6 and 5.8 × 109/L were associated with a decreased hazard of mortality compared to lymphocyte counts < 4.6 or > 5.8 × 109/L, whereas lymphocyte
counts > 5.8 × 109/L reduced the hazard of morbidity of calves upon arrival at
the veal farm compared to lymphocyte counts between 4.6 and 5.8 × 109/L or
< 4.6 × 109/L. Elevated neutrophil counts (> 6.0 × 109/L) increased the hazard of
mortality by more than 5 times. As indicated in Chapter 6, calves transported
at 14 d and 28 d had lymphocyte counts > 5.8 × 109/L in week 2 post-transport,
but calves transported at 28 d had significantly higher lymphocyte and lower
neutrophil counts (Δ = 0.5 × 109/L and Δ = -1.6 × 109/L, respectively) compared to
calves transported at 14 d. This could mean that calves transported at 28 d are
more robust than calves transported at 14 d. However, results of the regression
analyses showed that the difference between age groups in these cell counts
were not associated with long-term differences in medical treatments or carcass
weights (Chapter 7). These results were thus in contrast with the previous research (von Konigslow et al., 2020).
X Performance data. Chapter 7 showed that calves transported at 14 d had a lower
carcass weight (Δ = -14.8 kg) and more animals received medical treatments
other than antibiotics (Δ = 5.4 %) than calves transported at 28 d, which is an
indication of a reduced vigour. Differences in carcass weights between the two
age groups were still significant, even after correcting carcass weight for body
weight upon arrival. This suggests that the ultimate difference in carcass weight
between age groups at the end of the rearing period was not merely the consequence of maintaining an age-related body weight difference that existed at the
time of arrival at the veal farm. Moreover, the slope of the curve between carcass
weight and body weight upon arrival at the veal farm was considerably steeper
203

CHAPTER 8

average) than at the dairy farm one day prior to transport (15% on average). These

for calves transported at 28 d of age than for calves transported at 14 d of age (ß
= 0.85 (SE = 0.13) vs. ß = 0.13 (SE = 0.05), respectively), which suggest that calves
transported at 28 d also exhibited a healthier growth during the rearing period
in comparison with calves transported at 14 d. However, further research would
be necessary to characterize in more detail growth curves of calves arriving at
the veal farm at different ages. Mortality rate at the veal farm was also higher
in calves transported at 14 d compared to mortality rate of calves transported
at 28 d (5.9 % vs. 2.8 %, respectively) (Chapter 7). Notably, in this experiment on
5 out of the involved 8 veal farms no mortality at all occurred during the whole
rearing period when calves were transported at 28 d of age, whereas in calves
transported at 14 d of age this only held for 1 veal farm. Since mortality rate is
generally considered the ultimate measure of robustness (Marcato et al., 2018;
de Almeida et al., 2019), it was suggested that transportation of calves from the
dairy farm to the veal farm at 28 rather than 14 d might contribute to a higher
robustness of the animals.
Collectively, the findings shown in Chapter 6 and 7 suggest that transportation of calves
at 28 d of age might contribute to a higher robustness for the following 4 reasons: 1)
More developed adaptive immunity in week 2 post-transport; 2) lower use of medicines other than antibiotics at the veal farm; 3) lower mortality at the veal farm; 4) higher
carcass weight at slaughter (even after correcting for weight differences at the beginning of the rearing period).

Other characteristics related to calves and their dams
Other calf and dam characteristics might play a role on robustness of calves at the veal
farm as well, but there is not a lot of information on this subject. Chapter 6 and 7 provided an overview on how different factors, such as breed or sex of calves, parity of the
dam may affect the robustness of veal calves.
With regard to breed, it seemed that crossbreds other than Belgian Blue × Holstein
Friesian calves were less robust, which was based on the following long term indicators:
X Higher total (at both dairy farm and veal farm) use of antibiotics and other medicines (Δ = 17.2 % and Δ = 20.2 % on average, respectively) compared to both Holstein
Friesian and Belgian Blue × Holstein Friesian calves.
X Higher use of antibiotics and other medicines at the veal farm (Δ = 14.8 % and Δ
= 15.1 %, respectively) in comparison to Belgian Blue × Holstein Friesian calves.
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pure breeds (Clasen et al., 2017, 2019) and it indicates that there might be a difference
in robustness among crossbreds.
With regards to sex, female calves had higher hemoglobin, hematocrit, and RBC than
bull calves one day prior to transport (Chapter 6). These traits in combination with sex-related hormones might contribute to a difference in disease susceptibility among the two
sexes, with males being more vulnerable than females (Baxter et al., 2012; Pradhan and
Olsson, 2020). However, Chapter 7 showed no long-term effects of sex on mortality rate
and on the majority of health problems at the veal farm. The only health problem that
was significantly more prevalent in bull calves than in female calves (Δ = 7.3%) was navel
inflammation in week 2 post-transport. The higher prevalence of this health condition in
bull calves is often reported in literature, but mainly upon arrival at the veal farm (Wilson
et al., 2000; Bähler et al., 2012; Renaud et al., 2018b). Renaud et al. (2018b) showed that
male calves with enlarged and inflamed navels (score 3) upon arrival at the veal farm
are at higher risk for early mortality (< 21 d; OR = 2.4) and late mortality (> 21 d; OR = 1.8)
compared to calves with a normal navel (score 0 or 1). In fact, the infection can spread
to the other parts of the body and it can affect multiple organs. To prevent this condition
and the use of antibiotic treatment, hygiene should be monitored and the navel of bull
calves should be carefully dipped into specific solutions after birth at the dairy farms
of origin (Mee, 2008; Renaud et al., 2018b).
Another way to look at robustness of calves is to consider effects of maternal characteristics on the offspring. There is a growing evidence that maternal factors (such as
parity) alter conceptus development and programming in utero and this could result in
short and long-term consequences on post-natal offspring health (Fleming et al., 2015).
As indicated by Carvalho et al. (2020), milk production levels and health status during
lactation are two major factors responsible for changes in oocyte quality and uterine
environment of dairy cows. Additionally, there is a profound difference in metabolism
and endocrinology between primiparous and multiparous cows due to effects of higher
lactation requirements of multiparous cows, which are visible in the level of glucose,
IGF-1, NEFA, and steroid hormones (Cerri et al., 2012; Maillo et al., 2012; Valour et al., 2014).
Changes in these metabolites can program the development of the offspring (Opsomer
at al., 2017). In Chapter 6, calves born from first parity cows had lower N-Ig’s titers in their
serum from one week after birth until 10 weeks post-transport compared to calves
born from higher parity cows. Mayasari et al. (2016) suggested that the level of Ig’s in
the plasma of calves in the first 2 weeks after birth reflects the Ig’s levels in colostrum
and in plasma of cows, which in the second experiment were lower in first parity cows
compared to higher parity cows (Chapter 6). In Chapter 6, these relationships were also
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These results are in contrast to the knowledge that crossbreds are more robust than

maintained beyond week 2 after arrival at the veal farm, which supports the notion that
effects of maternal immunity can result in long-term protection to calves. Moreover, it
can be hypothesized that maternal immune protection might be higher in calves born
from older parity cows than calves born from first parity cows, because of their higher
quality of colostrum. This might suggest to provide calves born from primiparous cows
with colostrum of older parity cows instead of colostrum from their own mothers (when
the measured colostrum IgG content is not sufficient).
Calves born from first parity cows had a lower birth weight and body weight one day
prior to transport compared to calves born from higher parity cows (Chapter 6 and 7).
These results were in line with previous literature studies. Carvalho et al. (2020) found
that daughters of primiparous cows had a lower birth weight compared to daughters
of multiparous cows (35.6 kg vs. 41.1 kg, respectively). The lower birth weight can be
explained by the difference in nutrient availability in late gestation. On the one hand, in
late gestation, heifers are still growing and other body tissues compete with the pregnant uterus for nutrients. On the other hand, older parity cows are normally dried off at
that stage and there is little competition of nutrients with the mammary gland (Carvalho
et al., 2020). Long-term effects of parity of the dam on growth, health and performance
has never been investigated before in veal calves. Chapter 7 showed that parity of the
dam affected weight of calves in the longer-term. First parity cows delivered calves
with a lower body weight in week 1 after birth and one day prior to transport compared
to calves delivered by multiparous cows. There was also a tendency towards lower
carcass weight of calves born from first parity cows compared to higher parity cows.
Besides these weight differences due to parity, there were no additional long-term
effects on calf health status or antibiotic use. Overall, effects of parity are unavoidable,
but it appears interesting to investigate whether rearing regimes of calves at the dairy
and veal farm need to be adjusted, based on the parity of the dam. Moreover, future
studies might investigate effects of dietary feeding interventions during the dry period
on colostrum components such as IgG, insulin and fatty acids, which play a role on calf
immune system and the maturation of calf gastrointestinal, respectively (Hammon et
al., 2013; Mann et al., 2016).

Body weight as an indicator of robustness
Body weight (BW) of calves upon arrival at the veal farm is a known indicator of robustness (Chapter 2), because low BW is a risk factor for the onset of diseases, especially
respiratory disorders (Brscic et al., 2012) and because it affects mortality at the veal farm
(Renaud et al., 2018b) (see Table 3).
Moreover, Pempek et al. (2017) showed that calves with a low BW had a more severe
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and mortality at the veal farm.
Author

Body weight

Odds ratio (for respiratory diseases)

Brscic et al. (2012)

< 43 kg

3.13

44-47 kg

2.43

48-51 kg

2.68

> 51 kg

1

-

Winder et al. (2016)

Per pound

0.971

Renaud et al. (2018b)

Per 1 kg increase

0.931

Goetz et al. (2021)

Per 1 kg increase

0.922

Odds ratio for early mortality (< 21 d); 2Odds ratio for mortality in the first 78 d post-transport.

depression score (indicated by weak, lethargic calves, with altered gait) upon arrival
at the veal farm (OR = 0.95) than calves without signs of depression. Factors including
age, feeding methods at the dairy farm may be the causal underlying factors related to
differences in body weight of calves upon arrival at the veal farm. Chapter 7 showed that
calves transported at 28 d entered the veal industry with 10.4 more kg of BW compared
to calves transported at 14 d. This difference is likely to be related to age, but Chapter
7 also showed that a higher body weight upon arrival was positively associated with
carcass weight (ß = 0.228 (SE = 0.05), P < 0.01). Chapters 6 and 7 showed also that the
difference in body weight upon arrival between the two age groups was associated with
a difference in putative measures of robustness (including neutrophil and lymphocytes (von Konigslow et al., 2020), N-IgA and N-IgM, individual treatments with medicines
other than antibiotics, carcass weight, and mortality rate). Although there were significant weight differences between other groups of calves, for example between calves
born from dams with different parities, these weight differences did not coincide with
differences in any other measure of robustness. Likewise, a higher average weight upon
arrival at the veal farm due to breed such as, for example, was observed in Holstein
Friesian × Belgian Blue crossbreds in comparison with Holstein Friesian calves, was
not associated with a significant difference in individual treatments with antibiotics or
mortality rate. Collectively, results of Chapter 6 and 7 suggest that weight per se might
be not a reliable indicator of robustness, but it might be an indicator of robustness in
combination with other factors, such as age or breed.
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Table 3. Associations between body weight upon arrival and odds ratio for respiratory disorders

Results of this thesis supported previous findings that antimicrobial use is negatively
correlated to carcass weight of calves at slaughter (Chapter 5 and 7). Chapter 5 showed
that calves not treated were on average 13 kg heavier at slaughter compared to calves
treated individually > 2 times with antibiotics. These results were in line with the second
experiment (Chapter 7) that showed that calves not treated had a 23 kg higher carcass
weight than the one of calves treated individually > 2 times with antibiotics. These
findings suggest that, the relationship between treatments with antibiotics and differences in carcass weight might be used as a feasible measure of robustness of calves.

Conclusions on factors inherent to the animal
The previous section showed that transport age of calves and different calf and dam
characteristics may be potential factors affecting robustness of calves. In particular,
calves transported at 28 d showed signs of a more developed adaptive immune system,
needed less individual medical treatments and had a lower mortality rate at the veal
farm compared to calves transported at 14 d, which are indications of long-term effects
on robustness. Use of antibiotics and medicines was also higher in crossbreds other than
Belgian Blue × Holstein Friesian, suggesting that they might be less resilient compared to Belgian Blue × Holstein Friesian calves. Parity affected birth weight and weight
of calves one day prior to transport, but besides the weight differences, parity did not
affect health or antibiotic use in the long-term. The veal sector might use these results
to investigate whether rearing regimes of calves at the dairy and veal farm need to be
adjusted, based on calf and dam characteristics.
On the basis of the results described in this thesis, an overview with the main factors
affecting calf robustness in the short and long-term was created (see Figure 3 on page
216-217), which might have practical relevance for the veal sector.

Suggestions for the veal sector
To reduce the incidence of diseases (especially BRD and diarrhea), the veal sector
uses considerable amounts of antimicrobials. Herd treatments with antimicrobials
are commonly administered in the first weeks at the veal farm (Pardon et al., 2012b;
von Konigslow et al., 2020; Chapter 5 and 7). However, the high use of antimicrobials is
not a long-term sustainable strategy, because they can be associated with antibiotic
resistance, which represents a threat for animal and human health (Bos et al., 2013). In the
last 6 years, the veal sector was able to decrease antimicrobial use by 22% (Veterinary
Medicine Institute, 2019), but prevalence of antimicrobial resistance, particularly for
(ESC-R) indicative of Extended Spectrum β-Lactamase (ESBLs) and Plasmid-mediated
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might consider alternative approaches, such as the following suggestions, to improve
calf robustness and reduce antimicrobial use and antimicrobial resistance:
X Role of the collection center. Future research is useful to evaluate the impact
of the transition phase at the collection center on robustness of calves. Future
research might investigate the comparison between two groups of calves: one
directly transported from the dairy to the veal farm, and the other one transported first to the collection center and then to a veal farm. It might be useful to
include this comparison in the context of the second experiment described in
Chapter 6 and 7. Since these chapters showed that transport age can influence
the immune system and performance of calves in the long-term, it would be
useful to investigate whether or not age differences are still visible with the inclusion of a collection center as an in-between step.
X Development of a “track and trace” system for calves. In Chapters 3-5, it was
clear that calves were already challenged when they arrive at the collection
center. Unfortunately, in this experiment details on the history of these animals
were not available, but this knowledge is important, because early life rearing
conditions may have long-term effects on calf robustness (as seen in Chapter 6
and 7). In the current practices, the veal sector uses a system, called “Kalf Volg
Systeem” (SBK, 2018), to gather information on transport age, body weight,
health status, breed and sex of calves. In addition to these variables, a track and
trace system may include the following information before the arrival of calves
at the collection center: 1) last meal prior to the first transport to the collection
center (e.g. composition, amount and timing of intake) 2) colostrum intake, 3)
number of calves originating from each dairy farm that are commingled during
the first transport to the collection center, and 4) duration of the journey from
the dairy to the collection center. Dairy farmers may fill in the information of the
first two points in the system. Then the transporter may provide information
under point 3 and 4. With this approach, the system may provide the personnel
of the collection center with an overview of the calves arriving at their facility
and, additionally, the veal farmer of the calves that arrives on her/his farm. The
“calf passport” might be useful to the veal sector in order to distinguish between
high and low-risk profile calves upon arrival at the veal farm (Chapter 2). Risk
categories may be established already at the collection center on the basis of
parameters such as body weight (Renaud et al., 2018b) or serum concentration
of IgG (Pardon et al., 2015). In this way, veal farmers may be more prepared when
receiving calves of different and known risk profiles, and intervene in the most
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AmpC (pAmpC) in veal calves is still 40% (MARAN, 2020). Therefore, the veal sector

useful way. Based on such a classification, calves could, for example, be housed
in different compartments and they can be treated in different ways without a
high use of herd antibiotic treatments and prevent transmission of diseases within
a farm (Damiaans et al., 2019).
X Identification of reliable predictors of health and performance of calves. To
classify calves into different risk categories at the collection center, the veal
sector can identify biomarkers of future health and performance of calves
(Chapter 2). Currently, Renaud et al. (2018b), Goetz et al. (2021), and von Konigslow
et al. (2020) identified statistical associations between biomarkers measured upon arrival at the veal farm and early or later morbidity and mortality of
calves in the production cycle. However, they did not investigate these associations at a collection centre or at dairy farms. Appropriate statistical methods
should be used to identify the best predictors of a risk profile of (individual or
groups) calves. Principle component analysis (PCA) is an example of a statistical method to identify blood variables that reflect underlying characteristics
of calves. With the PCA, it is possible not only to measure intercorrelations
between blood variables underlying specific characteristics of calves, but also
to look at consistency of the individual differences over time. For example, a
PCA was conducted on blood parameters measured at different timepoints in
the transport experiment (Chapters 3, 4 and 5). The results showed that there
was consistency over time of some individual differences, such as for hemoglobin (Hb) and hematocrit (Ht). This suggests that part of the variation in potential
biomarkers reflects stable underlying characteristics of the individual animal. In
this sense, the biomarkers obtained in the first experiment (Chapter 3, 4 and 5)
meet an important precondition. In addition to PCA, there are other statistical
and quantitative techniques available to obtain useful predictors for establishing risk categories and to estimate the risk profile of individual or groups of
calves (for example machine learning). Due to the limited dataset obtained in
the first experiment (Chapter 3 to 5), accuracy of prediction models was relatively poor and it was not feasible to test whether or not blood parameters could
be used as biomarkers. Therefore, these statistical techniques require a much
larger sample size than the one used in the first experiment (Chapter 3 to 5)
and they may find predictors that may be animal-based or environment-based.
As indicated in Chapter 2 to 5, glucose, NEFA, ß-HB and bilirubin seem to be
reliable indicators of the energy status of calves in line with previous literature
studies (Renaud et al., 2018a). These indicators could also be investigated in
addition to the blood parameters measured in the experiment described in
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with delayed transport (28 d) have an improved energy status compared to
calves with conventional transport (14 d). As discussed in Chapter 2, an improved
energy status before transport and at the veal farm might contribute to a higher
robustness of calves. Other blood parameters that might have been interesting
to include in Chapter 6 and 7 are IGF-1, insulin and cholesterol. IGF-1 and insulin are related to development of the gastrointestinal tract (GIT) of calves and to
their growth, which in turn might determine robustness of calves. Both IGF-1 and
insulin can markedly differ due to age and, especially, to delay or omission of
colostrum intake or different planes of nutrition (e.g. high-intensity vs. low intensity colostrum diet, or milk replacer diet) in the rearing period at the dairy farm
(Hammon and Blum, 1997; Hammon et al., 2000; Ontsouka et al., 2016). It might
be interesting to investigate whether or not a different transport age can affect
the level of these hormones in the blood of calves and to test whether or not both
IGF-1 and insulin are associated with disease incidence at the veal farm. It could
be speculated that calves with higher IGF-1 and insulin concentrations have a
more developed GIT and, thus, cope better with challenges during transport
and in the rearing phase at the veal farm. This may also result in a reduction of
health problems at the veal farm (less diarrhea and lung infections, the two most
common problems in veal calves). Therefore, these hormones might be used as
potential predictors of future health in veal calves. Cholesterol concentrations
also change in relation to age of calves and their feeding regimen (especially
related to colostrum intake) (Kühne et al., 2000; Piccione et al., 2010; Herosimczyk
et al., 2013). A higher cholesterol concentration may help calves to fulfill elevated demands, associated with post-natal development and growth (Gofflot et
al., 2003; Pfrieger, 2003). In addition, cholesterol is likely a relevant biomarker of
health of veal calves and a predictor of early mortality. In fact, calves with low
levels of cholesterol upon arrival at the veal farm are at greater risk for early
mortality (Renaud et al., 2018a).
X Closer link between the dairy and the veal sector. Since robustness has an
economic impact at the veal farm (due to costs for antibiotics and carcass
weight losses related to poor growth), it might be good to invest more on robustness of calves at the dairy farm. As indicated before, male calves born on dairy
farms have a low financial value for dairy farmers (Devans and Marti, 2020) and
as such they may not provide optimal care to the animals. The current Dutch
veal sector has already developed some programs to establish collaborations between the dairy and the veal sector. Examples of this collaboration are
“Programmakalf” (Denkavit Nederland BV, 2021) and “MKD Driehoek” (MKD
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Chapter 6 and 7. With their inclusion, it might be tested whether or not calves

