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SUMMARY
In intensive animal production systems, diseases are commonly infectious and multifactorial in nature. They are the negative reflection of
the dynamic balance between host resistance factors and environmental
stressors including microorganisms. Stressors in the animal's environment may be related to housing and microclimate conditions, nutritional
factors, hygiene and infection burden, and managerial strategies such
as transport. The different genetic make-up of the animals leads to
different disease outcome too. The current paper gives an overview of
research conducted in the area of nutrition and metabolism as related to
health, and the area of immunology as a parameter of health, both
under the influence of stress. It is hypothesised that research for
adequately elucidating the relationships between nutrition and health
should be focused on the interactions between environmental
conditions, nutritional factors and health parameters. These interacting
processes should lead to adaptational responses. This research should
comprise a non-steady state and adaptational responses of animals
under pressure. Research on antimicrobials as related to these
interactions fits well in this design.
INTRODUCTION
Millions of people die each year due
to combined effects of malnutrition and
infectious diseases, particularly in developing countries and among infants
and weanling children. Metabolic, hormonal and physiological responses to
infection jointly accelerate the utilisation
of nutrients and or body reserves. The
multiple host responses to infection lead
to substantial direct and indirect losses
of nitrogen and other essential nutrients.
Malnutrition shows an adverse effect on

general host resistance, and on immunological and physiological mechanisms of
host defence (Suskind, 1977; Beisel,
1982; Sijtsma, 1989). Basically, there
are no large differences between human
and food animal species in this respect.
The phenomenon not only applies to a
situation of malnutrition, but also or
rather, to common practice conditions
where infections and stress are involved.
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Table 1: Results of a multivariate logistic regression analysis of factors associated with
the prevalence of coccidiosis in broilers (after Henken et al., 1992)
———————————————————————————————————————
Variable
Number of flocks
Odds ratio1
———————————————————————————————————————
Breed:
1
2
-
2
79
0.12
3
71
0.01
4
5
0.01
5
11
0.16
6 (reference)
21
Lighting regimen:
intermittent
91
7.53
continuous (reference)
98
Ambient temperature:
per °C

189

0.72

Aerial ammonia concentration:
<14 ppm
>14 ppm (reference)

100
89

0.29

Aerial carbon dioxide concentration:
>0.4 vol%
<0.4 vol% (reference)

112
77

0.41

Amount litter:
per kg/m3

189

2.08

House surface:
600-800 m2
34
8.18
<600 m2 (reference)
34
———————————————————————————————————————
1: Odds ratio (OR) is the parameter that expresses increased (OR>1) or decreased (OR<1) risk in
animals exposed to a certain variable, in comparison with exposure to the reference or with non
exposure (Martin et al., 1987). E.g., the more litter material is provided per m 3 , the higher the
probability of coccidiosis.

Well-controlled experimental studies
in man to investigate effects of and
possible interactions between nutrients,
nutritional stress and infections are
rather difficult to perform. Nutrition is
just one area where stress may play a
role. Experimental infection of man is
not extensively done due e.g., to ethical
and practical reasons. Therefore, it ap
pears indicated that an animal model be
used and, where feasible, this model
should be operated in an in vivo setting.
Rodent models are different from food
animal (e.g. pig) models, specifically
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with respect to features such as fermen
tation patterns in the gut and to food in
take behaviour. Additionally, a pig
model would physiologically seen be
more close to human physiology, and
hence would be highly attractive for ex
perimentation. At the same time, this
model should be able to handle different
stress conditions, be they nutritional,
climatic, social, managerial, transport
related, or infectious in nature, as often
occurs in animal production (Henken,
1982; Verhagen, 1987; Schrama, 1993;
van Diemen, 1995; Gorssen, 1995).

The department of Animal Husbandry
of the Wageningen Institute of Animal
Sciences (WIAS) operates 6 climate
respiration chambers under full automa
tion of climate control and parameter
recording (Verstegen et al., 1987). This
facility plays a key role in interdisci
plinary research into genotype x envi
ronment interactions and adaptation
processes in farm animals, associated
with different stress conditions includ
ing infections.
Infections of farm animals lead to
productivity loss, be it growth, yield of
products or meat. The magnitude of
production loss depends on the severity
of infection (e.g. clinical versus subclin
ical or latent infection; acute versus
chronic infection; generalised versus lo
cal; pathogenic versus apathogenic).
The mode of action whereby productiv
ity is affected differs between agents.
An example is presented by Zwart
and co-authors (1991) and van Dam
(1996) about trypanosomiasis, an exotic
protozoic infection of ruminants in
Africa caused by Trypanosoma vivax.
Infection leads to severe anaemia, fever,