Driehoek, 2021) developed by the companies Denkavit Nederland BV and MKD
Driehoek, respectively. The veal sector might stimulate the production of robust
calves by raising the financial value of these calves. Both dairy and veal farmer
might benefit from this bi-directional collaboration. On the one hand, dairy
farmers might be more motivated to deliver a good quality calf, because of the
higher contribution that allows them to sustain the feeding and husbandry costs.
On the other hand, veal farmers obtain more robust animals, which might allow
the veal sector to reduce antimicrobial use. Among management practices at
the dairy farm, the veal sector should especially promote and stimulate hygiene
(including navel dipping; Mee et al., 2008) after birth and feeding of high quality
colostrum (> 40-50 mg/ml of IgG or Brix value between 20 and 30; Quigley et
al., 2013). To measure whether or not colostrum provided to calves is of sufficient
quality, farmers should always test it. A practical tool that dairy farmers can use
is the refractometer, which gives a value (Brix value) that is associated with the
amount of IgG in colostrum (Bielmann et al., 2010; Quigley et al., 2013). In line
with previous studies (Dunn et al., 2018), Chapter 6 showed that Brix value was
positively related to IgG in colostrum (ß = 0.11 (SE = 0.01); P < 0.01).
X Other husbandry strategies upon arrival at the veal farm. To prevent the onset
of health problems at the veal farm (Chapter 5), veal farmers already use different strategies upon arrival of calves at the veal farm. For example, 1) provision
of a warm and high energy meal directly post-transport in combination with
warmth (especially in the winter months) to prevent calves from suffering from
negative energy balance effects and hypothermia. 2) Provision of extra warmth
via the bedding in the baby boxes (e.g. wooden crates with heating system), or
via heating lamps installed above the baby-boxes. 3) Implementation of strict
biosecurity measures to prevent the spread of pathogens inside the herd and
ensure internal biosecurity. In fact, the high degree of commingling of calves
during transport can lead to high transmission rates resulting in health issues
and economic losses at the veal farm (Damiaans et al., 2019). Biosecurity can be
considered a cost-effective method of prevention and can partially prevent these
losses (Van Schaik et al., 2001; Roca et al., 2015) through cleaning, disinfection
and grouping animals with the same disease status in the same compartment to
limit contamination of the other calves and the environment (Bokma et al., 2019;
Damiaans et al., 2019). The use of stricter entrance protocols and prevention of
rodents to reduce the risk of methicillin-resistant Staphylococcus aureus (MRSA)
carriage (Van de Giessen et al., 2009; Bos et al., 2012) are other important measures. With high level of biosecurity, antimicrobial use and antimicrobial resistance
can be reduced (Postma et al., 2016; Collineau et al., 2017).
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because of the lack of understanding of factors (other than temperature and
humidity) that contributed to the effects found in the experiment (Chapter 3, 4
and 5). In fact, due to the inconsistency of results found in these chapters, there
is a need for follow-up studies to better and comprehensively characterize
climatic conditions in open and conditioned vehicles during transport and to
examine which environmental factors inside the truck (such as draught, differences between in and outlet airflow or vibrations) are most relevant for calf
health and its immunological and physiological system. Additionally, research
on transport conditions is also necessary to define scientifically based reference
values of settings for climate control systems for transport of young veal calves.
X Epidemiological studies to assess robustness of calves. The experiment described in Chapter 3, 4 and 5 showed the effects of transport-related factors on
robustness of calves. This approach focused mainly on effects of experimental
treatments on physiological mechanisms of robustness. Epidemiology might be
used as a different angle to assess robustness of calves. Epidemiological studies
can be performed to quantify antimicrobial use, morbidity and mortality rates in
veal farms at cohort level, with thousands of calves, and with the involvement
of different veal farms. For example, Bokma et al. (2019) quantified antimicrobial
use over 2014 to 2016 in veal calves in Belgium and generated data from 83 veal
farms, 342 production cycles and 167,629 calves belonging to twelve independent veal companies. Another example is shown by Renaud et al. (2018b) who
evaluated a total of 4,825 calves between November 2015 and September 2016
and estimated the mortality risks of calves at the veal farm. Moreover, epidemiology can be used as an approach to establish the link between the dairy
farms of origin and future health and performance of calves at the veal farm.
Epidemiological studies might be useful to identify risk factors of calf health
and thus, they may help to define useful interventions and remedial strategies
to improve veal calf health.
X Role of maternal effects and epigenetics on future robustness of calves. The
experiment described in Chapter 6 and 7 showed various effects of calf and
cow characteristics on robustness of veal calves. In addition to these results,
future research may focus on effects of feeding interventions in late gestation on
neonatal development and long-term health of calves (Abuelo, 2020). This topic
might be relevant for both the dairy and veal sector because feeding interventions during the dry period of cows can have long-term consequences on health
of veal calves. In fact, maternal nutritional status during pregnancy (especially
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X Research on transport conditions. Effects of type of vehicle remained unclear,

in the last months) is a major factor that might program metabolism and growth
of the offspring (Reynolds and Caton, 2012; Elolimy et al., 2019). Nutrient availability in late pregnancy can also alter placental function. This, in turn, can result
in changes of nutrient availability to the fetus and it can affect fetal growth and
long-term health of the offspring (Gaccioli et al., 2013). Colostrogenesis also takes
place during the last weeks of pregnancy and thus it is influenced by the nutritional status of the dam. Feeding a high energy diet during the dry period can
result, for example, in lower colostral IgG (Mann et al., 2016). A lower amount of
Ig’s in colostrum may be associated with a higher risk of failure of passive transfer and thus it may affect calf immune development (Abuelo, 2020). Feeding
interventions during the dry period can also influence other colostrum components such as insulin and fatty acids, which play a role on the maturation of the
gastrointestinal tract of calves (Hammon et al., 2013). All these topics have never
been studied in relation to future performance of veal calves. Therefore, more
research might be useful to find appropriate dry cow feeding interventions associated with positive long-term effects on gut maturation, metabolism, growth
and health of veal calves. The role of epigenetics needs to be also addressed
by future research in this field. As indicated by Carvalho et al. (2020), associations between maternal characteristics and performance of calves might be the
result of developmental programming, potentially mediated by epigenetic changes. A better understanding of these events and their biological mechanisms
would be important to find new management strategies to improve robustness
of calves at the veal farm.
X Development of a new protocol to assess loose or liquid manure. The protocol
used to assess health status of calves in Chapter 5 did not include the distinction
between feeding related and infectious diarrhea. As a consequence, it could not
be firmly concluded whether or not antibiotics were used properly based on
diarrhea with infectious origin. Thus, it was not possible to rule out the possibility that some antibiotic treatments were applied without a clinical justification.
Additional research on IgG levels. The experiment described in Chapter 6 represented the first study focussing on the “immune gap period” in veal calves. In
future studies, immunoglobulin concentrations, in particular IgG, should be
monitored on a weekly basis over the entire rearing period at the veal farm. This
approach might be useful for the following reasons: 1) determine the proportions
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immune system of calves becomes functional, and 3) investigate whether or not
IgG titers continue to decrease or reach a plateau beyond week 10 post-transport.

Conclusions
The aim of this thesis was to investigate the role of different environmental and animalrelated factors on robustness of veal calves on both the short-term and the long-term.
This thesis showed that feeding milk prior to transport and 6 h transport duration made
the journey of calves to the veal farm less challenging in the short-term. In the long-term,
transport-related factors did not affected robustness of calves mainly due to the high
use of antibiotic treatments upon arrival at the veal farm. Transportation of calves at 28
d of age resulted in an improved robustness, as shown by the lower number of medical
treatments other than antibiotics, a more advanced adaptive immunity, a higher carcass
weight and lower mortality at the veal farm than calves transported at 14 d of age. The
readouts of robustness measured in this thesis such as blood IgG titers or body weight of
calves, might be useful to the veal sector to identify biomarkers related to future health
and performance of calves. The availability of such biomarkers would be helpful, for
example, to identify individual calves at an early stage with an enhanced probability to
develop disease, and to take preventive measures (such as profiling calves in different
risk categories) before clinical problems occur. This strategy would be helpful to the
veal sector in order to reduce use of antimicrobials at the veal farm.

215

CHAPTER 8

of maternal and endogenous IgG at the veal farm, 2) determine when the adaptive

How to make a calf robust?

ENVIRONMENTAL FACTORS
MANAGEMENT
Dairy farm

• Good quality
colostrum

with high brix value

TRANSPORT

• Feed milk at
collection center

(vs. feeding Electrolytes)

• Travel 6 hours

MANAGEMENT
Veal farm

• No individual
treatments

with antibiotics and/or
other medicines

(vs. 18 hours)

SHORT-TERM EFFECTS
• Higher Ig’s in calf serum
in week 1 after birth

LONG-TERM EFFECTS
High N-Ig’s in colostrum
leads to
• high N-Ig’s in calf serum
up to WEEK 10
at the veal farm
• less treatments with
antibiotics and
medicines at the
veal farm

Figure 3.

SHORT-TERM EFFECTS
• Improve energy status
• Reduce fat & protein
mobilization
• Reduce stress

LONG-TERM EFFECTS
• Calves that received no
individual treatments
with antibiotics in the
ﬁrst weeks, have
higher carcass weight

• Transport conditions
can aﬀect robustness
More research needed to identify
optimal transport settings inside
each type of truck

LONG-TERM EFFECTS
Transport factors did
not prove to aﬀect
robustness in this
research

• High use of herd
and individual
treatments (2 or more)
with antibiotics in the
ﬁrst weeks can lead to
lower carcass weight
at slaughter

Overview of factors affecting robustness of veal calves based on the results discussed
in the thesis. 
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INHERENT CHARACTERISTICS
MATERNAL
characteristics

• Multiparous
cows

(vs. ﬁrst parity cows)

LONG-TERM EFFECTS
The higher colostrum
quality (N-Ig’s content)
in multiparous cows
leads to
• higher maternal
immune protection
in calves

CALF
characteristics

• Transport age
28 days

• Breed

(vs. 14 days)

LONG-TERM EFFECTS
Calves transported at
28 days of age have
• a more advanced
active immunity in
week 2 at the veal farm
• received less individual
medication treatments
other than antibiotics
• a lower mortality rate
• a higher carcass weight

IMPROVED
ROBUSTNESS
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LONG-TERM EFFECTS
Use of antibiotics
and other medicines
is higher in
crossbreds
OTHER THAN
Holstein Friesian
× Belgian Blue

LOWER
ROBUSTNESS
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ADDENDUM
Summary

Veal calves are mostly male calves and surplus female calves born on dairy farm. These
animals may be considered by-products and they may not represent a priority for the
dairy sector. As a consequence, these animals might receive poor post-natal care on
dairy farms (including feeding low amounts of colostrum of moderate quality and poor
navel disinfection after birth). These calves undergo many challenges before entering
the veal industry, such as transportation at 14-20 d of age, commingling at a collection
center, exposure to many pathogens, and changes in housing and management conditions upon arrival at the veal farm. All these challenges can result in high morbidity at
the veal farm. To reduce morbidity and mortality rate, veal farmers make use of antimicrobial treatments in the first rearing period. However, a high use of antimicrobials
is not a long-term sustainable strategy because they can be associated with antibiotic
resistance. Therefore, alternative strategies to reduce antimicrobial use and antimicrobial resistance are needed for the veal sector. A strategy to reduce antimicrobial use is
to improve the robustness of calves. Robustness can be defined as the capacity of an
animal to cope with environmental challenges and to bounce back rapidly after challenges occur. Robust animals are well equipped to cope with endemic infections and
to fight diseases and thus have probably a reduced need for antimicrobials. Robustness
can be measured in terms of physiological indicators, which reflect the capacity of an
animal to regulate the functions of the body in relation to external stimuli. This in turn
might have an effect on morbidity, mortality rate of animals and antimicrobial use, which
also represent additional measurements of robustness. Robustness can be shaped
by early-life environmental factors and by animal functional reserves. The aim of this
thesis was to investigate the role of different environmental and animal-related factors
on robustness of veal calves. With regard to environmental factors,

219

Chapter 3, 4 and 5 described effects of transport-related factors (including pre-transport diet, transport duration and type of vehicle) on readouts of robustness of calves.
Chapter 6 and 7 described effects of early rearing conditions of future veal calves at
the dairy farm (such as assistance during calving, colostrum management, dry cow
management) on readouts of robustness. In addition, these two chapters discussed
effects of calf characteristics (including transport age, sex and breed) and dam characteristics (including parity) on robustness of calves.
In this thesis, robustness was measured as short-term effects, thus immediate response
to the challenge, and long-term effects, thus what were the carry-over effects of early
life challenges in the longer run. Long-term effects were measured in terms of prevalence of health problems and quantification of herd and individual antibiotic and medical treatments during the rearing phase of calves. Chapter 2 is a review which provided
a detailed overview on potential biomarkers of health and performance of calves that
were used in the subsequent chapters. Chapter 2 showed a wide range of biomarkers
related, for example, to the energy and protein metabolism and immunity. The availability of such biomarkers would be helpful, for example, to profile calves at the veal farm
according to the magnitude of stress they have experienced and their predisposition
to develop future diseases. Grouping of calves in different risk categories might help
the farmer in managing calves at arrival. By adopting handling procedures, treatment
decisions and protocols on a risk-group or individual basis, farmers might be able to
better meet individual animal needs and improve the health and welfare of calves. Some
blood variables described in Chapter 2 were measured in Chapter 3-5, which described
effects of transport related factors on robustness of calves. These chapters showed that
effects of pre-transport diet, transport duration and type of vehicle on health of calves
were visible in the short-term post-transport.
Compared to feeding electrolytes, feeding milk prior to transport contributed to higher
glucose (3.9 vs 3.4 mmol/l) and lower NEFA (876.9 vs 719.9 µmol/l), urea (5.4 vs 6.5
mmol/l) and ß-HB (0.3 vs 0.5 mmol/l) concentrations directly post-transport, which are
indicators of energy balance, nutrient reserve depletion and protein utilization (Chapter
3). Feeding milk contributed to lower cortisol (8.8 vs 10.8 ng/ml), bilirubin levels (10.4
vs 12.8 µmol/l) and higher levels of monocytes (45.1 % vs 41.0 %) compared to feeding
electrolytes (Chapter 4). In the first 3 weeks post-transport there was a higher prevalence in loose or liquid manure among calves fed with milk compared to calves fed with
electrolytes (30.7% vs 22.8%, respectively) (Chapter 5). Long transport duration (18 h) had
more pronounced short-term detrimental effects compared to short transport duration
(6 h). This conclusion was supported by post-transport lower amount of glucose (3.2 vs
4.1 mmol/l), Ca (2.3 vs 2.5 mmol/l) and higher values of ß-HB (0.48 vs 0.40 mmol/l) and
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compared to calves transported for 6 h (Chapter 3 and 4). High urea concentrations, an
indicator of protein utilization, were also maintained until 24 h post-transport in calves
with 18 h transport (Chapter 3).
The combination of feeding electrolytes and long transport duration caused more
profound body weight losses (-0.74 kg vs 0.41 kg) and greater short-term changes in
blood variables of calves compared to feeding milk and a shorter transport duration
(Chapter 3). Effects of the type of vehicle were inconsistent and contradictory. Calves
transported in the conditioned truck had an increase in post-transport osmolality (Δ
= 5.6 vs Δ = -8.0 mosmol/kg), Na (Δ = 2.2 vs Δ = -4.5 mmol/l) and higher post-transport
white blood cell count (9.5 vs 8.1 × 109/l), proportion of neutrophils (41.5% vs 37.6 %) and
a lower proportion of lymphocytes (35.4% vs 40.2 %) compared to calves transported in
the open truck (Chapter 3 and 4). These results might be indicative of dehydration and
shift in immune cell subsets after transport. However, in the first 3 weeks post-transport, calves transported in the conditioned truck showed a lower prevalence of navel
inflammation compared to calves in the open truck (5.9 % vs 9.2%) (Chapter 5). Moreover,
transportation of calves in the conditioned truck in combination with feeding electrolytes before transport contributed to the lowest prevalence of loose and liquid manure
(18 %) during the first 3 weeks post-transport (Chapter 5).
Effects of pre-transport treatments on health status of calves were not present beyond
week 5 post-transport. This result might be mainly attributed to the high use of herd
and individual treatments with antibiotics within the first period at the veal farm, which
masked potential effects of transport-related factors on health status of calves. In fact,
calves received 5 herd treatments with antibiotics within the first 2 months after arrival
at the veal farm (Chapter 5). Moreover 25% calves were individually treated with antibiotics and another 22% of calves were individually treated with medicines (Chapter 5).
To test whether or not blood parameters assessed in Chapter 3 to 5 could be used as
biomarkers or predictors, they were analyzed in relation to future health and performance of calves. However, the accuracy of prediction was relatively poor due to the
limited amount of data, thus future analyses should be performed with a much larger
sample size. With regards to other environmental factors,
Chapter 6 and 7 showed that dairy farm management and, in particular, colostrum
management may be predisposing factors of calf robustness. Chapter 6 found a positive
relationship between the amount of N-Ig’s (N-IgG, N-IgM and N-IgA) in colostrum and
the N-Ig’s in the serum of calves measured in week 1 after birth, one day prior to transport, and N-IgG in week 2 and 10 at the veal farm. These results showed that immune
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NEFA (845.5 vs 751.3 µmol/l), cortisol (11.6 vs 7.9 ng/ml) in calves transported for 18 h

protection via maternal colostrum may last for a longer period, thus it might have a positive effect on robustness of calves. Besides environmental factors, calf characteristics
(such as age, breed and sex), characteristics of the dam (such as parity) may also be
predisposing factors of robustness. In week 2 post-transport, transportation of calves
at 28 d of age resulted in higher lymphocyte and lower neutrophil count (Δ = 0.5 × 109/L
and Δ = -1.6 × 109/L, respectively) compared to calves transported at 14 d (Chapter 6).
According to the literature, a higher lymphocyte count and lower neutrophil count are
linked to lower morbidity and mortality at the veal farm. However, in Chapter 6, the
differences in cell counts between age groups were not associated with long-term
differences in medical treatments or carcass weights. In week 2 post-transport, titers
of N-IgA and N-IgM in calves transported at 28 d were higher compared to those of
calves transported at 14 d (Chapter 6). This might be an indication of the decline of the
effectiveness of passive immunity derived from colostrum in 14 d old calves and the
activation of endogenous N-Ig synthesis in 28 d old calves. Moreover, Chapter 6 showed
that, N-Ig’s and, especially N-IgG, in calf serum might be used as biomarkers of future
performance, because they were negatively related to individual use of antibiotics and
other medicines at the veal farm. Performance data also showed that calves transported
at 28 d had a higher carcass weight (Δ = 14.8 kg) and received less individual medical
treatments, other than antibiotics (Δ = -5.4%) compared to calves transported at 14 d
(Chapter 7). Mortality rate was lower among calves transported at 28 days (2.8%) relative
to calves transported at 14 days (5.9 %), which is an indication of improved robustness.
With regards to calf breed, crossbreds other than Belgian Blue × Holstein Friesian received more individual treatments with antibiotics and medicines (Δ = 14.8 % and Δ = 15.1
%, respectively) compared to Belgian Blue × Holstein Friesian calves (Chapter 7). This
might be interpreted as an indication of lower robustness. Parity of the dams significantly
affected N-Ig’s (N-IgG, N-IgM and N-IgA) concentration in serum of cows one week
prior to calving and N-Ig’s concentrations in colostrum and serum of calves (Chapter 6).
Calves born from first parity cows had lower N-Ig’s titers in their serum from one week
after birth until 10 weeks post-transport compared to calves born from higher parity
cows. These results indicated that effects of maternal immunity may confer long-term
protection to calves.
Effects of calf and cow characteristics described in Chapter 6 and 7 were not present on
long-term health problems at the veal farm, but the prevalence of health problems in
week 2 post-transport was higher compared to prevalences on the dairy farm. This might
reflect the difficulty of calves to cope with the transition from the dairy to the veal farm.
Beyond week 2 post-transport, prevalences of health problems were < 10 %, especially
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herd treatments (4.4 on average per veal farm), which likely suppressed bacterial infections and masked differences in clinical problems between treatment groups

Conclusions
This thesis showed that robustness of calves can be affected by both environmental
factors (such as transport-related factors) and animal-related factors (such as breed,
age of calves and parity of the dam). With regard to transport-related factors, feeding
milk prior to transport and 6 h transport duration made the journey of calves to the veal
farm less challenging in the short-term. In the long-term, transport-related factors did
not affected robustness of calves mainly due to the high use of antibiotic treatments
upon arrival at the veal farm. With regards to animal-related characteristics, transportation of calves at 28 d of age resulted in an improved robustness, as shown by the
lower number of medical treatments other than antibiotics, a more advanced adaptive immunity, a higher carcass weight and lower mortality at the veal farm than calves
transported at 14 d of age. 

223

SUMMARY

clinical signs related to respiratory problems. This might be due to the high number of

References

A

braham, G., J. Gottschalk, and F. Ungemach. 2004. Possible role of dexamethasone in sensitizing the
beta-2-adrenergic receptor system in vivo in calves during concomitant treatment with clenbuterol.

Pharmacology. 72(3):196-204. https://doi.org/10.1159/000080105.
Abuelo, A. 2020. Symposium review: Late-gestation maternal factors affecting the health and development of dairy calves. J. Dairy Sci. 103(4), 3882-3893. https://doi.org/10.3168/jds.2019-17278.
Adams, R., F.B. Garry, B.M. Aldridge, M.D. Holland, and K.G. Odde. 1992. Hematologic values in newborn
beef calves. Am. J. Vet. Res. 53(6), 944-950.
Adenkola, A.Y., and J.O. Ayo. 2010. Physiological and behavioural responses of livestock to road transportation stress: A review. Afr. J. Biotechnol. 9(31):4845-56.
Aich, P., L.A. Babiuk, A.A. Potter, and P. Griebel. 2009. Biomarkers for prediction of bovine respiratory
disease outcome. OMICS. 13(3):199-209. https://doi.org/10.1089/omi.2009.0012.
Alam, M.R., W.I. Kim, J.W. Kim, C.S. Na, and N.S. Kim. 2012. Effects of Chitosan-oligosaccharide on diarrhoea in Hanwoo calves. Veterinarni Medicina 1:57. https://doi .org/10.17221/6306-VETMED.
Alberghina, D., P. Medica, E. Fazio, S. Cavaleri, and A. Ferlazzo. 2001. Effect of long distance road transport on serum cortisol and haematocrit in Limousine calves and influence of body weight decrease.
Biotechnol. Agron. Soc. Environ. 5:73.
Alsemgeest, S.P.M., I.E. Lambooy, H.K. Wierenga, S.J. Dieleman, B. Meerkerk, A.M. van Ederen, and T.A.
Niewold. 1995. Influence of physical stress on the plasma concentration of serum amyloid-A (SAA)
and haptoglobin (Hp) in calves. Vet. Q. 17(1):9-12. https://doi.org/10.1080/01652176.1995.9694565.
Anane, L.H., K.M. Edwards, V.E. Burns, J.J.V. van Zanten, M.T. Drayson, and J.A. Bosch. 2010. Phenotypic
characterization of γδ T cells mobilized in response to acute psychological stress. Brain Behav.
Immun. 24(4):608-614. https://doi.org/10.1016/j.bbi.2010.01.002.
Angen, Ø., J. Thomsen, L.E. Larsen, J. Larsen, B. Kokotovic, P.M. Heegaard, and J.M. Enemark. 2009.
Respiratory disease in calves: microbiological investigations on trans-tracheally aspirated bronchoalveolar fluid and acute phase protein response. Vet. Microbiol. 137(1-2):165-71. https://doi.
org/10.1016/j.vetmic.2008.12.024.
Arcangioli, M.A., A. Duet, G. Meyer, A. Dernburg, P. Bezille, F. Poumarat, and D. Le Grand. 2008. The role
of Mycoplasma bovis in bovine respiratory disease outbreaks in veal calf feedlots. Vet. J.177(1):8993. https://doi.org/10.1016/j.tvjl.2007.03.008.
Arthington, J., X. Qiu, R. Cooke, J. Vendramini, D. Araujo, J.C. Chase, and S. Coleman. 2008. Effects of
preshipping management on measures of stress and performance of beef steers during feedlot
receiving. J. Anim. Sci. 86(8):2016-2023. https://doi.org/10.2527/jas.2008-0968.
Assenat, E., S. Gerbal‐Chaloin, D. Larrey, J. Saric, J.M. Fabre, P. Maurel, M.J. Vilarem, and J.M. Pascussi.

224

clearance. Hepatology. 40(4):951-960. https://doi.org/10.1002/hep.20387.
Astiz S., A. Gonzalez-Bulnes, F. Sebastian, O. Fargas, I. Cano, and P. Cuesta. 2014. Maternal aging affects
life performance of progeny in a Holstein dairy cow model. J. Dev. Orig. Hlth. Dis. 5, 374-384. https://
doi.org/10.1017/S2040174414000361.
Autio, T., T. Pohjanvirta, R. Holopainen, U. Rikula, J. Pentikainen, A. Huovilainen, H. Rusanen, T. Soveri, L.
Sihvonen, and S. Pelkonen. 2007. Etiology of respiratory disease in non-vaccinated, non-medicated
calves in rearing herds. Vet. Microbiol.119(2-4):256-65. https://doi.org/10.1016/j.vetmic.2006.10.001.
Averos, X., S. Martin, M. Riu, J. Serratosa, and L.F. Gosalvez. 2008. Stress response of extensively reared
young bulls being transported to growing-finishing farms under Spanish summer commercial
conditions. Livest. Sci. 119(1-3):174-82. https://doi.org/10.1016/j.livsci.2008.04.002.
Avitsur, R., D.A. Padgett, and J.F. Sheridan. 2006. Social interactions, stress, and immunity. Neurol. Clin.
24(3):483-91. https://doi.org/10.1016/j.ncl.2006.03.005.
Aydogdu, U., and H. Guzelbektes. 2018. Effect of colostrum composition on passive calf immunity in primiparous and multiparous dairy cows. Veterinární Medicína. 63(1), 1-11. https://doi.
org/10.17221/40/2017-VETMED.

B

abcock, A.H., D.G. Renter, B.J. White, S.R. Dubnicka, and H.M. Scott. 2010. Temporal distributions of
respiratory disease events within cohorts of feedlot cattle and associations with cattle health and

performance indices. Prev. Vet. Med. 97(3-4):198-219. https://doi.org/10.1016/j.prevetmed.2010.09.003.
Bachmann, L., B. Schmidt, U. Rauwolf, J. Wenge, and M. Coenen. 2012. Change of plasma volume,
osmolality, and acid–base status in healthy calves after feeding of milk and water-and milk-based oral rehydration solutions. J. Dairy Sci. 95:6006–6014. https://doi.org/ 10.3168/jds.2012-5562.
Bähler, C., A. Steiner, A. Luginbühl, A. Ewy, H. Posthaus, D. Strabel, T. Kaufmann, and G. Regula. 2012. Risk
factors for death and unwanted early slaughter in Swiss veal calves kept at a specific animal welfare
standard. Res. Vet. Sci. 92(1), 162-168. https://doi.org/10.1016/j.rvsc.2010.10.009.
Baldwin, C., T. Sathiyaseelan, M. Rocchi, and D. McKeever. 2000. Rapid changes occur in the percentage of
circulating bovine WC1+ γδ Th1 cells. Res. Vet. Sci. 69(2):175-180. https://doi.org/10.1053/rvsc.2000.0410.
Ballou, M.A., D.L. Hanson, C.J. Cobb, B.S. Obeidat, M.D. Sellers, A.R. Pepper-Yowell, J.A. Carroll, T.J.
Earleywine, and S.D. Lawhon. 2015. Plane of nutrition influences the performance, innate leukocyte
responses, and resistance to an oral Salmonella enterica serotype Typhimurium challenge in Jersey
calves. J. Dairy Sci. 98(3):1972-1982. https://doi.org/10.3168/jds.2014-8783.
Bami, M.H., M. Mohri, H.A. Seifi, and A.A.A. Tabatabaee. 2008. Effects of parenteral supply of iron
and copper on hematology, weight gain, and health in neonatal dairy calves. Vet. Res. Commun.
32(7):553-61. https://doi.org/10.1007/s11259-008-9058-6.
Baptiste, K., J. Campbell, and F. Schumann. 2000. Investigation into factors associated with hyperkalemia
in diarrhoeic neonatal bovine calves. In: Proceedings of the 9th Intern. Symp. on Vet. Epidemiology
and Economics. USA.
Barrier, A.C., E. Ruelle, M.J. Haskell, and C.M. Dwyer. 2012. Effect of a difficult calving on the vigour of the
calf, the onset of maternal behaviour, and some behavioural indicators of pain in the dam. Prev. Vet.
Med. 103(4), 248-256. https://doi.org/10.1016/j.prevetmed.2011.09.001.
Barrier, A.C., M.J. Haskell, S. Birch, A. Bagnall, D.J. Bell, J. Dickinson, A.I. Macrae, and C.M. Dwyer. 2013.
The impact of dystocia on dairy calf health, welfare, performance and survival. Vet. J. 195(1), 86-90.
https://doi.org/10.1016/j.tvjl.2012.07.031.
Barrington, G.M., and S.M. Parish. 2001. Bovine neonatal immunology. Vet. Clin. N. Am-Food A. 17(3),

225

REFERENCES

2004. Interleukin 1β inhibits CAR‐induced expression of hepatic genes involved in drug and bilirubin

463-476. https://doi.org/10.1016/S0749-0720(15)30001-3.
Bartier A.L., M.C. Windeyer, and L. Doepel. 2015. Evaluation of on-farm tools for colostrum quality measurement. J. Dairy Sci. 98, 1878–84. https://doi.org/10.3168/jds.2014-8415.
Bauer, M.L., D.L. Harmon, D.W. Bohnert, A.F. Branco, and G.B. Huntington. 2001. Influence of α-linked
glucose on sodium-glucose cotransport activity along the small intestine in cattle. J. Anim. Sci.
79(7):1917-24. https://doi.org/10.2527/2001.7971917x.
Baxter, E.M., S. Jarvis, J. Palarea-Albaladejo, and S.A. Edwards. 2012. The weaker sex? The propensity for
male-biased piglet mortality. PLoS One. 7(1), e30318. https://doi.org/10.1371/journal.pone.0030318.
Behrends, S., T. Schmidt, D. Keisler, J. Dailey, J. Buntyn, D. Sykes, L.E. Hulbert, K. Cooley, D.T. Dawson, and
J.A. Carroll. 2009. Evaluation of the stress response of heifers during transportation. Joint Abstracts
of the American Dairy Science and Society of Animal Science. Montreal, Canada.
Berchtold, J. 2009. Treatment of calf diarrhea: intravenous fluid therapy. Vet. Clin. North Am. Food Anim.
Pract. 25:73–99. https://doi.org/10.1016/j.cvfa.2008.10.001.
Bernardini, D., G. Gerardi, A. Peli, L. Nanni Costa, M. Amadori, and S. Segato. 2012. The effects of different
environmental conditions on thermoregulation and clinical and hematological variables in long-distance road-transported calves. J. Anim. Sci. 90(4):1183-91. https://doi.org/10.2527/jas.2011-4113.
Bertoni, G., E. Trevisi, X. Han, and M. Bionaz. 2008. Effects of inflammatory conditions on liver activity in
puerperium period and consequences for performance in dairy cows. J. Dairy Sci. 91(9):3300-10.
https://doi.org/10.3168/jds.2008-0995.
Bielmann, V., J. Gillan, N.R. Perkins, A.L. Skidmore, S. Godden, and K.E. Leslie. 2010. An evaluation of Brix
refractometry instruments for measurement of colostrum quality in dairy cattle. J. Dairy Sci. 93(8),
3713-3721. https://doi.org/10.3168/jds.2009-2943.
Bionaz, M., E. Trevisi, L. Calamari, F. Librandi, A. Ferrari, and G. Bertoni. 2007. Plasma paraoxonase, health,
inflammatory conditions, and liver function in transition dairy cows. J. Dairy Sci. 90(4):1740-1750.
https://doi.org/10.3168/jds.2006-445.
Blum, J.W., and H. Hammon. 1999. Endocrine and metabolic aspects in milk-fed calves. Domest. Anim.
Endocrinol. 17(2-3):219-30. https://doi.org/10.1016/S0739-7240(99)00039-9.
Bokma, J., R. Boone, P. Deprez, and B. Pardon. 2019. Risk factors for antimicrobial use in veal calves and
the association with mortality. J. Dairy Sci. 102(1), 607-618. https://doi.org/10.3168/jds.2018-15211.
Bokma, J., R. Boone, P. Deprez, and B. Pardon. 2020. Herd-level analysis of antimicrobial use and mortality
in veal calves: do herds with low usage face higher mortality? J. Dairy Sci. 103(1), 909-914. https://
doi.org/10.3168/jds.2019-16764.
Booth, A. J., and J. Naylor. 1987. Correction of metabolic acidosis in diarrheal calves by oral administration of electrolyte solutions with or without bicarbonate. J. Am. Vet. Med. A 191:62–68.
Borderas, F.T., A.M.B. de Passille, and J. Rushen. 2009. Temperature preferences and feed level of the newborn
dairy calf. Appl. Anim. Behav. Sci. 120(1-2):56-61. https://doi.org/ 10.1016/j.applanim.2009.04.010.
Bos, M.E., H. Graveland, L. Portengen, J.A. Wagenaar, and D.J. Heederik. 2012. Livestock-associated
MRSA prevalence in veal calf production is associated with farm hygiene, use of antimicrobials, and
age of the calves. Prev. Vet. Med. 105(1-2), 155-159. https://doi.org/10.1016/j.prevetmed.2012.01.002.
Bos, M.E., F.J. Taverne, I.M. van Geijlswijk, J.W. Mouton, D.J. Mevius, and D.J. Heederik. 2013. Consumption
of antimicrobials in pigs, veal calves, and broilers in the Netherlands: quantitative results of nationwide collection of data in 2011. PLoS One, 8(10), 77525. https://doi.org/10.1371/journal.pone.0077525.
Bosman, A.B., J.A. Wagenaar, J.A. Stegeman, J.C.M. Vernooij, and D.J. Mevius. 2014. Antimicrobial
resistance in commensal Escherichia coli in veal calves is associated with antimicrobial drug use.
Epidem. Infect. 142(9), 1893-1904. https://doi.org/10.1017/S0950268813002665.

226

Preoperative cow-side lactatemia measurement predicts negative outcome in Holstein dairy cattle
with right abomasal disorders. J. Dairy Sci. 97(1):212-21. https://doi.org/ 10.3168/jds.2013-6898.
Boyd, J.W. 1983. The mechanisms relating to increases in plasma enzymes and isoenzymes in diseases
of animals. Vet. Clin. Pathol. 12(2):9-24. https://doi.org/10.1111/j.1939-165X.1983.tb00609.x.
Breslow, N.E., and D.G. Clayton. 1993. Approximate inference in generalized linear mixed models. J. Am.
Stat. Assoc. 88(421):9-25. https://doi.org/10.1080/01621459.1993.10594284.
Broom, D., J. Goode, S. Hall, D. Lloyd, and R. Parrott. 1996. Hormonal and physiological effects of a15
hour road journey in sheep: comparison with the responses to loading, handling and penning in the
absence of transport. Brit. Vet. J. 152(5):593-604. https://doi.org/10.1016/S0007-1935(96)80011-X.
Broom, D.M. 2003. Causes of poor welfare in large animals during transport. Vet. Res. Commun. 27(1):5158. https://doi.org/10.1023/B:VERC.0000014210.29852.9a.
Brown, E., M. VandeHaar, K. Daniels, J. Liesman, L. Chapin, D. Keisler, and M.S. Weber Nielsen. 2005.
Effect of increasing energy and protein intake on body growth and carcass composition of heifer
calves. J. Dairy Sci. 88(2):585-94. https://doi.org/10.3168/jds.S0022-0302(05)72722-3.
Brown, R., and R. Claxton. 2011. Global veal market overview presentation. In: Proceedings of the 5th
International Veal Conference, 19-20 May, Noordwijk ann Zee, The Netherlands.
Brownlow, M.A., and D.R. Hutchins. 1982. The concept of osmolality - its use in the evaluation of dehydration in the horse. Equine Vet. J. 14(2):106-10. https://doi.org/10.1111/j.2042-3306.1982.tb02358.x.
Brscic, M., H. Leruste, L.F. Heutinck, E.A. Bokkers, M. Wolthuis-Fillerup, N. Stockhofe, F. Gottardo, B.J.
Lensink, G. Cozzi, and C.G. Van Reenen. 2012. Prevalence of respiratory disorders in veal calves and
potential risk factors. J. Dairy Sci. 95(5):2753-64. https://doi.org/10.3168/jds.2011-4699.
Brun‐Hansen, H.C., A.H. Kampen, and A. Lund. 2006. Hematologic values in calves during the first 6
months of life. Vet. Clin. Path. 35(2):182-187. https://doi.org/10.1111/j.1939-165X.2006.tb00111.x.
Buckham Sporer, K.R., P. Weber, J. Burton, B. Earley, and M. Crowe. 2008. Transportation of young beef
bulls alters circulating physi-ological parameters that may be effective biomarkers of stress. J. Anim.
Sci. 86:1325–1334. https://doi .org/10.2527/jas.2007-0762.
Buczinski, S., R.D. Rademacher, H.M. Tripp, M. Edmonds, E.G. Johnson, and S. Dufour. 2015. Assessment
of L-lactatemia as a predictor of respiratory disease recognition and severity in feedlot steers. Prev.
Vet. Med. 118(4):306-18. https://doi.org/10.1016/j.prevetmed.2014.12.003.
Buczinski, S., M. Borris, and J. Dubuc. 2018. Herd-level prevalence of the ultrasonographic lung lesions
associated with bovine respira-tory disease and related environmental risk factors. J. Dairy Sci.
101:2423–2432. https://doi.org/10.3168/jds.2017-13459.
Burdick, N.C., J.A. Carroll, L.E. Hulbert, J.W. Dailey, S.T. Willard, R.C. Vann, T.H. Welsh Jr., and R.D.
Randel. 2010. Relationships between temperament and transportation with rectal temperature
and serum concentrations of cortisol and epinephrine in bulls. Livest. Sci. 129(1-3):166-72. https://
doi.org/10.1016/j.livsci.2010.01.020.
Burton, J.L., B. Kennedy, E. Burnside, B. Wilkie, and J. Burton. 1989. Variation in serum concentrations
of immunoglobulins G, A, and M in Canadian Holstein-Friesian calves. J. Dairy Sci. 72(1), 135-149.
https://doi.org/10.3168/jds.S0022-0302(89)79089-5.
Burton, J.L., S.A. Madsen, L.C. Chang, P.S.D. Weber, K.R. Buckham, R. van Dorp, M.C. Hickey, and B. Earley.
2005. Gene expression signatures in neutrophils exposed to glucocorticoids: a new paradigm to
help explain "neutrophil dysfunction" in parturient dairy cows. Vet. Immunol. Immunop. 105(3-4):197219. https://doi.org/10.1016/j.vetimm.2005.02.012.

227

REFERENCES

Boulay, G., D. Francoz, E. Dore, S. Dufour, M. Veillette, M. Badillo, A.M. Belanger, and S. Buczinski. 2014.

C

arter, J.N., G.L. Meredith, M. Montelongo, D.R. Gill, C.R. Krehbiel, M.E. Payton, and A.W. Confer. 2002.
Relationship of vitamin E supplementation and antimicrobial treatment with acute-phase protein

responses in cattle affected by naturally acquired respiratory tract disease. Am. J. Vet. Res. 63(8):1111-7.
https://doi.org/10.2460/ajvr.2002.63.1111.
Carvalho, M.R., C. Aboujaoude, F. Peñagaricano, J.E.P. Santos, T.J. DeVries, B.W. McBride, and E.S. Ribeiro.
2020. Associations between maternal characteristics and health, survival, and performance of
dairy heifers from birth through first lactation. J. Dairy Sci. 103(1), 823-839. https://doi.org/10.3168/
jds.2019-17083.
Catry, B., J. Dewulf, D. Maes, B. Pardon, B. Callens, M. Vanrobaeys, G. Opsomer, A. de Kruif, and F.
Haesebrouck. 2016. Effect of antimicrobial consumption and production type on antibacterial
resistance in the bovine respiratory and digestive tract. PLoS One, 11(1), 0146488. https://doi.
org/10.1371/journal.pone.0146488.
Cave, J.G., A.P.L. Callinan, and W.K. Woonton. 2005. Mortalities in bobby calves associated with long
distance transport. Aust. Vet. J. 83, 82–84. https://doi.org/10.1111/j.1751-0813.2005.tb12203.x.
CBS Statline, 2021. Available online at: StatLine-Vleesproductie; aantal slachtingen en geslacht gewicht
per diersoort (cbs.nl) (in Dutch). Accesed the 18th of February 2021.
Ceciliani, F., J. Ceron, P. Eckersall, and H. Sauerwein. 2012. Acute phase proteins in ruminants. J.
Proteomics. 75(14):4207-4231. https://doi.org/10.1016/j.jprot.2012.04.004.
Cernicchiaro, N., B.J. White, D.G. Renter, A.H. Babcock, L. Kelly, and R. Slattery. 2012. Associations
between the distance traveled from sale barns to commercial feedlots in the United States and
overall performance, risk of respiratory disease, and cumulative mortality in feeder cattle during
1997 to 2009. J. Anim. Sci. 90(6):1929-39. https://doi.org/10.2527/jas.2011-4599.
Cerri, R.L.A., I.M. Thompson, I.H. Kim, A.D. Ealy, P.J. Hansen, C.R. Staples, J.L. Li, J.E.P. Santos, and
W.W. Thatcher. 2012. Effects of lactation and pregnancy on gene expression of endometrium of
Holstein cows at day 17 of the estrous cycle or pregnancy. J. Dairy Sci. 95(10), 5657-5675. https://
doi.org/10.3168/jds.2011-5114.
Chacon, G., S. Garcia-Belenguer, M. Villarroel, and G.A. Maria. 2005. Effect of transport stress on physiological responses of male bovines. Deut. Tierarztl. Woch. 112(12):465-9. Available online at: http://
europepmc.org/abstract/med/16425633.
Chase, C.C., D.J. Hurley, and A.J. Reber. 2008. Neonatal immune development in the calf and its impact
on vaccine response. Vet. Clin. N. Am-Food A. 24(1), 87-104. https://doi.org/10.1016/j.cvfa.2007.11.001.
Clasen, J.B., E. Norberg, P. Madsen, J. Pedersen, and M. Kargo. 2017. Estimation of genetic parameters
and heterosis for longevity in crossbred Danish dairy cattle. J. Dairy Sci. 100(8), 6337-6342. https://
doi.org/10.3168/jds.2017-12627.
Clasen, J.B., A. Fogh, and M. Kargo. 2019. Differences between performance of F1 crossbreds and Holsteins
at different production levels. J. Dairy Sci. 102(1), 436-441. https://doi.org/10.3168/jds.2018-14975.
Coghe, J., C.H. Uystepruyst, F. Bureau, J. Detilleux, T. Art, and P. Lekeux. 2000. Validation and prognostic
value of plasma lactate measurement in bovine respiratory disease. Vet. J. 160(2):139-46. https://
doi.org/10.1053/tvjl.2000.0487.
Col, R., and U. Uslu. 2007. Changes in selected serum components in cattle naturally infected with
Theileria annulata. B. Vet. I. Pulawy. 51(1):15-8.
Colditz, I.G., and B.C. Hine. 2016. Resilience in farm animals: biology, management, breeding and implications for animal welfare. Anim. Prod. Sci. 56(12), 1961-1983. https://doi.org/10.1071/AN15297.
Cole, N.A., W.A. Phillips, and D.P. Hutcheson. 1986. The effect of pre-fast diet and transport on nitrogen
metabolism of calves. J. Anim. Sci. 62(6):1719-31. https://doi.org/10.2527/jas1986.6261719x.