reduced food intake, decreased produc
tivity and high mortality in livestock.
Productivity losses in goats appear to be
associated with retarded food consump
tion and increased energy requirements
for maintenance due to the infection.
Food intake was decreased by 13-24%
(Verstegen et al., 1991) and in other
studies even by 20-62% (van Dam,
1996b). Energy balances as determined
through climate-respiration research and
expressed in metabolisability of energy
appeared to be unaffected by the infec
tion. Due to the infection, energy is
spent in different directions as compared
to non infected animals. The
mechanisms underlying this apparent
change in energy partitioning remain to
be unravelled. Interactions between the
animals and their environment, with or
without pathogens, are complex.
This paper addresses the interactions
between animal health and the environ
ment with emphasis on effects of nutri
tion and stressors. It also puts forward
the need for taking the system or animal
under stress into account when studying
new curative or preventive means.

STRESS, ANIMAL PRODUCTION, IMMUNE RESPONSE,
NUTRIENTS
Stressors in animal production
In intensive animal production sys
tems, such as for pigs and poultry,
where relatively many animals are con
fined in relatively small areas, the envi
ronment of the animals is paramount
with regard to the occurrence of stress.
Accumulation of stressors in such sys
tems will ultimately lead to decreased
production and hence to loss of income
to the farm manager. Stress might be
climatic in nature or nutritional, manage
rial, social or associated with the in
fection burden in a house. Stressors are
any environmental factor that provokes
an adaptive response in the animal.

An example of the multifactorial na
ture of animal infections is given in
Table 1 for coccidiosis in broilers (Hen
ken et al., 1992). In this study it was
found that apart from a breed effect, the
risk of coccidiosis is influenced by sev
eral environmental factors (e.g., lighting
regimen, ambient temperature and air
quality). In general, diseases in animal
production systems are multifactorial in
nature. Environmental conditions are
paramount for establishing good health,
especially when interacting. The risk of
coccidiosis in the example in Table 1 is
many times higher when different
environmental factors are operat
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Figure 1: Specific periods of high risk for different species. Bars indicate periods of increased
risk.

ing in the worst situation. A similar ap
proach was handled for studying causes
of variation in the use of antimicrobials
among veterinary practitioners and their
meat pig producers (Noordhuizen et al.,
1995). In addition to technical features,
also managerial strategies appeared to
play a key role in use of antimicrobials.
During the life of farm animals the
exposure to risk factors is not constant
over time. There are time points where
certain animals or animal groups are
particularly at-risk when exposed to
stressors including pathogens. These
specific time periods of higher risk are
commonly associated with the neuro
endocrine status of the animal, or un
predictable changes in the environment.
In Figure 1, examples are given of mo
ment of an increased risk for the differ
ent farm animals. These examples
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(Figure 1), represent moments in time
when animals are exposed to certain
changes in the environment (e.g. trans
port in combination with changes in
housing, climate and dietary composi
tion) or in their physiological status
(e.g., birth and parturition). These par
ticular periods often show the highest
incidence of both metabolic, nutritional
and respiratory diseases.
Stressors and maintenance o f
homeostasis
Generally, animals (including farm
animals) live under a wide range of en
vironmental conditions, which can vary
within a short time. Animals are often
exposed to alteration in environmental
conditions (e.g. regarding climate, so
cial factors). Despite the variability in
external conditions animals try to main

Figure 2: Thermoregulatory concept; the relation between ambient temperature and heat produc
tion in homeothermic animals (after Mount, 1979).

tain a steady state regarding their inter
nal milieu, homeostasis (Mount, 1979;
Curtis, 1983). Factors endangering the
homeostasis (stressors) will elicit a wide
range of biological responses, e.g. in
behaviour, neuro-endocrine system and
autonomic system (Moberg, 1985). The
latter two comprise the activation of the
sympatic-adrenomedullary
system,
which involves the immediate release of
catecholamines, or the hypothalamic
pituitary-adrenocortical system, which
involves the more gradual release of
glucocorticoids (Dantzer and Mormède,
1983; Moberg, 1985; Oliverio, 1987).
In general, the release of catecholamines
and glucocorticoids in a stressed animal
are directed to the rapid mobilisation of
energy reserves for metabolic processes
(Dantzer and Mormède, 1983) including
immune responses (Siegel, 1980,
1995). Genetic selection in animals over
the years has been directed to an im
provement of productivity parameters
but at the same time has been accompa
nied by a negative selection in physio
logical adaptiveness and immunological
responsiveness of animals. It can thus