228

calves. Am. J. Vet. Res. 49(2):178-83.
Collard, B.L., P.J. Boettcher, J.C.M. Dekkers, D. Petitclerc, and L.R. Schaeffer. 2000. Relationships between
energy balance and health traits of dairy cattle in early lactation. J. Dairy Sci.83(11):2683-90. https://
doi.org/10.3168/jds.S0022-0302(00)75162-9.
Collineau, L., A. Backhans, J. Dewulf, U. Emanuelson, E. grosse Beilage, A. Lehébel, S. Loesken, E.O. Nielsen,
M. Postma, M. Sjölund, and K.D. Stärk. 2017. Profile of pig farms combining high performance and
low antimicrobial usage within four European countries. Vet. Rec. https://doi.org/10.1136/vr.103988.
Conneely, M., D. Berry, R. Sayers, J. Murphy, I. Lorenz, M. Doherty, and E. Kennedy. 2013. Factors associated with the concentration of immunoglobulin G in the colostrum of dairy cows. Animal. 7(11),
1824-1832. https://doi.org/10.1017/S1751731113001444.
Conner, J.G., P.D. Eckersall, A. Wiseman, T.C. Aitchison, and T.A. Douglas. 1988. Bovine acute phase
response following turpentine injection. Res. Vet. Sci. 44(1):82-8.
Constable, P., P. Walker, D. Morin, and J. Foreman. 1998. Clinical and laboratory assessment of
hydration status of neonatal calves with diarrhea. J. Am. Vet. Med. Assoc. 212:991–996.
Constable, P. 2002. The treatment of the diarrheic calf: an update. Recent developments and perspectives in bovine medicine: keynote lectures of the 22nd World Buiatrics Congress. Hannover, Germany.
Constable, P., W. Grünberg, and L. Carstensen. 2009. Comparative effects of two oral rehydration
solutions on milk clotting, abomasal luminal pH, and abomasal emptying rate in suckling calves.
J. Dairy Sci. 92:296–312. https://doi.org/10.3168/jds.2008-1462.
Cook, N.J. 2012. Minimally invasive sampling media and the measurement of corticosteroids as biomarkers of stress in animals. Can. J. Anim. Sci. 92(3):227-59. https://doi.org/10.4141/cjas2012-045.
Cuestas Jr, R.A. 1980. Creatine kinase isoenzymes in high-risk infants. Pediatr. Res. 14(8):935-8. https://
doi.org/10.1203/00006450-198008000-00008.
Cusack, P.M., N. McMeniman, and I.J. Lean. 2003. The medicine and epidemiology of bovine respiratory disease in feedlots. Aust. Vet. J. 81(8):480-7. https://doi.org/10.1111/j.1751-0813.2003.tb13367.x.

D

amiaans, B., V. Renault, S. Sarrazin, A.C. Berge, B. Pardon, S. Ribbens, C. Saegerman, and J. Dewulf.
2019. Biosecurity practices in Belgian veal calf farming: level of implementation, attitudes, strengths,

weaknesses and constraints. Prev. Vet. Med. 172, 104768. https://doi.org/10.1016/j.prevetmed.2019.104768.
Davidson, A., R. McConnico, M. Mitchell, J. Hubert, and L. Coates-Markle. 2004. The effect of pre-treatment with oral electrolytes on serum cortisol and other haematological parameters in a group of
feral horses transported by road. Vet. J. 168:199.
De Almeida, A.M., M. Zachut, L.E. Hernández-Castellano, M. Šperanda, G. Gabai, and A. Mobasheri.
2019. Biomarkers of fitness and welfare in dairy animals: healthy living. J. Dairy Res. 86(4), 379–387.
https://doi.org/10.1017/S0022029919000803.
DeRijk, R.H., J. Petrides, P. Deuster, P.W. Gold, and E.M. Sternberg. 1996. Changes in corticosteroid sensitivity of peripheral blood lymphocytes after strenuous exercise in humans. J. Clin. Endocrinol. Metab.
81(1):228-35. https://doi.org/10.1210/jcem.81.1.8550757.
DeRijk, R., and E.M. Sternberg. 1997. Corticosteroid resistance and disease. Ann Med. 29(1):79-82. https://
doi.org/10.3109/07853899708998746.
Denkavit B.V., 2021. Available at https://denkavit.com/nl/fokkalveren/programmakalf/.
Deuster, P.A., E.B. Zelazowska, A. Singh, and E.M. Sternberg. 1999. Expression of lymphocyte subsets
after exercise and dexamethasone in high and low stress responders. Med. Sci. Sports Exerc.
31(12):1799-806. https://doi.org/10.1097/00005768-199912000-00016.

229

REFERENCES

Cole, N.A., T.H. Camp, L.D. Rowe Jr, D.G. Stevens, and D.P. Hutcheson. 1988. Effect of transport on feeder

Devant, M., and S. Marti. 2020. Strategies for feeding unweaned dairy beef cattle to improve their health.
Animals. 10(10), 1908. https://doi.org/10.3390/ani10101908.
Dhabhar, F.S., and B.S. Mcewen. 1997. Acute stress enhances while chronic stress suppresses cell-mediated immunity in vivo: a potential role for leukocyte trafficking. Brain. Behav. Immun. 11(4):286-306.
https://doi.org/10.1006/brbi.1997.0508.
Diana, A., M. Penasa, M. Santinello, F. Scali, E. Magni, G.L. Alborali, L. Bertocchi, and M. De Marchi.
2020. Exploring potential risk factors of antimicrobial use in beef cattle. Animal. 100091. https://doi.
org/10.1016/j.animal.2020.100091.
Di Labio, E., G. Regula, A. Steiner, R. Miserez, A. Thomann, and U. Ledergerber. 2007. Antimicrobial
resistance in bacteria from Swiss veal calves at slaughter. Zoonoses Public hlth. 54(9‐10):344-52.
https://doi.org/10.1111/j.1863-2378.2007.01071.x.
Drent, M., N.A.M. Cobben, R.F. Henderson, E.F.M. Wouters, and M. vanDieijenVisser. 1996. Usefulness
of lactate dehydrogenase and its isoenzymes as indicators of lung damage or inflammation. Eur.
Respir. J. 9(8):1736-42. https://doi.org/10.1183/09031936.96.09081736.
Dunn, A., A. Ashfield, B. Earley, M. Welsh, A. Gordon, and S. Morrison. 2017. Evaluation of factors associated with immunoglobulin G, fat, protein, and lactose concentrations in bovine colostrum and
colostrum management practices in grassland-based dairy systems in Northern Ireland. J. Dairy
Sci.100(3), 2068-2079. https://doi.org/10.3168/jds.2016-11724.
Dunn, A., C. Duffy, A. Gordon, S. Morrison, A. Argűello, M. Welsh, and B. Earley. 2018. Comparison of single
radial immunodiffusion and ELISA for the quantification of immunoglobulin G in bovine colostrum,
milk and calf sera. J. Appl. Anim. Res. 46(1), 758-765. https://doi.org/10.1080/09712119.2017.1394860.

E

arley, B., K. B. Sporer, and S. Gupta. 2017. Invited review: Relation-ship between cattle transport,
immunity and respiratory disease. Animal. 11:486–492. https://doi.org/10.1017/ S1751731116001622.

Egli, C.P., and J. Blum. 1998. Clinical, haematological, metabolic and endocrine traits during the first
three months of life of suckling Simmentaler calves held in a cow‐calf operation 1. J. Vet. Med. A.
45(1‐10), 99-118. https://doi.org/10.1111/j.1439-0442.1998.tb00806.x.
Eicher, S., and J. Morrow. 2000. Behavior following subcutaneous electrolyte treatment in transported
calves. In: Ramos A., Pinheiro Machado L.C., Hötzel M.J., editors. Proceedings of the 34th International
Congress of International Society of Applied Ethology (ISAE). Florianopolis, Brazil. p.76.
Eicher, S. 2001. Transportation of cattle in the dairy industry: current research and future directions. J.
Dairy Sci. 84:E19-E23. https://doi.org/10.3168/jds.S0022-0302(01)70192-0.
Elmer, S., and P. Reinhold. 2002. Consequences of changing ambient temperatures in calves - Part 1:
Immediate reactions of the respiratory system, the circulation system, metabolism and thermal
regulation. Deut. Tierarztl. Woch. 109(4):182-92.
Elolimy, A., M. Vailati-Riboni, Y. Liang, and J.J. Loor. 2019. Cellular mechanisms and epigenetic changes: role of nutrition in livestock. Vet. Clin. North Am. Food Anim. Pract. 35:249–263. https://doi.
org/10.1016/j.cvfa.2018.12.001.
Engel, B., W. Buist, and C.G. van Reenen. 2016. Housing of calves in experimental facilities in relation to
accuracy of comparison of feed rations in terms of confidence interval length and power of a significance test. Confidential report, commissioned by Denkavit Nederland BV.
Enjalbert, F. 2009. The relationship between trace elements status and health in calves. Rev. Med. Vet.
160(8-9):429-35.
Eriksson, S., A. Nasholm, K. Johansson, and J. Philipsson. 2004. Genetic parameters for calving difficulty,
stillbirth, and birth weight for Hereford and Charolais at first and later parities. J. Anim. Sci. 82(2),

230

Council of 22 September 2003 on additives for use in animal nutrition. European Commission,
Brussels, Belgium. Accessed: November 9, 2017. http://eur-lex.europa.eu/legal-content/en/
ALL/?uri=CELEX%3A32003R1831.
European Food Safety Authority (EFSA). 2012. Welfare of beef cattle and calves. EFSA J.10(5). https://
doi.org/10.2903/j.efsa.2012.2669.

F

azio, E., and A. Ferlazzo. 2003. Evaluation of stress during transport. Vet. Res. Commun. 27 Suppl
1(1):519-24. https://doi.org/10.1023/B:VERC.0000014211.87613.d9.

Fayet, J., and J. Overwater. 1978. Prognosis of diarrhoea in the newborn calf: statistical analysis of blood
biochemical data. Ann. Rech. Vet. 9(1):55-61.
Feilotter, H.E. 2004. Microarrays in veterinary diagnostics. Anim. Health Res. Rev. 5(2):249-55. https://
doi.org/10.1079/AHR200478.
Fenwick, M.A., S. Llewellyn, R. Fitzpatrick, D.A. Kenny, J.J. Murphy, J. Patton, and D.C. Wathes. 2008.
Negative energy balance in dairy cows is associated with specific changes in IGF-binding protein
expression in the oviduct. Reproduction. 135(1):63-75. https://doi.org/10.1530/REP-07-0243.
Fiems, L.O. 2012. Double muscling in cattle: genes, husbandry, carcasses and meat. Animals. 2(3),
472-506. https://doi.org/10.3390/ani2030472.
Fiems, L.O., J.L. De Boever, J.M. Vanacker, and D.L. De Brabander. 2013. Effect of cull potatoes in the
diet for finishing Belgian Blue double-muscled cows. Animal. 7(1), 93-100. https://doi.org/10.1017/
S1751731112001036.
Fleming, T.P., M.A. Velazquez, and J.J. Eckert. 2015. Embryos, DOHaD and david barker. J. Dev. Orig.
Health Dis. 6(5), 377-83. https://doi.org/10 .1017/ S2040174415001105.
Frohli, D., and J.W. Blum. 1988. Effects of fasting on blood plasma levels, metabolism and metabolic
effects of epinephrine and norepinephrine in steers. Acta Endocrinol (Copenh). 118(2):254-9. https://
doi.org/10.1530/acta.0.1180254.
Fujiwara, T., A.D. Cherrington, D.N. Neal, and O.P. McGuinness. 1996. Role of cortisol in the metabolic response to stress hormone infusion in the conscious dog. Metabolis. 45(5):571-8. https://doi.
org/10.1016/S0026-0495(96)90026-8.

G

accioli, F., S. Lager, T.L. Powell, and T. Jansson. 2013. Placental transport in response to altered maternal nutrition. J. Dev. Orig. Health Dis. 4:101–115. https://doi.org/10.1017/S2040174412000529.

Galyean, M.L., S.A. Gunter, and K.J. Malcolm-Callis. 1995. Effects of arrival medication with tilmicosin
phosphate on health and performance of newly received beef cattle. J. Anim. Sci. 73(5):1219-26.
https://doi.org/10.2527/1995.7351219x.
Gånheim, C., C. Hulten, U. Carlsson, H. Kindahl, R. Niskanen, and K.P. Waller. 2003. The acute phase
response in calves experimentally infected with bovine viral diarrhoea virus and/or Mannheimia
haemolytica. Zoonoses Public Hlth. 50(4):183-90. https://doi.org/10.1046/j.1439-0450.2003.00658.x.
Gånheim, C., S. Alenius, and K.P. Waller. 2007. Acute phase proteins as indicators of calf herd health. Vet.
J. 173(3):645-51. https://doi.org/10.1016/j.tvjl.2006.01.011.
Garcia, M., J.H. Shin, A. Schlaefli, L.F. Greco, F.P. Maunsell, J.E.P. Santos, C.R. Staples, and W.W. Thatcher.
2015. Increasing intake of essential fatty acids from milk replacer benefits performance, immune
responses, and health of preweaned Holstein calves. J. Dairy Sci. 98(1):458-77. https://doi.
org/10.3168/jds.2014-8384.

231

REFERENCES

375-383. https://doi.org/10.2527/2004.822375x.
European Commission (EC) Regulation No 1831/2003 of the European Parliament and of the

Gardy-Godillot, M., D. Durand, M. Dalle, and D. Bauchart. 1989. Diurnal pattern of plasma cortisol in
preruminant calves fasted or fed different milk proteins. J. Dairy Sci. 72(7):1842-1846. https://doi.
org/10.3168/jds.S0022-0302(89)79301-2.
Gasparelli, E.R.F., D.G. Camargo, R. Yanaka, S.H.V. Perri, G.P. Nogueira, J.A.N. Lisboa, and F.L.F. Feitosa.
2009. Serum levels of total protein, immunoglobulin G and cortisol in Nelore calves, at the birth and
at 24 hours old: influence of the type and the duration of the parturition. Ars Veterinaria. 25(3), 120-124.
Gebresenbet, G., I. Wikner, E.Y.H. Bobobee, G. Maria, and M. Vil-larroel. 2012. Effect of transport time and
handling on physiological responses of cattle. J. Agric. Sci. Technol. A 2:800.
Godden, S.M., J.P. Fetrow, J.M. Feirtag, L.R. Green, and S.J. Wells. 2005. Economic analysis of feeding
pasteurized nonsaleable milk versus conventional milk replacer to dairy calves. J. Vet. Med. A. 226(9),
1547-1554. https://doi.org/10.2460/javma.2005.226.1547.
Godson, D.L., M. Campos, S.K. AttahPoku, M.J. Redmond, D.M. Cordeiro, M.S. Sethi, R.J. Harland, and L.A.
Babiuk. 1996. Serum haptoglobin as an indicator of the acute phase response in bovine respiratory
disease. Vet. Immunol. Immunop. 51(3-4):277-92. https://doi.org/10.1016/0165-2427(95)05520-7.
Goetz, H.M., D.F. Kelton, J.H.C. Costa, C.B. Winder, and D.L. Renaud. 2021. Identification of biomarkers
measured upon arrival associated with morbidity, mortality, and average daily gain in grain-fed veal
calves. J. Dairy Sci. 104(1), 874-885. https://doi.org/10.3168/jds.2020-18729.
Gofflot, F., C. Hars, F. Illien, F. Chevy, C. Wolf, J.J. Picard, and C. Roux. 2003. Molecular mechanisms
underlying limb anomalies associated with cholesterol deficiency during gestation: implications
of Hedgehog signaling. Hum. Mol. Genet. 12(10), 1187-98. https://doi.org/10.1093/hmg/ddg129.
Gomes, V., C. Baccili, V. Baldacim, K. Madureira, A. Guilloux, C. Pozzi, and C. Gomes. 2014. Development
of the innate immune response and influence of colostrum suckling in calves. Am. J. Anim. Vet. Sci.
9(2), 77-83. https://doi.org/10.3844/ajavsp.2014.77.83.
González, L., K. Schwartzkopf-Genswein, M. Bryan, R. Silasi, and F. Brown. 2012. Relationships between
transport conditions and welfare outcomes during commercial long haul transport of cattle in North
America. J. Anim. Sci. 90(10):3640-51. https://doi.org/10.2527/jas.2011-4796.
Grandin, T. 2014. Livestock handling and transport. 4th ed. CABI, Boston, USA.
Griffin, J.L. 2006. Understanding mouse models of disease through metabolomics. Curr. Opin. Chem.
Biol. 10(4):309-15. https://doi.org/10.1016/j.cbpa.2006.06.027.
Griffin, D., M.M. Chengappa, J. Kuszak, D.S. McVey. 2010. Bacterial pathogens of the bovine respiratory disease
complex. Vet. Clin. North Am. Food Anim. Pract. 26(2):381-94. https://doi.org/10.1016/j.cvfa.2010.04.004.
Grigor, P.N., M.S. Cockram, W.B. Steele, C.J. Le Sueur, R.E. Forsyth, J.A. Guthrie, A.K. Johnson, V.
Sandilands, H.W. Reid, C. Sinclair, and H.K. Brown. 2001. Effects of space allowance during transport and duration of mid-journey lairage period on the physiological, behavioural and immunological responses of young calves during and after transport. Anim. Sci. 73(02):341-60. https://doi.
org/10.1017/S135772980005832X.
Grigor, P.N., M.S. Cockram, W.B. Steele, J. McIntyre, C.L. Williams, I.E. Leushuis IE, and C.G. van Reenen.
2004. A comparison of the welfare and meat quality of veal calves slaughtered on the farm with
those subjected to transportation and lairage. Livest. Prod. Sci. 91(3):219-28. https://doi.org/10.1016/j.
livprodsci.2004.08.005.
Guardia, M.D., J. Estany, S. Balasch, M.A. Oliver, M. Gispert, and A. Diestre. 2009. Risk assessment of skin
damage due to pre-slaughter conditions and RYR1 gene in pigs. Meat Sci. 81(4):745-51. https://doi.
org/10.1016/j.meatsci.2008.11.020.
Gupta, S., B. Earley, and M.A. Crowe. 2007. Effect of 12-hour road transportation on physiological,
immunological and haematological parameters in bulls housed at different space allowances. Vet.

232

4. https://doi.org/10.1017/S1466252314000140.
Gygax, M., H. Hirni, R. Zwahlen, S. Lazary, and J.W. Blum. 1993. Immune functions of veal calves fed low
amounts of iron. Zentralbl Veterinarmed A. 40(5):345-58. https://doi.org/10.1111/j.1439-0442.1993.
tb00638.x.

H

aessig, M., T. Stadler, and H. Lutz. 2007. Transition from maternal to endogenous antibodies in
newborn calves. Vet. Rec. 160(7), 234-235.

Hajimohammadi, A., S. Nazifi, M. Ansari-Lari, M.R. Khoshmanzar, and S.M. Bigdeli. 2013. Identifying relationships among acute phase proteins (haptoglobin, serum amyloid A, fibrinogen, ceruloplasmin)
and clinical findings in dairy calf diarrhea. Comp. Clin. Pathol. 22(2):227-32. https://doi.org/10.1007/
s00580-011-1390-5.
Hammon, H., and J.W. Blum. 1997. The somatotropic axis in neonatal calves can be modulated by nutrition, growth hormone, and Long-R3-IGF-I. Am. J. Physiol-Endoc. M. 273(1), E130-8. https://doi.
org/10.1152/ajpendo.1997.273.1.E130.
Hammon, H.M., I.A. Zanker, and J.W. Blum. 2000. Delayed colostrum feeding affects IGF-I and insulin
plasma concentrations in neonatal calves. J. Dairy Sci. 83(1), 85-92. https://doi.org/10.3168/jds.
S0022-0302(00)74859-4.
Hammon, H.M., J. Steinhoff-Wagner, J. Flor, U. Schonhusen, and C.C. Metges. 2013. Lactation biology
symposium: role of colostrum and colostrum components on glucose metabolism in neonatal
calves. J. Anim. Sci. 91:685–695. https://doi.org/10.2527/jas.2012-5758.
Hay, K.E., T.S. Barnes, J.M. Morton, A.C.A. Clements, and T.J. Mahony. 2014. Risk factors for bovine respiratory disease in Australian feedlot cattle: use of a causal diagram-informed approach to estimate
effects of animal mixing and movements before feedlot entry. Prev. Vet. Med. 117, 160–169. https://
doi.org/10.1016/j.prevetmed.2014.07.001.
Heegaard, P.M., D.L. Godson, M.J. Toussaint, K. Tjornehoj, L.E. Larsen, B. Viuff, and L. Ronsholt. 2000. The
acute phase response of haptoglobin and serum amyloid A (SAA) in cattle undergoing experimental
infection with bovine respiratory syncytial virus. Vet. Immunol. Immunop. 77(1-2):151-9. https://doi.
org/10.1016/S0165-2427(00)00226-9.
Heeres, J., M. Wolthuis, S. Bokma, D. Smits, N. Stockhofe, I. Vermij, and K. van Reenen. 2017. Alternatieve
vloeren voor vleeskalveren (in Dutch). Available online at: http://edepot.wur.nl/425832.
Heinrichs, A.J., and J.A. Elizondo-Salazar. 2009. Reducing failure of passive immunoglobulin transfer in
dairy calves. Rev. Med. Vet-Toulouse. 160(8-9), 436-440.
Hemsworth, P.H., J.L. Barnett, L. Beveridge, and L.R. Matthews. 1995. The welfare of extensively managed dairy cattle: a review. Appl. Anim. Behav. Sci. 42(3):161-82. https://doi.
org/10.1016/0168-1591(94)00538-P.
Herosimczyk, A., A. Lepczyński, M. Ożgo, A. Dratwa-Chałupnik, K. Michałek, and W.F. Skrzypczak. 2013. Blood
plasma protein and lipid profile changes in calves during the first week of life. P. J. Vet. Sci. 16(3), 425-34.
Hirvonen, J., K. Eklund, A. Teppo, G. Huszenicza, M. Kulcsar, H. Saloniemi, and S. Pyörӓlӓ. 1999. Acute
phase response in dairy cows with experimentally induced Escherichia coli mastitis. Acta Vet. Scand.
40(1):35-46. https://doi.org/10.1186/BF03547039.
Holstege, M.M.C., A.J.G. de Bont-Smolenaars, I.M.G.A. Santman-Berends, G.M. van der Linde-Witteveen,
G. Van Schaik, A.G.J. Velthuis, and T.J.G.M. Lam. 2018. Factors associated with high antimicrobial use
in young calves on Dutch dairy farms: a case-control study. J. Dairy Sci. 101(10), 9259-9265. . https://

233

REFERENCES

J. 173(3):605-16. https://doi.org/10.1016/j.tvjl.2006.03.002.
Guterbock, W.M. 2014. The impact of BRD: the current dairy experience. Anim. Health Res. Rev. 15(2):130-

doi.org/10.3168/jds.2017-14252.
Honkavaara, M., E. Rintasalo, J. Ylönen, and T. Pudas. 2003. Meat quality and transport stress of cattle.
Deut. Tierarztl. Woch. 110(3):125-128.
Horadagoda, N.U., K.M.G. Knox, H.A. Gibbs, S.W.J. Reid, A. Horadagoda, S.E.R. Edwards, and P.D. Eckersall.
1999. Acute phase proteins in cattle: discrimination between acute and chronic inflammation. Vet.
Rec. 144(16):437-41. https://doi.org/10.1136/vr.144.16.437.
Hordijk, J., K. Veldman, C. Dierikx, A. van Essen-Zandbergen, J.A. Wagenaar, and D. Mevius. 2012.
Prevalence and characteristics of quinolone resistance in Escherichia coli in veal calves. Vet.
Microbiol. 156(1-2):136-42. https://doi.org/10.1016/j.vetmic.2011.10.006.
Hulbert, L.E., C.J. Cobb, J.A. Carroll, and M.A. Ballou. 2011a. The effects of early weaning on innate immune
responses of Holstein calves. J. Dairy Sci. 94(5):2545-56. https://doi.org/10.3168/jds.2010-3983.
Hulbert, L.E., C.J. Cobb, J.A. Carroll, and M.A. Ballou. 2011b. Effects of changing milk replacer feedings
from twice to once daily on Holstein calf innate immune responses before and after weaning. J.
Dairy Sci. 94(5):2557-65. https://doi.org/10.3168/jds.2010-3980.
Hulbert, L.E., and S.J. Moisa. 2016. Stress, immunity, and the management of calves. J. Dairy Sci.
99(4):3199-216. https://doi.org/10.3168/jds.2015-10198.
Hulten, C., and S. Demmers. 2002. Serum amyloid A (SAA) as an aid in the management of infectious
disease in the foal: comparison with total leucocyte count, neutrophil count and fibrinogen. Equine
Vet. J. 34(7):693-8. https://doi.org/10.2746/042516402776250360.
Humblet, M.F., J. Coghe, P. Lekeux, and J.M. Godeau. 2004. Acute phase proteins assessment for an early
selection of treatments in growing calves suffering from bronchopneumonia under field conditions.
Res. Vet. Sci. 77(1):41-7. https://doi.org/10.1016/j.rvsc.2004.02.009.

I

lyin, S.E., S.M. Belkowski, and C.R. Plata-Salaman. 2004. Biomarker discovery and validation: technologies and integrative approaches. Trends Biotechnol. 22(8):411-6. https://doi.org/10.1016/j.

tibtech.2004.06.005.
Ishiwata, T., K. Uetake, Y. Eguchi, and T. Tanaka. 2008. Steer stress levels during long distance transport
throughout the year in Japan. Anim. Sci. J. 79(4):510-7. https://doi.org/10.1111/j.1740-0929.2008.00557.x.
Ishizaki, H., and Y. Kariya. 2010. Road transportation stress promptly increases bovine peripheral blood
absolute NK cell counts and cortisol levels. J. Vet. Med. Sci. 1002090152-1002090152. https://doi.
org/10.1292/jvms.09-0441.

J

acobsen, S., P.H. Andersen, T. Toelboell, P.M. Heegaard. 2004. Dose dependency and individual
variability of the lipopolysaccharide-induced bovine acute phase protein response. J. Dairy Sci.

87(10):3330-9. https://doi.org/10.3168/jds.S0022-0302(04)73469-4.
Johnston, K., S.J. Holcombe, and J.G. Hauptman. 2007. Plasma lactate as a predictor of colonic viability and survival after 360 degrees volvulus of the ascending colon in horses. Vet. Sur. 36(6):563-7.
https://doi.org/10.1111/j.1532-950X.2007.00305.x.
Jongman, E.C., and K.L. Butler. 2014. The effect of age, stocking density and flooring during transport on
welfare of young dairy calves in Australia. Animals. 4(2):184-99. https://doi.org/10.3390/ani4020184.
Joshi, V., V. Gupta, A. Bhanuprakash, R. Mandal, U. Dimri, and Y. Ajith. 2018. Haptoglobin and serum
amyloid A as putative biomarker candidates of naturally occurring bovine respiratory disease in
dairy calves. Microb. Pathogenesis. 116:33-37. https://doi.org/10.1016/j.micpath.2018.01.001

234

amal, M.M., M. Van Eetvelde, E. Depreester, M. Hostens, L. Vandaele, and G. Opsomer. 2014. Age at
calving in heifers and level of milk production during gestation in cows are associated with the birth

size of Holstein calves. J. Dairy Sci. 97, 5448–5458. https://doi.org/10.3168/JDS.2014- 7898.
Kaneko, J., J.W. Harvey, and M.L. Bruss. 2008. Clinical biochemistry of domestic animals. San Diego:
Academic Press.
Kanematsu, N., R. Aoki, H. Shingu, T. Asada, N. Moriya, Y. Kobayashi, F. Ohtani, and M. Sutoh. 2017. Change
in lymphocyte subsets of Holstein calves caused by short-term transportation. JARQ-Jpn. Agr. Res.
Q. 51(2):165-169. https://doi.org/10.6090/jarq.51.165.
Karasuyama, H., K. Miyake, S. Yoshikawa, and Y. Yamanishi. 2018. Multifaceted roles of basophils in
health and disease. J. Allergy Clin. Immun. 142(2):370-380. https://doi.org/10.1016/j.jaci.2017.10.042.
Kent, J.E., and R. Ewbank. 1983. The effect of road transportation on the blood constituents and behaviour
of calves. I. Six months old. Br. Vet. J. 139(3):228-35. https://doi.org/10.1016/S0007-1935(17)30489-X.
Kent, J.E., and R. Ewbank. 1986a. The effect of road transportation on the blood constituents and
behaviour of calves. II. One to three weeks old. Br. Vet. J. 142(2):131-40. https://doi.org/
10.1016/0007-1935(86)90088-6.
Kent, J.E., and R. Ewbank. 1986b. The effect of road transportation on the blood constituents and behaviour
of calves. III. Three months old. Br. Vet. J. 142(4):326-35. https://doi.org/10.1016/0007-1935(86)90028-X.
Kenward, M. G., and J. H. Roger. 1997. Small sample inference for fixed effects from restricted
maximum likelihood. Biometrics 53:983–997. https://doi.org/10.2307/2533558.
Klee, W., D. Schillinger, and G. Dirksen. 1979. Blood urea concentration and hematocrit in calf diarrhea:
diagnostic and prognostic value. Deut. Tierarztl. Woch. 86(12):465.
Klinkon, M., and J. Ježek. 2012. Values of blood variables in calves. In: Perez-Marin CC, editor. A bird’s-eye
view of veterinary medicine. InTech. p. 301-20.
Knowles, T.G., P.D. Warriss, S.N. Brown, S.C. Kestin, S.M. Rhind, J.E. Edwards, M.H. Anil, and S.K. Dolan.
1993. Long distance transport of lambs and the time needed for subsequent recovery. Vet.
Rec.133(12):286-93. https://doi.org/10.1136/vr.133.12.286.
Knowles, T.G. 1995. A review of post transport mortality among younger calves. Vet. Rec. 137(16):406-7.
https://doi.org/10.1136/vr.137.16.406.
Knowles, T.G., P.D. Warriss, S.N. Brown, J.E. Edwards, P.E. Watkins, and A.J. Phillips. 1997. Effects on calves
less than one month old of feeding or not feeding them during road transport of up to 24 hours. Vet.
Rec.140:116-24. https://doi.org/10.1136/vr.140.5.116.
Knowles, T.G., P.D. Warriss, S.N. Brown, and J.E. Edwards. 1999a. Effects on cattle of transportation by
road for up to 31 hours. Vet. Rec. 145(20):575-82. https://doi.org/10.1136/vr.145.20.575.
Knowles, T.G., S.N. Brown, J.E. Edwards, A.J. Phillips, and P.D. Warriss. 1999b. Effect on young calves
of a one-hour feeding stop during a 19-hour road journey. Vet. Rec. 144(25):687-92. https://doi.
org/10.1136/vr.144.25.687.
Knowles, T. G., J. Edwards, K. Bazeley, S. Brown, A. Butterworth, and P. Warriss. 2000. Changes in the
blood biochemical and hae-matological profile of neonatal calves with age. Vet. Rec. 147:593–598.
https://doi.org/10.1136/vr.147.21.593.
Kühne, S., H.M. Hammon, R.M. Bruckmaier, C. Morel, Y. Zbinden, and J.W. Blum. 2000. Growth performance, metabolic and endocrine traits, and absorptive capacity in neonatal calves fed either colostrum or milk replacer at two levels. J. Anim. Sci. 78(3), 609-20. https://doi.org/10.2527/2000.783609x.
Kushibiki, S., K. Hodate, Y. Ueda, H. Shingu, Y. Mori, T. Itoh, and Y. Yokomizo. 2000. Administration of recombinant bovine tumor necrosis factor-alpha affects intermediary metabolism and insulin and growth
hormone secretion in dairy heifers. J. Anim. Sci. 78(8):2164-71. https://doi.org/10.2527/2000.7882164x.

235

REFERENCES

K

L

echtenberg, K.F., R.A. Smith, and G.L. Stokka. 1998. Feedlot health and management. Vet. Clin. North.
Am. Food Anim. Pract.14(2):177-97. https://doi.org/10.1016/S0749-0720(15)30250-4.

Lekeux, P. 1995. Bovine respiratory disease complex: an European perspective. Bovine Pr. 29:71-75.
Liang, Y. 2015. The influences of planes of nutrition on development and health of the gastrointestinal
tract of calves: Texas Tech University.
Lombard, J.E., F.B. Garry, S.M. Tomlinson, and L.P. Garber. 2007. Impacts of dystocia on health and survival of dairy calves. J. Dairy Sci. 90(4), 1751-1760. https://doi.org/10.3168/jds.2006-295.
Lomborg, S.R., L.R. Nielsen, P.M. Heegaard, and S. Jacobsen. 2008. Acute phase proteins in cattle
after exposure to complex stress. Vet. Res. Commun. 32(7):575-582. https://doi.org/10.1007/
s11259-008-9057-7.
Lopez-Olvera, J.R., I. Marco, J. Montane, and S. Lavin. 2006. Transport stress in Southern chamois
(Rupicapra pyrenaica) and its modulation by acepromazine. Vet. J. 172(2):347-55. https://doi.
org/10.1016/j.tvjl.2005.06.007.
Lorenz, I. 2004. Influence of D-lactate on metabolic acidosis and on prognosis in neonatal calves with diarrhoea. J. Vet. Med. A. Physiol. Pathol. Clin. Med. 51(9-10):425-8. https://doi.
org/10.1111/j.1439-0442.2004.00662.x.
Lorenz, I., and S. Vogt. 2006. Investigations on the association of D-lactate blood concentrations with the
outcome of therapy of acidosis, and with posture and demeanour in young calves with diarrhoea. J.
Vet. Med. A. Physiol. Pathol. Clin. Med. 53(9):490-4. https://doi.org/10.1111/j.1439-0442.2006.00863.x.
Lorenz, I. 2009. D-Lactic acidosis in calves. Vet. J. 179(2):197-203. https://doi.org/10.1016/j.tvjl.2007.08.028.

M

aach, L., H. Gründer, and A. Boujija. 1992. Klinische und hämatologische Untersuchungen bei
schwarzbunten an Durchfall erkrankten neugeborenen Aufzuchtkälbern in Marokko. Deut.

Tierarztl. Woch. 99:133-40.
Mackenzie, A., M. Drennan, T. Rowan, J. Dixon, and S. Carter. 1997. Effect of transportation and weaning
on humoral immune responses of calves. Res. Vet. Sci. 63(3):227-230. https://doi.org/10.1016/
S0034-5288(97)90025-4.
Maillo, V., D. Rizos, U. Besenfelder, V. Havlicek, A.K. Kelly, M. Garrett, and P. Lonergan. 2012. Influence
of lactation on metabolic characteristics and embryo development in postpartum Holstein dairy
cows. J. Dairy Sci. 95(7), 3865-3876. https://doi.org/10.3168/jds.2011-5270.
Mann, S., F.A. Leal Yepes, T.R. Overton, A.L. Lock, S.V. Lamb, J.J. Wakshlag, and D.V. Nydam. 2016. Effect of dry
period dietary energy level in dairy cattle on volume, concentrations of immunoglobulin G, insulin, and
fatty acid composition of colostrum. J. Dairy Sci. 99:1515–1526. https://doi.org/10.3168/jds.2015-9926.
MARAN, 2020. Consumption of antimicrobial agents and antimicrobial resistance among medically
important bacteria in the Netherlands. Available online at: https://www.wur.nl/nl/show/NethmapMARAN-2020.htm.
Marcato, F., H. van den Brand, B. Kemp, and K. van Reenen. 2018. Evaluating potential biomarkers of health
and performance in veal calves. Front. Vet. Sci. 5:133. https://doi.org/ 10.3389/fvets.2018.00133.
Marcato, F., H. van den Brand, B. Kemp, B. Engel, M. Wolthuis-Fillerup, and K. van Reenen. 2020a. Effects
of pre-transport diet, transport duration, and type of vehicle on physiological status of young veal
calves. J. Dairy Sci. 103(4):3505-3520. https://doi.org/10.3168/jds.2019-17445.
Marcato, F., H. van den Brand, C.A. Jansen, V.P.M.G. Rutten, B. Kemp, B. Engel, M. Wolthuis-Fillerup,
and K. van Reenen. 2020b. Effects of pre-transport diet, transport duration and transport condition
on immune cell subsets, haptoglobin, cortisol and bilirubin in young veal calves. Plos One. 16(2),
e0246959. https://doi.org/10.1371/journal.pone.0246959.

236

Transport of young veal calves: effects of pre-transport diet, transport duration and type of vehicle
on health, behavior, use of medicines, and slaughter characteristics. Front. Vet. Sci. 7, 1076. https://
doi.org/10.3389/fvets.2020.576469.
Marcato, F., H. van den Brand, B. Kemp, B. Engel, S. Schnabel, C.A. Jansen, V.P.M.G. Rutten, F.A. Hoorweg,
A. Wulansari, M. Wolthuis-Fillerup, and K. van Reenen. 2021a. Transport age and calf and cow characteristics affect immunoglobulin titers and hematological parameters of veal calves (manuscript
submitted to Journal of Dairy Science).
Marcato, F., H. van den Brand, B. Kemp, B. Engel, S. Schanbel, F.A. Hoorweg, M. Wolthuis-Fillerup, and K.
van Reenen. 2021b. Effects of transport age and calf and cow characteristics on health and performance of veal calves (manuscript submitted to Journal of Dairy Science).
Martin, P., P.P.G. Bateson, and P. Bateson. 1993. Measuring behaviour: an introductory guide. Cambridge:
Cambridge University Press.
Masmeijer, C., B. Devriendt, T. Rogge, K. van Leenen, L. De Cremer, B. Van Ranst, P. Deprez, E. Cox, and
B. Pardon. 2019. Randomized field trial on the effects of body weight and short transport on stress
and immune variables in 2‐to 4‐week‐old dairy calves. J. Vet. Intern. Med. 33(3):1514-1529. https://
doi.org/10.1111/jvim.15482.
Mayasari, N., A. Van Knegsel, G. de Vries Reilingh, B. Kemp, and H. Parmentier. 2016. Natural autoantibodies in Bos taurus calves during the first twelve weeks of life. Vet. Immunol. Immunop. 178, 70-78.
https://doi.org/10.1016/j.vetimm.2016.07.001.
Mayasari, N., J. Chen, A. Ferrari, R.M. Bruckmaier, B. Kemp, H.K. Parmentier, A.T.M. van Knegsel, and E.
Trevisi. 2017. Effects of dry period length and dietary energy source on inflammatory biomarkers and
oxidative stress in dairy cows. J. Dairy Sci. 100(6), 4961-4975. https://doi.org/10.3168/jds.2016-11857.
McGuirk, S., and P. Ruegg. 2017. Calf diseases and prevention. Available online at: http//www extention
org/pages/15695/calf-diseases-and-prevention/print.
Mee, J.F. 2008. Newborn dairy calf management. Vet. Clin. N. Am-Food A. 24(1):1-17. https://doi.
org/10.1016/j.cvfa.2007.10.002.
Mevius, D., B. Wit, W. Van Pelt, L.F. Puister-Jansen, N. Bondt, R.H.M. Bergevoet, and I. van Geijlswijk.
MARAN 2007: monitoring of antimicrobial resistance and antibiotic usage in animals in the
Netherlands in 2006/2007. Wageningen University and Research Centre, Central Veterinary
Institute, Wageningen, Netherlands.
Mevius, D., M. Koene, B. Wit, W. Van Pelt, and N. Bondt. MARAN 2009: monitoring of antimicrobial
resistance and antibiotic usage in animals in the Netherlands in 2009. Wageningen University and
Research Centre, Central Veterinary Institute, Wageningen, Netherlands.
Miltenburg, G.A.J., T. Wensing, J.P.M. Vanvliet, G. Schuijt, J. Vandebroek, and H.J. Breukink. 1991. Blood
hemoglobin, plasma iron, and tissue iron in dams in late gestation, at calving, and in veal calves at
delivery and later. J. Dairy Sci. 74(9):3086-94. https://doi.org/10.3168/jds.S0022-0302(91)78494-4.
Minka, N.S., and J.O. Ayo. 2010. Physiological responses of food animals to road transportation stress.
Afr. J. Biotechnol. 9(40):6601-13.
Mitchell, G., J. Hattingh, and M. Ganhao. 1988. Stress in cattle assessed after handling, after transport
and after slaughter. Vet. Rec. 123(8):201-205. https://doi.org/10.1136/vr.123.8.201.
MKD Driehoek, 2021. Available online at: https://mkddriehoek.nl.
Moberg, G.P. 2000. Biological response to stress: implications for animal welfare. In: Moberg G.P. and
Mench J.A., editor. The biology of animal stress: basic principles and implications for animal welfare.
CAB International. p. 1-21.

237

REFERENCES

Marcato, F., H. van den Brand, B. Kemp, B. Engel, M. Wolthuis-Fillerup, and K. van Reenen. 2020c.

Mohri, M., K. Sharifi, and S. Eidi. 2007. Hematology and serum biochemistry of Holstein dairy calves: age
related changes and comparison with blood composition in adults. Res. Vet. Sci. 83:30–39. https://
doi.org/10.1016/j.rvsc.2006.10.017.
Mohri, M., H. A. Seifi, and F. Daraei. 2008. Effects of short-term supplementation of clinoptilolite
in colostrum and milk on hematology, serum proteins, performance, and health in neonatal dairy
calves. Food Chem. Toxicol. 46:2112–2117. https://doi.org/10.1016/j.fct .2008.02.003.
Montane, J., I. Marco, J. Lopez-Olvera, X. Manteca, and S. Lavin. 2002. Transport stress in roe deer
(Capreolus capreolus): effect of a short-acting antipsychotic. Anim. Welfare. 11(4):405-17.
Montgomery, S.P., J.J. Sindt, M.A. Greenquist, W.F. Miller, J.N. Pike, E.R. Loe, M.J. Sulpizio, and J.S.
Drouillard. 2009. Plasma metabolites of receiving heifers and the relationship between apparent
bovine respiratory disease, body weight gain, and carcass characteristics. J. Anim. Sci. 87(1):328-33.
https://doi.org/10.2527/jas.2008-0969.
Moore, R.E., J. Kirwan, M.K. Doherty, and P.D. Whitfield. 2007. Biomarker discovery in animal health and
disease: the application of post-genomic technologies. Biomark Insights. 2:185-96. https://doi.
org/10.1177/117727190700200040.
Mormede, P., J. Soissons, R.M. Bluthe, J. Raoult, G. Legarff, D. Levieux, and R. Dantzer. 1982. Effect of
transportation on blood serum composition, disease incidence, and production traits in young
calves. Influence of the journey duration. Ann. Rech. Vet. 13(4):369-84.
Mormede, P., S. Andanson, B. Auperin, B. Beerda, D. Guemene, J. Malmkvist, X. Manteca, G. Manteuffel, P.
Prunet, C.G. van Reenen. 2007. Exploration of the hypothalamic-pituitary-adrenal function as a tool to
evaluate animal welfare. Physiol. Behav. 92(3):317-39. https://doi.org/10.1016/j.physbeh.2006.12.003.
Morris, D.D., J.S. Cullor, R.H. Whitlock, M. Wickstrom, and L.B. Corbeil. 1986. Endotoxemia in neonatal
calves given antiserum to a mutant Escherichia coli (J-5). Am. J. Vet. Res. 47(12):2554-65.
Murata, H., H. Takahashi, and H. Matsumoto. 1987. The effects of road transportation on peripheral
blood lymphocyte subsets, lymphocyte blastogenesis and neutrophil function in calves. Brit. Vet.
J. 143(2):166-174. https://doi.org/10.1016/0007-1935(87)90008-X.
Murata, H., and H. Hirose. 1991. Suppression of bovine lymphocyte and macrophage functions by sera from
road-transported calves. Brit. Vet. J. 147(5):455-462. https://doi.org/10.1016/0007-1935(91)90088-5.
Murata, H., and T. Miyamoto. 1993. Bovine haptoglobin as a possible immunomodulator in the sera of
transported calves. Brit. Vet. J. 149(3):277-283. https://doi.org/10.1016/S0007-1935(05)80173-3.
Murray, C.F., M.C. Windeyer, T.F. Duffield, D.B. Haley, D.L. Pearl, K.M. Waalderbos, K.E. Leslie. 2014.
Associations of serum haptoglobin in newborn dairy calves with health, growth, and mortality up
to 4 months of age. J. Dairy Sci. 97(12):7844-55. https://doi.org/10.3168/jds.2014-8465.

N

aylor, J.M., D.S. Kronfeld, S. Bech-Nielsen, R.C. Bartholomew. 1977. Plasma total protein measurement
for prediction of disease and mortality in calves. J. Am. Vet. Med. Assoc. 171(7):635-8.

Naylor, J.M. 1987. Severity and nature of acidosis in diarrheic calves over and under one week of age.
Can. Vet. J. 28(4):168-73.
Naylor, J.M. 1989. A retrospective study of the relationship between clinical signs and severity of acidosis in diarrheic calves. Can. Vet. J. 30(7):577-80.
Negrao, J.A., M.A. Porcionato, A.M. De Passille, and J. Rushen. 2004. Cortisol in saliva and plasma of
cattle after ACTH administration and milking. J. Dairy Sci. 87(6):1713-8. https://doi.org/10.3168/jds.
S0022-0302(04)73324-X.
Nikunen, S., H. Hartel, T. Orro, E. Neuvonen, R. Tanskanen, S.L. Kivela, S. Sankari, P. Aho, S. Pyorala, H.
Saloniemi, and T. Soveri. 2007. Association of bovine respiratory disease with clinical status and

238

org/10.1016/j.cimid.2006.11.004.
Nonnecke, B.J., M.R. Foote, J. Smith, B. Pesch, and M. Van Amburgh. 2003. Composition and functional capacity of blood mononuclear leukocyte populations from neonatal calves on standard
and intensified milk replacer diets. J. Dairy Sci. 86(11):3592-3604. https://doi.org/10.3168/jds.
S0022-0302(03)73965-4.
Nonnecke, B.J., M.R. Foote, B.L. Miller, M. Fowler, T.E. Johnson, and R.L. Horst. 2009. Effects of chronic
environmental cold on growth, health, and select metabolic and immunologic responses of preruminant calves. J. Dairy Sci. 92(12):6134-43. https://doi.org/10.3168/jds.2009-2517.
Nouri, M., and P. D. Constable. 2006. Comparison of two oral electro-lyte solutions and route of administration on the abomasal empty-ing rate of Holstein-Friesian calves. J. Vet. Intern. Med. 20:620–626.
https://doi.org/10.1111/j.1939-1676.2006.tb02906.x.

O

dore, R., A. D'Angelo, P. Badino, C. Bellino, S. Pagliasso, and G. Re. 2004. Road transportation affects
blood hormone levels and lymphocyte glucocorticoid and beta-adrenergic receptor concentrations

in calves. Vet. J. 168(3):297-303. https://doi.org/10.1016/j.tvjl.2003.09.008.
Odore, R., P. Badino, G. Re, R. Barbero, B. Cuniberti, A. D'Angelo A, C. Girardi, E. Fraccaro, and M. Tarantola.
2011. Effects of housing and short-term transportation on hormone and lymphocyte receptor
concentrations in beef cattle. Res. Vet. Sci. 90(2):341-5. https://doi.org/10.1016/j.rvsc.2010.05.026.
Ontsouka, E.C., C. Albrecht, and R.M. Bruckmaier. 2016. Invited review: Growth-promoting effects of
colostrum in calves based on interaction with intestinal cell surface receptors and receptor-like
transporters. J. Dairy Sci. 99(6), 4111-23. https://doi.org/10.3168/jds.2015-9741.
Oppenheimer, S.J. 2001. Iron and its relation to immunity and infectious disease. J. Nutr. 131(2S-2):616S635S. https://doi.org/10.1093/jn/131.2.616S.
Opsomer, G., M. Van Eetvelde, M. Kamal, and A. Van Soom. 2017. Epidemiological evidence for metabolic
programming in dairy cattle. Reproduction Fertil. Develop. 29(1), 52-57. https://doi.org/10.1071/RD16410.
Oresic, M., A. Vidal-Puig, and V. Hanninen. 2006. Metabolomic approaches to phenotype characterization and applications to complex diseases. Expert Rev. Mol. Diagn. 6(4):575-85. https://doi.
org/10.1586/14737159.6.4.575.

P

anousis, N., N. Siachos, G. Kitkas, E. Kalaitzakis, M. Kritsepi-Konstantinou, and G.E. Valergakis. 2018.
Hematology reference intervals for neonatal Holstein calves. Res. Vet. Sci. 118:1-10. https://doi.

org/10.1016/j.rvsc.2018.01.002.
Pardon, B., K. De Bleecker, J. Dewulf, J. Callens, F. Boyen, B. Catry, and P. Deprez. 2011. Prevalence of
respiratory pathogens in diseased, non-vaccinated, routinely medicated veal calves. Vet. Rec.
169(11). https://doi.org/10.1136/vr.d4406.
Pardon, B., B. Catry, J. Dewulf, D. Persoons, M. Hostens, K. De Bleecker, and P. Deprez. 2012a. Prospective
study on quantitative and qualitative antimicrobial and anti-inflammatory drug use in white veal
calves. J. Antimicrob. Chemother. 67(4):1027-38. https://doi.org/10.1093/jac/dkr570.
Pardon, B., K. De Bleecker, M. Hostens, J. Callens, J. Dewulf, and P. Deprez. 2012b. Longitudinal study
on morbidity and mortality in white veal calves in Belgium. BMC Vet. Res. 8(1):26. https://doi.
org/10.1186/1746-6148-8-26.
Pardon, B., M. Hostens, L. Duchateau, J. Dewulf, K. De Bleecker, and P. Deprez. 2013. Impact of respiratory disease, diarrhea, otitis and arthritis on mortality and carcass traits in white veal calves. BMC
Vet. Res. 9(1):79. https://doi.org/10.1186/1746-6148-9-79.

239

REFERENCES

acute phase proteins in calves. Comp. Immunol. Microbiol. Infect. Dis. 30(3):143-51. https://doi.

Pardon, B., B. Catry, R. Boone, H. Theys, K. De Bleecker, J. Dewulf, and P. Deprez. 2014. Characteristics
and challenges of the modern Belgian veal industry. Vlaams Diergen Tijds. 83(4):155-63. https://
doi.org/10.21825/vdt.v83i4.16641.
Pardon, B., J. Alliet, R. Boone, S. Roelandt, B. Valgaeren, and P. Deprez. 2015. Prediction of respiratory disease and diarrhea in veal calves based on immunoglobulin levels and the serostatus for
respiratory pathogens measured at arrival. Prev. Vet. Med. 120(2):169-76. https://doi.org/10.1016/j.
prevetmed.2015.04.009.
Pare, J., M.C. Thurmond, I.A. Gardner, and J.P. Picanso. 1993. Effect of birthweight, total protein, serum
IgG and packed cell volume on risk of neonatal diarrhea in calves on two California dairies. Can. J.
Vet. Res. 57(4):241-6.
Parker, A.J., G.P. Hamlin, C.J. Coleman, and L.A. Fitzpatrick. 2003. Quantitative analysis of acid-base
balance in Bos indicus steers subjected to transportation of long duration. J. Anim. Sci. 81(6):14349. https://doi.org/10.2527/2003.8161434x.
Parrott, R.F., S.N. Thornton, and J.E. Robinson. 1988. Endocrine responses to acute stress in castrated
rams - no increase in oxytocin but evidence for an inverse relationship between cortisol and vasopressin. Acta Endocrinol-Cop. 117(3):381-6. https://doi.org/10.1530/acta.0.1170381.
Pempek, J., D. Trearchis, M. Masterson, G. Habing, and K. Proudfoot. 2017. Veal calf health on the day of
arrival at growers in Ohio. J. Anim. Sci. 95(9):3863-72. https://doi.org/10.2527/jas.2017.1642
Petersen, H.H., J.P. Nielsen, and P.M. Heegaard. 2004. Application of acute phase protein measurements
in veterinary clinical chemistry. Vet. Res. 35(2):163-87. https://doi.org/10.1051/vetres:2004002.
Pfrieger, F.W. 2003. Cholesterol homeostasis and function in neurons of the central nervous system.
Cell. Mol. Life Sci. 60(6):1158-71. https://doi.org/10.1007/s00018-003-3018-7.
Piccione, G., S. Casella, P. Pennisi, C. Giannetto, A. Costa, and G. Caola. 2010. Monitoring of physiological and blood parameters during perinatal and neonatal period in calves. Arq. Bras. Med. Vet. Zoo.
62(1), 1-12. https://doi.org/10.1590/S0102-09352010000100001.
Pinedo P., and A. De Vries. 2017. Season of conception is as¬sociated with future survival, fertility, and
milk yield of Holstein cows. J. Dairy Sci. 100, 6631-6639. https://doi.org/10.3168/jds.2017-12662.
Pinkert, C.A., J. Manz, P.J. Linton, N.R. Klinman, and U. Storb. 1989. Elevated PC responsive B cells and
anti-PC antibody production in transgenic mice harboring anti-PC immunoglobulin genes. Vet.
Immunol. Immunop. 23(3-4):321-332. https://doi.org/10.1016/0165-2427(89)90144-X.
Pletcher, M.J., and M. Pignone. 2011. Evaluating the clinical utility of a biomarker: a review of
methods for estimating health impact. Circulation.123(10):1116-24. https://doi.org/10.1161/
CIRCULATIONAHA.110.943860.
Ploegaert, T.C.W., G.D.V. Reilingh, M.G.B. Nieuwland, A. Lammers, H.F.J. Savelkoul, and H.K. Parmentier.
2007. Intratracheally administered pathogen-associated molecular patterns affect antibody responses of poultry. Poultry Sci. 86(8), 1667-1676. https://doi.org/10.1093/ps/86.8.1667.
Postma, M., A. Backhans, L. Collineau, S. Loesken, M. Sjölund, C. Belloc, U. Emanuelson, E.G. Beilage, K.D.
Stärk, and J. Dewulf. 2016. The biosecurity status and its associations with production and management characteristics in farrow-to-finish pig herds. Animal. 10(3), 478-489. https://doi.org/10.1017/
S1751731115002487.
Pradhan, A., and P.E. Olsson. 2020. Sex differences in severity and mortality from COVID-19: are males
more vulnerable?. Biol. Sex Differ. 11(1), 1-11. https://doi.org/10.1186/s13293-020-00330-7.
Preisler, M., P. Weber, R. Tempelman, R. Erskine, H. Hunt, and J. Burton. 2000. Glucocorticoid receptor
expression profiles in mononuclear leukocytes of periparturient Holstein cows. J. Dairy Sci. 83(1):3847. https://doi.org/10.3168/jds.S0022-0302(00)74852-1.

240

ciated with different hematological profiles in the newborn calf. Theriogenology. 77(5):865-872.
https://doi.org/10.1016/j.theriogenology.2011.09.010.

Q

uigley, J., T. Wolfe, and T. Elsasser. 2006. Effects of additional milk replacer feeding on calf health,
growth, and selected blood metabolites in calves. J. Dairy Sci. 89(1):207-16. https://doi.org/10.3168/

jds.S0022-0302(06)72085-9.
Quigley J.D., A. Lago, C. Chapman, P. Erikson, and J. Polo. 2013. Evaluation of the Brix refractometer to
estimate immunoglobulin G concentration in bovine colostrum. J. Dairy Sci. 96, 1148–55. https://
doi.org/10.3168/jds.2012-5823.

R

adaelli, E., M. Luini, G.R. Loria, R.A.J. Nicholas, and E. Scanziani. 2008. Bacteriological, serological,
pathological and immunohistochemical studies of Mycoplasma bovis respiratory infection in veal

calves and adult cattle at slaughter. Res. Vet. Sci. 85(2):282-90. https://doi.org/10.1016/j.rvsc.2007.11.012.
Radostits, O., C.C. Gay, K. Hinchcliff, and P. Constable. 2007. Veterinary medicine: a textbook of the diseases of cattle, sheep, pigs, goats and horses. Edinburgh, UK: Saunders Elsevier. p. 795-798.
Raleigh, R., and J. Wallace. 1962. The influence of iron and copper on hematologic values and on body
weight of range calves. Am. J. Vet. Res. 23:296-299.
Rea, D.E., J.W. Tyler, D.D. Hancock, T.E. Besser, L. Wilson, D.S. Krytenberg, and S.G. Sanders. 1996.
Prediction of calf mortality by use of tests for passive transfer of colostral immunoglobulin. J. Am.
Vet. Med. A. 208(12):2047-2049.
Reece, W., and D. Hotchkiss. 1987. Blood studies and performance among calves reared by different
methods. J. Dairy Sci. 70(8):1601-11. https://doi.org/10.3168/jds.S0022-0302(87)80188-1.
Renaud, D.L., T.F. Duffield, S.J. LeBlanc, D.B. Haley, and D.F. Kelton. 2017. Management practices for
male calves on Canadian dairy farms. J. Dairy Sci. 100(8), 6862-6871. https://doi.org/10.3168/
jds.2017-14042.
Renaud, D.L., T.F. Duffield, S.J. LeBlanc, D.B. Haley, and D.F. Kelton. 2018a. Clinical and metabolic indicators associated with early mortality at a milk-fed veal facility: a prospective case-control study.
J. Dairy Sci.101(3):2669-78. https://doi.org/10.3168/jds.2017-14042.
Renaud, D.L., T.F. Duffield, S.J. LeBlanc, S. Ferguson, D.B. Haley, and D.F. Kelton. 2018b. Risk factors associated with mortality at a milk-fed veal calf facility: a prospective cohort study. J. Dairy Sci. 101(3):110. https://doi.org/10.3168/jds.2017-13581.
Renaud, D., D. Kelton, S. LeBlanc, D. Haley, and T. Duffield. 2018c. Calf management risk factors on dairy
farms associated with male calf mortality on veal farms. J. Dairy Sci. 101(2):1785-94. https://doi.
org/10.3168/jds.2017-13578.
Reynolds, L. P., and J. S. Caton. 2012. Role of the pre- and post-natal environment in developmental
programming of health and productivity. Mol. Cell. Endocrinol. 354:54–59. https: // doi .org/ 10
.1016/j .mce .2011 .11 .013.
Richet, E., M.J. Davicco, M. Dalle, and J.P. Barlet. 1985. Réponses endocrines à l'insuline et âge conceptionnel chez le veau. Reprod. Nutr. Dev. 25(2):427-438.
Rifkind, J.M., L. Zhang, J.M. Heim, and A. Levy. 1988. The role of hemoglobin in generating oxyradicals.
In: Simic M.G., Taylor K.A., Ward J.F., von Sonntag C., editor. Oxygen radicals in biology and medicine. New York: Plenum Press. p. 157-62.
Riondato, F., A. D'Angelo, B. Miniscalco, C. Bellino, and R. Guglielmino. 2008. Effects of road transportation
on lymphocyte subsets in calves. Vet. J. 175(3):364-368. https://doi.org/10.1016/j.tvjl.2007.02.001.

241

REFERENCES

Probo, M., A. Giordano, P. Moretti, G. Opsomer, L. Fiems, and M. Veronesi. 2012. Mode of delivery is asso-

Roca, I., M. Akova, F. Baquero, J. Carlet, M. Cavaleri, S. Coenen, J. Cohen, D. Findlay, I. Gyssens, O.E. Heure,
and G. Kahlmeter. 2015. The global threat of antimicrobial resistance: science for intervention. New
microb. New inf. 6, 22-29. https://doi.org/10.1016/j.nmni.2015.02.007.
Roland, L., M. Drillich, D. Klein-Jöbstl, and M. Iwersen. 2016. Invited review: influence of climatic conditions on the development, performance, and health of calves. J. Dairy Sci. 99(4):2438-2452. https://
doi.org/10.3168/jds.2015-9901.
Rosmond, R. 2005. Role of stress in the pathogenesis of the metabolic syndrome. Psychoneuroendocrino.
30(1):1-10. https://doi.org/10.1016/j.psyneuen.2004.05.007.
Rushen, J., and A.M. de Passillé. 2014. Locomotor play of veal calves in an arena: are effects of feed level
and spatial restriction mediated by responses to novelty?. Appl. Anim. Behav. Sci. 155:34-41. https://
doi.org/10.1016/j.applanim.2014.03.009.
RVO, 2021. Available online at: Statistieken marktinformatie | RVO.nl | Rijksdienst (In Dutch). (Accessed
the 18th February, 2021).

S

alak-Johnson, J., and J. McGlone. 2007. Making sense of apparently conflicting data: stress and immunity in swine and cattle. J. Anim. Sci. 85(13):E81-E88. https://doi.org/10.2527/jas.2006-538.

Sanderson, M.W., D.A. Dargatz, and B.A. Wagner. 2008. Risk factors for initial respiratory disease in United
States’ feedlots based on producer-collected daily morbidity counts. Canadian Vet. J. 49(4):373
SBK. 2018. Protocol Gezonde Kalveren – Vitaal Kalf. Accessed Oct. 3, 2019. https://www .kalversector.
nl/wp-content/uploads/2018/03SBK-KVK-BIJL-700-02-20180401-Protocol Gezonde-Kalveren.
pdf (in Dutch).
Schaefer, A.L., S.D.M. Jones, A.K.W. Tong, and B.A. Young. 1990. Effects of transport and electrolyte
supplementation on ion concentrations, carcass yield and quality in bulls. Can. J. Anim. Sci. 70(1):10719. https://doi.org/10.4141/cjas90-012.
Schaefer, A.L., S.D.M. Jones, and R.W. Stanley. 1997. The use of electrolyte solutions for the reducing
transport stress. J. Anim. Sci. 75(1):258-65. https://doi.org/10.2527/1997.751258x.
Scheffer, M., J.E. Bolhuis, D. Borsboom, T.G. Buchman, S.M. Gijzel, D. Goulson, J.E. Kammenga, B. Kemp,
I.A. van de Leemput, S. Levin, C.M. Martin, R.J.F. Melis, E.H. van Nes, L.M. Romero, and M.G.O. Rikkert.
2018. Quantifying resilience of humans and other animals. PNAS. 115(47), 11883-11890. https://doi.
org/10.1073/pnas.1810630115.
Schneider, A., M.N. Correa, and W.R. Butler. 2013. Short communication: acute phase proteins in Holstein cows
diagnosed with uterine infection. Res. Vet. Sci. 95(1):269-71. https://doi.org/10.1016/j.rvsc.2013.02.010.
Schrama, J. W., A. Arieli, H. Brandsma, P. Luiting, and M. Verstegen. 1993. Thermal requirements of young
calves during standing and lying. J. Anim. Sci. 71:3285–3292. https:// doi.org/10.2527/1993.71123285x.
Schultze, A.E., K.P. Gunaga, J.G. Wagner, C.M. Hoorn, W.R. Moorehead, and R.A. Roth. 1994. Lactate
dehydrogenase activity and isozyme patterns in tissues and bronchoalveolar lavage fluid from rats
treated with monocrotaline pyrrole. Toxicol. Appl. Pharm. 126(2):301-10. https://doi.org/10.1006/
taap.1994.1120.
Schwartzkopf-Genswein, K.S., M.E. Booth-McLean, M.A. Shah, T. Entz, S.J. Bach, G.J. Mears, A.L. Schaefer,
N. Cook, J. Church, and T.A. McAllister. 2007. Effects of pre-haul management and transport duration on beef calf performance and welfare. Appl. Anim. Behav. Sci. 108:12–30. https://doi.
org/10.1016/j.applanim.2006.11.012.
Scibilia, L.S., L. Muller, R. Kensinger, T. Sweeney, and P. Shellen-berger. 1987. Effect of environmental
temperature and dietary fat on growth and physiological responses of newborn calves. J.
Dairy Sci. 70:1426–1433. https://doi.org/10.3168/jds.S0022-0302(87)80165-0.

242

with morbidity and mortality at a grain-fed veal facility: a prospective, single-cohort study. J. Dairy
Sci. 102(10), 9224-9235. https://doi.org/10.3168/jds.2019-16829.
Seifi, H.A., M. Mohri, E. Shoorei, and N. Farzaneh. 2006. Using haematological and serum biochemical findings as prognostic indicators in calf diarrhoea. Comp. Clinic. Pathol.15(3):143-7. https://doi.
org/10.1007/s00580-006-0620-8.
Seo, D., and G.S. Ginsburg. 2005. Genomic medicine: bringing biomarkers to clinical medicine. Curr.
Opin. Chem. Biol. 9(4):381-6. https://doi.org/10.1016/j.cbpa.2005.06.009.
Seppa-Lassila, L., U. Eerola, T. Orro, H. Hartel, H. Simojoki, T. Autio, S. Pelkonen, and T. Soveri. 2017. Health
and growth of Finnish beef calves and the relation to acute phase response. Livest. Sci. 196:7-13.
https://doi.org/10.1016/j.livsci.2016.12.007.
Silva, N.A., A.C. Honorio-Franca, F.R. Giachini, L. Mores, E.G. de Souza, and E.L. Franca. 2013. Bioactive
factors of colostrum and human milk exhibits a day-night variation. Am. J. Immunol. 9(2), 68. https://
doi.org/10.3844/ajisp.2013.68.74.
Skinner, J.G., R.A. Brown, and L. Roberts. 1991. Bovine haptoglobin response in clinically defined field
conditions. Vet. Rec. 128(7):147-9. https://doi.org/10.1136/vr.128.7.147.
Smith, G.W. 2009. Treatment of calf diarrhea: oral fluid therapy. Vet. Clin. North Am. Food Anim. Pract.
25, 55–72. https://doi.org/10.1016/j.cvfa.2008.10.006.
Snowder, G.D., L.D. Van Vleck, L.V. Cundiff, and G.L. Bennett. 2006. Bovine respiratory disease in feedlot cattle: environmental, genetic, and economic factors. J. Anim. Sci. 84(8):1999-2008. https://doi.
org/10.2527/jas.2006-046.
Spears, J.W. 1999. Reevaluation of the metabolic essentiality of the minerals - review. Asian-Australasian
J. Anim. 12(6):1002-8. https://doi.org/10.5713/ajas.1999.1002.
Sporer, K.R.B., J.L. Burton, B. Earley, and M.A. Crowe. 2007. Transportation stress in young bulls alters
expression of neutrophil genes important for the regulation of apoptosis, tissue remodeling, margination, and anti-bacterial function. Vet. Immunol. Immunop. 118(1-2):19-29. https://doi.org/10.1016/j.
vetimm.2007.04.002.
Steiger, M., M. Senn, G. Altreuther, D. Werling, F. Sutter, M. Kreuzer, and W. Langhans. 1999. Effect of a
prolonged low-dose lipopolysaccharide infusion on feed intake and metabolism in heifers. J. Anim.
Sci. 77(9):2523-32. https://doi.org/10.2527/1999.7792523x.
Steinhardt, M., and T. Hans-Herma. 1998. Development of calves during the milk feed period and forms
of reaction of these animals to transport by road. Anim. Res. Dev. 47:85–101.
Steinhardt, M., and H.H. Thielscher. 2005. The effect of haemoglobin content of blood on the reactions
of suckler calves exposed to short haul road transport and temporary separation from herd mates.
Tieraerztl. Umschau. 60(7):356.
Stilwell, G., and R.C. Carvalho. 2011. Clinical outcome of calves with failure of passive transfer as diagnosed by a commercially available N-IgG quick test kit. Can. Vet. J. 52(5):524.
Stocker, R., Y. Yamamoto, A.F. Mcdonagh, A.N. Glazer, and B.N. Ames. 1987. Bilirubin is an antioxidant of possible physiological importance. Science. 235(4792):1043-6. https://doi.org/10.1126/
science.3029864.
Stoltenow, C., and L.L. Vincent. 2003. Calf scours: causes, prevention, treatment. NDSU Extension
Service. https://www.ag.ndsu.edu/pubs/ansci/beef/as776.pdf (Accessed November 21, 2017).
Szenci, O., M. Taverne, and E. Takács. 1989. A review of 126 Caesarean sections by blood gas
and the acid-base status of newborn calves. Theriogenology. 32(4):667-673. https://doi.
org/10.1016/0093-691X(89)90287-2.

243

REFERENCES

Scott, K., D.F. Kelton, T.F. Duffield, and D.L. Renaud. 2019. Risk factors identified on arrival associated

Swanson, J., and J. Morrow-Tesch. 2001. Cattle transport: historical, research, and future perspectives.
J. Anim. Sci. 79(E-Suppl):E102-E9. https://doi.org/10.2527/jas2001.79E-SupplE102x.

T

ao, S., and G.E. Dahl. 2013. Invited review: heat stress effects during late gestation on dry cows and
their calves. J. Dairy Sci. 96(7):4079-93. https://doi.org/10.3168/jds.2012-6278.

Tadich, N., C. Gallo, H. Bustamante, M. Schwerter, and G. van Schaik. 2005. Effects of transport and lairage
time on some blood constituents of Friesian-cross steers in Chile. Livest. Prod. Sci. 93(3):223-33.
https://doi.org/10.1016/j.livprodsci.2004.10.004.
Tarrant, P.V., F.J. Kenny, D. Harrington, and M. Murphy. 1992. Long-distance transportation of steers to
slaughter - effect of stocking density on physiology, behavior and carcass quality. Livest. Prod. Sci.
30(3):223-38. https://doi.org/10.1016/S0301-6226(06)80012-6.
Teixeira, A.M., and G.F. Borges. 2012. Creatine kinase: structure and function. Braz. J. Biomotricity. 6(2).
Available online at: http://www.redalyc.org/html/930/93023658001/.
Tennant, B., D. Harrold, M. Reina-Guerra, J.W. Kendrick, and R.C. Laben. 1974. Hematology of the neonatal calf: erythrocyte and leukocyte values of normal calves. Cornell Veterinarian 64, 516–532.
Todd, S.E., D.J. Mellor, K.J. Stafford, N.G. Gregory, R.A. Bruce, and R.N. Ward. 2000. Effects of food withdrawal and transport on 5- to 10-day-old calves. Res. Vet. Sci. 68(2):125-34. https://doi.org/10.1053/
rvsc.1999.0345.
Tothova, C., O. Nagy, H. Seide, and G. Kovac. 2010. The effect of chronic respiratory diseases on acute
phase proteins and selected blood parameters of protein metabolism in calves. Berl. Munch
Tierarztl. 123(7-8):307-13. https://doi.org/10.2376/0005-9366-123-307.
Tothova, C., O. Nagy, and G. Kovac. 2014. Acute phase proteins and their use in the diagnosis of diseases
in ruminants: a review. Vet. Med.59(4):163-80. https://doi.org/10.17221/7478-VETMED.
Trefz, F.M., A. Lorch, M. Feist, C. Sauter-Louis, and I. Lorenz. 2013. The prevalence and clinical relevance
of hyperkalaemia in calves with neonatal diarrhoea. Vet. J. 195(3):350-6. https://doi.org/10.1016/j.
tvjl.2012.07.002.
Trefz, F.M., M. Feist, I. Lorenz. 2016. Hypoglycaemia in hospitalised neonatal calves: prevalence, associated conditions and impact on prognosis. Vet. J. 217:103-8. https://doi.org/10.1016/j.tvjl.2016.10.001.
Trunkfield, H.R., and D.M. Broom. 1990. The welfare of calves during handling and transport. Appl. Anim.
Behav. Sci. 28(1-2):135-52. https://doi.org/10.1016/0168-1591(90)90050-N.
Turkson, P.K., and E.Y. Ganyo. 2015. Relationship between haemoglobin concentration and packed cell
volume in cattle blood samples. Onderstepoort J. Vet. 82(1):01-5. https://doi.org/10.4102/ojvr.v82i1.863.
Tyler, H., and H. Ramsey. 1991. Hypoxia in neonatal calves: effect on selected metabolic parameters. J.
Dairy Sci. 74(6):1957-62. https://doi.org/10.3168/jds.S0022-0302(91)78362-8.
Tyler, J.W., B.J. Steevens, D.E. Hostetler, J.M. Holle, and J. Denbigh Jr. 1999. Colostral immunoglobulin
concentrations in Holstein and Guernsey cows. Am. J. Vet. Res. 60(9):1136.

U

etake, K., T. Ishiwata, T. Tanaka, and S. Sato. 2009. Physiological responses of young cross-bred
calves immediately after long-haul road transportation and after one week of habituation. Anim. Sci.

J. 80(6):705-8. https://doi.org/10.1111/j.1740-0929.2009.00693.x.

V

alour, D., S.A. Degrelle, A.A. Ponter, C. Giraud-Delville, E. Campion, C. Guyader-Joly, C. Richard, F.
Constant, P. Humblot, C. Ponsart, I. Hue, and B. Grimard. 2014. Energy and lipid metabolism gene

expression of D18 embryos in dairy cows is related to dam physiological status. Physiol. Genomics. 46(2),
39-56. https://doi.org/10.1152/physiolgenomics.00091.2013.

244

Reusken. 2009. Occurrence of methicillin-resistant Staphylococcus aureus in rats living on pig farms.
Prev. Vet. Med. 91(2-4), 270-273. https://doi.org/10.1016/j.prevetmed.2009.05.016.
Van De Water, G., F. Verjans, and R. Geers. 2003. The effect of short distance transport under commercial conditions on the physiology of slaughter calves; pH and colour profiles of veal. Livest. Prod.
Sci. 82(2):171-9. https://doi.org/10.1016/S0301-6226(03)00010-1.
van Eerdenburg, F.J., and S. Adewuyi. 2005. A relationship between the activity and NEFA-level of postpartum dairy cows. Animals and environment, Volume 1: Proceedings of the XIIth ISAH Congress
on Animal Hygiene. Warsaw, Poland.
Van Eetvelde, M., and G. Opsomer. 2020. Prenatal programming of later performance in dairy cattle.
Vlaams Diergeneeskundig Tijdschrift. 89(1). https://doi.org/10.21825/vdt.v89i1.15985.
Van Schaik, G., M. Nielen, and A.A. Dijkhuizen. 2001. Biosecurity on dairy farms: the economic benefits.
In Society for Veterinary Epidemiology and Preventive Medicine: proceedings of a meeting held
at the Golden Tulip Conference Centre, Leeuwenhorst, Noordwijkerhout, The Netherlands on the
28th, 29th and 30th of March 2001, Noordwijkerhout, The Netherlands, 2 (pp. 175-184).
Vasseur, E., J. Rushen, and A.M. De Passillé. 2009. Does a calf's motivation to ingest colostrum depend on
time since birth, calf vigor, or provision of heat?. J. Dairy Sci. 92(8), 3915-3921. https://doi.org/10.3168/
jds.2008-1823.
Vegas, O., L. Garmendia, A. Arregi, and A. Azpiroz. 2011. Effects of social stress on immunomodulation
and tumor development. In: Armstrong A.W., editor. Advances in malignant melanoma-clinical and
research perspectives. In Tech. p. 225-252. https://doi.org/10.5772/18817.
Verstegen, M.W., and B.A. Williams. 2002. Alternatives to the use of antibiotics as growth promoters
for monogastric animals. Anim. Biotechnol. 13(1):113-27. https://doi.org/10.1081/ABIO-120005774.
Veterinary Medicines Institute (SDa). Usage of Antibiotics in Agricultural Livestock in the Netherlands in
2019. Utrecht 2020. Available from https://cdn.i-pulse.nl/autoriteitdiergeneesmiddelen/userfiles/
Publications/sda-rapport-usage-of-antibiotics-in-agricultural-livestock-in-2019-corr-fig5b.pdf.
Villarroel, M., G. Maria, C. Sanudo, S. Garcia-Belenguer, G. Chacon, and G. Gebre-Senbet. 2003. Effect of
commercial transport in Spain on cattle welfare and meat quality. Deut. Tierarztl. Woch. 110(3):105-7.
Von Borell, E. 2001. The biology of stress and its application to livestock housing and transportation
assessment. J. Anim. Sci. 79(E-Suppl):E260-E7. https://doi.org/10.2527/jas2001.79E-SupplE260x.
Von Konigslow, T.E., D.L. Renaud, T.F. Duffield, C.B. Winder, and D.F. Kelton. 2020. Assessing the utility of
leukocyte differential cell counts for predicting morbidity, mortality, and growth in a grain-fed veal
facility: a prospective single cohort study. J. Dairy Sci. 103(10), 9332-9344. https://doi.org/10.3168/
jds.2020-18532.

W

arriss, P.D. 1990. The handling of cattle pre-slaughter and its effects on carcass and meat quality.
Appl. Anim. Behav. Sci. 28(1-2):171-86. https://doi.org/10.1016/0168-1591(90)90052-F.

Warriss, P.D., S.N. Brown, T.G. Knowles, S.C. Kestin, J.E. Edwards, S.K. Dolan, and A.J. Phillips. 1995. Effects on
cattle of transport by road for up to 15 hours. Vet. Rec. 136(13):319-23. https://doi.org/10.1136/vr.136.13.319.
Warriss, P.D. 2004. The transport of animals: a long way to go. Vet. J. 168(3):213-4. https://doi.org/10.1016/j.
tvjl.2003.10.002.
Webb, L.E., E.A. Bokkers, B. Engel, W.J. Gerrits, H. Berends, and C.G. van Reenen. 2012. Behaviour and
welfare of veal calves fed different amounts of solid feed supplemented to a milk replacer ration
adjusted for similar growth. Appl. Anim. Behav. Sci. 136(2-4):108-16. https://doi.org/10.1016/j.
applanim.2011.12.004.

245

REFERENCES

Van de Giessen, A.W., M.G. van Santen-Verheuvel, P.D. Hengeveld, T. Bosch, E.M. Broens, and C.B.E.M.

Webb, L.E., E.A.M. Bokkers, L.F.M. Heutinck, B. Engel, W.G. Buist, T.B. Rodenburg TB, N. StockhofeZurwieden, and C.G. van Reenen. 2013. Effects of roughage source, amount, and particle size
on behavior and gastrointestinal health of veal calves. J. Dairy Sci. 96: 7765-7776. https://doi.
org/10.3168/jds.2012-6135.
Wernli, D., T. Haustein, J. Conly, Y. Carmeli, I. Kickbusch, and S. Harbarth. 2011. A call for action: the application of The International Health Regulations to the global threat of antimicrobial resistance. PLoS
Med. 8(4), e1001022. https://doi.org/10.1371/journal.pmed.1001022.
Wessely-Szponder, J., R. Bobowiec, F. Martelli, M. Wojcik, and U. Kosior-Korzecka. 2004. Assessment
of neutrophil components as markers of lung injury in the course of bovine respiratory tract infections. Pol. J. Vet. Sci. 7(3):157-161.
West, H. 1990. Effect on liver function of acetonaemia and the fat cow syndrome in cattle. Res. Vet. Sci.
48(2):221-227. https://doi.org/10.1016/S0034-5288(18)30994-9.
Wilkins, M.R., J.C. Sanchez, A.A. Gooley, R.D. Appel, I. HumpherySmith, D.F. Hochstrasser, and K.L.
Williams. 1996. Progress with proteome projects: why all proteins expressed by a genome should
be identified and how to do it. Biotechnol. Genet. Eng. 13(1):19-50. https://doi.org/10.1080/02648
725.1996.10647923.
Wilson, L., C. Egan, and T. Drake. 1994. Blood, growth, and other characteristics of special-fed, veal
calves in private cooperation herds. J. Dairy Sci. 77(8):2477-85. https://doi.org/10.3168/jds.
S0022-0302(94)77189-7.
Wilson, L., J. Smith, D. Smith, D. Swanson, T. Drake, D. Wolfgang, and E.F. Wheeler. 2000. Characteristics of
veal calves upon arrival, at 28 and 84 days, and at end of the production cycle. J Dairy Sci. 83(4):84354. https://doi.org/10.3168/jds.S0022-0302(00)74948-4.
Wilson, B.K., C.J. Richards, D.L. Step, and C.R. Krehbiel. 2017. Best management practices for newly
weaned calves for improved health and well-being. J. Anim. Sci. 95(5):2170-82. https://doi.
org/10.2527/jas.2016.1006.
Winder, C.B., D.F. Kelton, and T.F. Duffield. 2016. Mortality risk factors for calves entering a multi-location
white veal farm in Ontario, Canada. J. Dairy Sci. 99(12):10174-81. https://doi.org/10.3168/jds.2016-11345.
Witkamp, R. 2005. Genomics and systems biology–how relevant are the developments to veterinary
pharmacology, toxicology and therapeutics? J. Vet. Pharmacol. Ther. 28(3):235-45. https://doi.
org/10.1111/j.1365-2885.2005.00662.x.
Woodward, B. 1998. Protein, calories, and immune defenses. Nutr. Rev. 56(1):S84-S92. https://doi.
org/10.1111/j.1753-4887.1998.tb01649.x.
Woolums, A., G. Loneragan, L. Hawkins, and S. Williams. 2005. Baseline management practices and
animal health data reported by US feedlots responding to a survey regarding acute interstitial pneumonia. Bovine Pr. 39(2):116. https://doi.org/10.21423/bovine-vol39no2p116-124.

Y

ang, M., Y. Zou, Z. Wu, S. Li, and Z. Cao. 2015. Colostrum quality affects immune system establishment
and intestinal development of neonatal calves. J. Dairy Sci. 98(10):7153-7163. https://doi.org/10.3168/

jds.2014-9238.
Yun, C.H., P. Wynn, and J.K. Ha. 2014. Stress, acute phase proteins and immune modulation in calves.
Anim. Prod. Sci. 54(10):1561-8. https://doi.org/10.1071/An14441.

Z

acher, L.A., J. Berg, S.P. Shaw, and R.K. Kudej. 2010. Association between outcome and changes in
plasma lactate concentration during presurgical treatment in dogs with gastric dilatation-volvulus: 64

cases (2002-2008). J. Am. Vet. Med. A. 236(8):892-7. https://doi.org/10.2460/javma.236.8.892.

246

live longer than men even during severe famines and epidemics. P. Natl. A. Sci. 115(4), E832-E840.
https://doi.org/10.1073/pnas.1701535115.

247

REFERENCES

Zarulli, V., J.A.B. Jones, A. Oksuzyan, R. Lindahl-Jacobsen, K. Christensen, and J.W. Vaupel. 2018. Women

Acknowledgements

And now it’s finally time for the acknowledgements! First of all I would like to mention
that this thesis was the result of a fruitful collaboration with many people. Without them,
I wouldn’t have been able to successfully complete my PhD, thus I thank every single
person I met and helped me during my PhD trajectory. I would also like to thank Stichting
Brancheorganisatie Kalversector (SBK), the Dutch Ministry of Agriculture, Nature and
Food Quality, and ZuivelNL for financing this project.
In first place, I would like to express my gratitude to my promotor. Bas, thanks for offering me the chance to grow and develop myself as a PhD student. I really enjoyed being
part of your group and sharing a lot of different experiences with you, especially about
sport and Italian food:-). I felt very well-guided and lucky to have a chair holder so caring
like you. Thank you so much!
Then, I’m extremely thankful to my co-promotors Kees and Henry. I still remember the
first time you approached me in the student room and asked me to become your PhD
student. It was a huge surprise for me! We have been through a lot of difficult challenges
in these years, but you always supported me and guided me in the best way possible.
I was glad to have you as supervisors: you had very different methods of supervision,
but in the end your qualities were complementary and we worked really well together!
Kees and Henry, you are two brilliant scientists and the most caring persons I’ve ever
met. I’ve learned so many things from you and in a very pleasant way. You let me grow
step by step in these four years and you both transmitted me the passion for research.
You are my inspiration. Kees, you had to deal with many hurdles but I’m amazed how
well you coped with all challenges and the way you bounced back! And despite all
difficulties, you were always there for me. Henry, I admire your dedication in supervising
students and you always found time to help and support me. I also don’t know anyone
faster than you in replying to the emails! Again many thanks to both of you, I couldn’t
have wished for better supervisors!

248

crucial role in my PhD and without you I wouldn’t have been able to make it. I enjoyed
preparing all experiments and work in the field with you! I have a lot of nice memories
of us together and with the calves:-)You are an exceptional hard worker and you are
always willing to help and you immediately find solutions to any sort of problem! I admire
your passion for research and your tenacity to find answers and an explanation for all
findings. You gave me a tremendous support, thank you so much!
Fleur, I met you in the second phase of my PhD but I immediately established a good
connection with you. I will always remember our weekly rides to the farms and our nice
talks in the car! I had a lot of fun with you, even when we had to work super hard! I really
enjoyed your company and I want to thank you for all the help and support you gave
me. You are a very easy going and caring person and I love your kind attitude towards
people and all animal species.
I want to express my deepest gratitude to Nanette and Lora, who both supported me
during this journey. You are the best secretaries ever! You were always there for me and
ready to give advices and offering your help on many different things. I will be always
grateful, especially to Nanette, for helping me and Andrea to find a suitable accommodation at the beginning of my PhD. I will never forget what you have done for us! Lora,
on the top of other things, you have done a huge amount of work, especially to print all
the labels for my blood tubes! Thank you so much!
Henk and Theo, you are extraordinary kind and hardworking persons, who always step
in first place when it is time to help other people. You have done so much for me and
I will be always grateful to both of you! Henk, you gave me and Andrea the chance to
see different places in the Netherlands, help us with the work when we moved to our
new home and many more things..Thank you so much for everything! Theo, it was a
pleasure to visit you and your horse Fortuna and I really like your gentle touch and attitude towards animals. Thank you for all the nice moments we spent together!
Another person who was extremely important and close to me, it was you Tamme.
You are a very special person and friend to have. The first time I met you was in the
grinding room and Carus, working on the samples for my thesis at ANU. From that
moment onwards you became my closest contact. You are always open to talk and
listen me. You always supported me and cared so much about me and I always enjoy
your cheerful personality and your funny jokes:-) you constantly make me laugh and
feel good! I’m so thankful to have you on my side, many thanks for everything you have
been doing for me!
249

ACKNOWLEDGEMENTS

Maaike, you are an extremely kind, lovely and caring person. I must say, you played a

A huge thank goes to Rudie, Ger, Joop, Kevin, Ilona, Monique, Bjorge and Manon. Thank
you for all your help and what you have done for me and my project! In particular, Rudie
and Ger, you followed me since the very beginning of my PhD and I established a very
good connection with both of you. I felt really lucky to have two big masters like you!
You taught me so many tips, techniques and let me develop my lab skills. You transmitted me a huge passion for labwork and you inspired me because you were the perfect
examples of hard-working, dedicated and supportive persons. You were always there
for me, in every sort of circumstances! I could not make it without you, so many thanks!
Many thanks to the team of statisticians, including Bas, Willem, Sabine and Jasper. We
had a lot of nice discussions over the design of my experiments and you always provided an extremely valuable feedback on my work. Thanks for your support! In particular, Bas you were the first one I had contact with and you always made me feel very
comfortable on statistical-related topics. You were always a very calm and kind person
with an immense scientific knowledge. Thanks for your input!
Victor and Christine, thank you for giving me the chance to work in your department.
You allowed me to make many different experiences with your group and you always
made me feel at home. I’m extremely grateful for what you have done for me and for
what I’ve learned from you. I will always remember with great pleasure the time I’ve
spent with you and the rest of the group in Utrecht. Thanks also for the valuable feedback you gave me for my manuscripts, you enhanced the quality of my papers!
I want to thank Wageningen Bioveterinary Research Group for the help and support
during my second experiment. In particular, Harmen, Dirk and Gerald, thanks for collecting the samples from the dairy farms in the North. Conny and Corry, thanks for taking
care of the samples and processing them in the laboratory. Mike, Teresita and Eduardo
thank you so much for the nice collaboration, for your help and for the nice discussions
we had over ESBL data. I really enjoyed working with you! Thanks also to Yvonne, Joost
and in particular to all students from AERES and HAS Hogeschool for the help during
my second experiment.
I would like to thank all the other PhDs (former and current) and all colleagues in both
ADP and WLR group for your help and for the nice discussion we had during the coffee
breaks. It was a pleasure to meet you and share experiences with you! Thanks to my
colleagues in the “tropical room” Michel, Anouschka, Bahadir, Lu, Junnan, Wei, Tom,
Carol, Novi, Sofie, Eline, Mona, Lisette for the nice times we had and for your help!
Wouter, my study advisor during my MSc, thanks for your advices and for your guidance
until the start of this PhD project! Henk and Aart, I want to thank you a lot because at the
250

some options on which I could work on. You also offered me the opportunity to increase my knowledge on the ELISA and on immune topics. Thank you so much! Henny
and Joop, thank you so much for your help and assistance during my experiments! I
enjoyed working with you on the field and learning new Dutch words:-)! Ariette and
Kevin, it was a pleasure to organize the ADP lunch meetings together, I shared a lot of
nice moments with you! thanks a lot! Ariette, thank you for your company and the nice
time we had in Bern, together with Eline, Bahadir, Junnan and Roselinde! It was great
fun!:-) Bahadir, we will also remember the long journey and all challenges on the way
back from Switzerland ahah! Renny, my dear first supervisor, thank you so much for the
nice time we had during my MSc thesis and for introducing me to this project. You always
put good words for me and I’m very grateful for that! Mariska, it was fun to work with you
and also meeting you in Utrecht. We had a good time there, and it was a good experience for my Italian friends (especially for the herrings:-)). Thanks for your friendship!
Laura, Eddie, Margret, Louise and Sun thanks for your friendship and for the nice
moments we shared together. Laura, thanks for the nice collaboration especially during
my second experiment! It was fun to work together and with the calves! Many thanks
to Danny, Sofie, Paulina, Philip, Jenny, Novi, Indra, Lu, Ole and your adorable ZhiZhi for
the nice moments we shared together! Thanks for your help, friendship and support
during my PhD journey and for the nice dinners and karaoke sessions! we had a lot of
fun together:-)
Thanks to the colleagues I worked with in WAPS council. It was a good experience for
me to join this group, I had a lot of good memories with you!
I also want to acknowledge the work done by my students Deborah, Lotte, Suze, Asri,
Laura, Amelia, Hao. Thank you for your help and assistance during my experiments!
Sport always helped me to distract my mind and reduce some work-related stress. I
want to thank the swimming associations De Aquifer and De Rijn, especially Fre, Herbert
and Ilona for giving me the chance to train and swim in different sort of competitions.
Many thanks to all the team Tartletos for the nice running trainings and competitions.
Tonnie you are such a great coach, I improved so much with you! I’ve started loving this
discipline thank to you. You are so energetic, always with the smile and taking care of
your athletes! Thank you Csilla, I enjoyed running (and, above all, chatting :-)) with you!
You are a super nice friend! My deepest gratitude goes also to Sport Medisch Centrum
Papendal, and in particular to Dr. Tjeerd and my physiotherapist Beate. Thanks for
your professionality, for taking good care of me, giving me the correct advices, and for
251

ACKNOWLEDGEMENTS

beginning of my PhD I had some struggles to start with my experiments and you found

gradually healing my shoulder. After a very long lasting injury, I was finally able to going
back to the water and enjoy myself again..I’m very grateful for this!
Heel hartelijk dank aan mijn super lieve docente, Marie-Jose. Dankzij jou, heb ik de
Nederlandse taal geleerd en verbeterd. Ik heb echt genoten van de lessen samen met
Alvaro, Soumya, Raka en Mojtaba. We waren een goede groep!:-)Marie-Jose, je bent
een aardige en vriendelijke persoon en je maakt altijd interessante en speelse lessen
met leuke uitdagingen. Bedankt voor alles!
Ci tengo a ringraziare di cuore tutta la famiglia Piccolo per essermi stata sempre vicino
e per avermi sempre voluto sempre un gran bene. Mi avete accolto proprio come se
fossi un membro della vostra famiglia! Kekko, che dire, tu sei stato il primo ad introdurmi nel mondo della zootecnia. Grazie per avermi impartito delle grandi lezioni, per
avermi insegnato a prendere cura dei tuoi animali e per tutte le esperienze sul campo
che mi hai fatto fare. Sei stato un gran maestro e farò sempre tesoro dei tuoi insegnamenti. Grazie per la passione e l’energia che trametti, e questo vale anche per tutto
il resto della famiglia..siete dei fenomeni, grazie di cuore a tutti! Edda, grazie infinite a
te e tutta la tua famiglia per essermi stati vicini durante questi anni! Purtoppo il tempo
disponibile per stare insieme non è mai tanto, ma ho fatto sempre tesoro delle volte in
cui ci siamo visti. Grazie per il vostro sostegno e la vostra simpatia!
Infine vorrei ringraziare di cuore le persone a me più care: la mia famiglia e mio marito.
Un grazie speciale a mio fratello Ale, a mia zia Giovanna e ai miei genitori. Mi avete
sempre dato il sostegno e la forza di andare avanti, soprattutto nei momenti di difficoltà!
Nonostante la distanza, è come se vi avessi avuto qui vicino a me tutto il tempo. Mamma
e papà, mi avete permesso di venire a studiare all’ estero durante il Master e siete stati
voi ad avermi dato l’ opportunità di fare queste belle esperienze e di costruirmi un futuro.
Ve ne sarò per sempre grata per questo! Vi voglio un mondo di bene! Un grazie di cuore
anche ad Antonella, Marino e a tutto il resto della famiglia per avermi sempre sostenuto e voluto un gran bene! Andrea, che dire sei la mia roccia, il mio dolce marito che
ha scelto di affiancarmi in questo percorso e di condividere la vita con me. Hai lasciato
tutto per seguirmi qui in Olanda e sei partito da zero, senza conoscenze sulla lingua e
senza certezze sul piano lavorativo. Ora, grazie alla tua tenacia unita alla forza di volontà
e alle tue doti hai trovato non solo diversi impieghi ma hai anche imparato l’olandese
in modo fluente in pochissimo tempo. Non sai quanto ti ammiri, devi essere solo che
fiero per la tua bravura, per esserti adattato così velocemente ad una realtà diversa e
ad esserti messo subito in gioco. Tu sei stato il mio sostegno durante il mio PhD, mi hai
costantemente dato una mano in tutto!Senza di te non ce l’avrei proprio fatta!Grazie
per tutto, ti amo infinitamente!
252

About the author

Curriculum Vitae
Francesca Marcato was born on the
12th of August 1992 in Ancona, Italy. She
has done her BSc in Animal Sciences
and Technologies at the University of
Padova. Her thesis focused on effects
of mycotoxins on health of dairy cows
and she achieved her BSc degree with
a final mark of 110/110 cum laude. In
2014, she started the MSc programme
at Wageningen University, in the
Netherlands. During her MSc, she has
done two major thesis. The first one was
conducted in collaboration with the
Animal Nutrition Group, and she investigated effects of structural features of
condensed tannins on rumen biohydrogenation in vitro. The second thesis was
conducted in the Adaptation Physiology Group and focused on effects of dry period
length on lactation persistency of dairy cows. She graduated in 2016 and afterwards she
was employed as a PhD candidate at the Adaptation Physiology Group/Animal Health
and Welfare Group. During her PhD she looked at different factors affecting measures of robustness of veal calves. The main factors that were investigated included the
following: 1) transport-related factors (pre-transport diet, transport duration and type
of vehicle), 2) animal-related characteristics (calf transport age sex and breed, and cow
characteristics such as parity, dry period length and ease of birth). The results of her
PhD project are presented in this thesis.
253

List of publications
Peer reviewed scientific papers
Marcato, F., H. van den Brand, B. Kemp, and K. van Reenen. 2018. Evaluating potential
biomarkers of health and performance in veal calves. Front. Vet. Sci. 5:133. https://
doi.org/ 10.3389/fvets.2018.00133.
Marcato, F., H. van den Brand, B. Kemp, B. Engel, M. Wolthuis-Fillerup, and K. van
Reenen. 2020. Effects of pre-transport diet, transport duration, and type of vehicle on
physiological status of young veal calves. J. Dairy Sci. 103(4):3505-3520. https://doi.
org/10.3168/jds.2019-17445.
Marcato, F., H. van den Brand, C.A. Jansen, V.P.M.G. Rutten, B. Kemp, B. Engel, M.
Wolthuis-Fillerup, and K. van Reenen. 2021. Effects of pre-transport diet, transport
duration and transport condition on immune cell subsets, haptoglobin, cortisol and
bilirubin in young veal calves. Plos One. 16(2), e0246959. https://doi.org/10.1371/journal.pone.0246959.
Marcato, F., H. van den Brand, B. Kemp, B. Engel, M. Wolthuis-Fillerup, and K. van
Reenen. 2020. Transport of young veal calves: effects of pre-transport diet, transport
duration and type of vehicle on health, behavior, use of medicines, and slaughter
characteristics. Front. Vet. Sci. 7, 1076. https://doi.org/10.3389/fvets.2020.576469.
Expected journal publications
Marcato, F., H. van den Brand, B. Kemp, B. Engel, S. Schnabel, C.A. Jansen, V.P.M.G.
Rutten, F.A. Hoorweg, A. Wulansari, M. Wolthuis-Fillerup, and K. van Reenen. 2021.
Transport age and calf and cow characteristics affect immunoglobulin titers and hematological parameters of veal calves (submitted to Journal of Dairy Science).
Marcato, F., H. van den Brand, B. Kemp, B. Engel, S. Schanbel, F.A. Hoorweg, M. WolthuisFillerup, and K. van Reenen. 2021. Effects of transport age and calf and cow characteristics on health and performance of veal calves (submitted to Journal of Dairy Science).

254

Marcato, F., H. van den Brand, C.A. Jansen, V.P.M.G. Rutten, B. Kemp, B. Engel, M.
Wolthuis-Fillerup, and K. van Reenen. 2019. Changes in metabolic and immune parameters of young veal calves following different pre-transport diets, transport durations and
transport conditions (poster). In Proceedings of International Symposium on Ruminant
Physiology (ISRP), 3-6 September, Leipzig, Germany. p.580.
Marcato, F., H. van den Brand, B. Kemp, B. Engel, M. Wolthuis-Fillerup, and K. van Reenen.
2019. Effects of pre-transport diet, transport duration and type of vehicle on metabolism
and immunity of young veal calves. In Proceedings of the 17th International Conference
on Production Diseases in Farm Animals (ICPD), 27-29 June, Bern, Switzerland. p.97.
Marcato, F., H. van den Brand, B. Kemp, B. Engel, M. Wolthuis-Fillerup, and K. van
Reenen. 2019. Effects of pre-transport diet, transport duration and conditions on performance of calves at the veal farm. In Trade-offs in science – Keeping the balance:
Abstract of the WIAS Science Day, 18 March, Lunteren, the Netherlands.
Marcato, F., H. van den Brand, B. Kemp, B. Engel, M. Wolthuis-Fillerup, and K. van
Reenen. 2020. Transport of young veal calves: effects of pre-transport diet, transport
duration and condition on clinical health, behaviour and antibiotic treatments. Frontiers
in Animal Science – lessons from the past, challenges of the present, aspirations for the
future: Abstract of the WIAS Science Day, 13-14 February, Lunteren, the Netherlands.

255

ABOUT THE AUTHOR

Conference proceedings and abstracts

WIAS Education & training certificate
Completed in fulfilment of the requirements
of the Wageningen Institute of Animal Sciences

Description

Year

The Basic Package (3 ECTS)
WIAS Introduction Day

2016

WGS course Research Integrity and Ethics in Animal Sciences

2020

WIAS course Essential Skills

2017

Disciplinary competences (15 ECTS)
Writing research proposal

2016

Animal Health and Immunology Discussion Group

2016-2018

Course Design of Experiments

2016

Laboratory Course on Animal Experiments

2017

Successful Dairy Heifer Rearing: Feeding and Management

2017

The Fundamentals of Animal Emotions

2019

Epigenesis and Epigenetics

2017

Professional Competences (9.3 ECTS)
Information Literacy Including Endnote Introduction

2016

Supervising BSc and MSc Thesis Students

2019

Shaping Future Animal Systems: Exploring Practices Through Dialogue

2017

The Essential of Scientific Writing and Presenting

2016

WGS PhD Workshop Carousel

2019

Member of the WAPS Council

2016-2019

256

ABOUT THE AUTHOR

Description

Year

Professional Competences (9.3 ECTS) (continued)
Member of the advisory committee (BAC)

2020

Review of Proposals (Research Master Cluster)

2020

The Final Touch

2020

Career Perspectives

2020

Presentation Skills (4 ECTS)
WIAS Science Day, Lunteren, The Netherlands

2019

WIAS Science Day, Lunteren, The Netherlands

2020

th

17 International Conference on Production Diseases in Farm Animals
(ICPD), Bern, Switzerland

2019

International Symposium on Ruminant Physiology (ISRP), Leipzig, Germany

2019

Teaching competences (6 ECTS)
Supervision of 6 MSc students

2018-2021

Total 37.2 ECTS

(One ECTS credit equals a study load of 28 hours)

257

Colophon
The research described in this thesis was financially supported by PPS 1H4F-Vitaal en
Gezond Kalf (AF-15223), co-funded by Stichting Brancheorganisatie Kalversector (SBK)
and the Dutch Ministry of Agriculture, Nature and Food Quality, and PPS 1H4F-Kansen
Kalf in de Keten (AF-16185), co-funded by ZuivelNL.

Cover concept & illustrations: Francesca Marcato & Ilse Schrauwers
Bookdesign: Ilse Schrauwers, isontwerp.nl, Eindhoven
Printing: ProefschriftMaken.nl
ISBN: 978-94-6395-730-4
DOI: https://doi.org/10.18174/542457

© Francesca Marcato, 2021
All rights reserved. No part of this production may be reproduced, stored in a retrieval
system, or transmitted in any form or by any means (electronic, mechanical, photocopying, recording or otherwise) without prior written permission by the author.

258