be imagined, that selection has resulted
in lowered responsiveness to stress as
well.
An example of homeostasis is the
relative constancy of body temperature
in homeothermic animals. Young and
co-authors (1989) extensively described
the short-term (behaviour and metaboli
cal) and long-term (metabolical and
morphological) adaptation responses to
cold climatic conditions. The ther
moregulatory concept is depicted in
Figure 2 representing the short-term re
sponse to the stressor temperature. In
the zone AC (Figure 2), animals are able
to cope with the thermal stressor (i.e.,
body temperature can be maintained).
Outside that zone the animal is unable to
cope and will enter a state of breakdown
(hyperthermia and hypothermia, re
spectively). Zone AC is divided into a
zone (BC) where heat loss is regulated
and a zone (AB) where heat production
is regulated. Within the zone BC, the
zone of thermoneutrality, heat produc
tion is not affected by the environmental
temperature. Thus a temperature in the
thermoneutral zone does not elicit a
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stress response. However below the
temperature B, the lower critical tem
perature, the animal has to increase its
heat production in order to maintain
homeothermy.
Immunological implications o f
stress
It is well known that the immune
system is integrated in the stress re
sponse together with the neural and en
docrine systems. In this respect stress
describes the defence responses to (ab
ruptly) changing environmental condi
tions (Donker, 1989; Siegel, 1995).
Stress responses are often, but not al
ways, detrimental to efficient growth,
skeletal integrity and disease resistance
(Siegel, 1995). Calculation of the envi
ronmental effects on health, and pro
duction or 'performance' in case of food
production animals, requires the
possibility to control and condition the
environment. At our department the
climate-respiration chambers allow to
create conditioned circumstances, and to
measure various metabolic functions
(Verstegen et al., 1987).
The important stressors in modern
husbandry are heat-stress (poultry),
transport (cattle; pigs) and weaning with
subsequent mixing and changing hous
ing (pigs) (see Figure 1). Therefore an
important part of the studies is focused
to the (in)direct effects of these stress
situations.
A large part of poultry production is
located in hot areas of the world. Acute
thermal stress and prolonged stress can
occur during transport (Kettlewell and
Mitchell, 1993), ventilation failure, poor
litter conditions, high densities of birds,
and very hot summers such as recently
in the Netherlands and Western Europe.
It is well accepted that low and high
environmental temperatures affect health
and production characteristics of poultry
(Siegel, 1980; van der Hel et al., 1991,
1992). Heat-stress may result in 20%
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reduction of feed intake and delayed
growth (van der Hel et al., 1991).
Immunosuppressive effects of (acute,
short) heat stress in poultry are well
known (reviewed by Siegel, 1995).
These effects may be related with
'stress' hormones like adrenocorti
cotropin hormone (ACTH) and corticos
teroids. It has been proposed that heat
stress at various ages has different ef
fects on performance of birds at later
ages. Stress at young ages may have a
more profound effect on production and
health characteristics than stress at older
ages. On the other hand, stress at young
ages may 'compensate' effects of stress
at older ages (Arjona et al., 1987, Gross
and Siegel, 1980), i.e. birds exposed to
heat-stress at an early age showed
increased body weights and improved
feed efficiency at later age.
Negative effects of weaning on per
formance (Leibrandt et al., 1975) and
immune responsiveness in pigs have
been described (Blecha et al., 1983,
Blecha and Charley, 1990). Decreased
growth, and increasing incidence of di
arrhoea after weaning may rest on rapid
changing of the intake of dietary com
ponents (Leibrandt et al., 1975, Le Di
vidich and Herpin, 1994), and/or an
impaired or immature immune system
(Blecha et al., 1983, Blecha and Char
ley, 1990) rendering piglets unable to
cope with infection after withdrawal of
maternal protection. On the other hand,
interaction between levels of food in
take, temperature stressors and immune
status hamper understanding of the
(indirect) effects of weaning on health
status (Le Dividich and Herpin, 1994).
For instance, effects of weaning are of
ten connected with effects of subsequent
mixing (Ekkel et al., 1994).
The examples mentioned above
probably share at least one important
denominator: activation of the immune
system by pathogens or ubiquitous mi
croorganisms under 'stressful' situati

ons. It is not always clear whether the
detrimental effects of these stressors on
resistance depend on neural or en
docrine mediated suppression of the
immune system, or deficiencies of nu
trients due to (re)allocation or higher re
quirements. Our interests is focused on
the contribution of additional nutritional
components on the maintenance of
health by either modulation of the im
mune system, or supplementation of
deficiencies.
Partitioning of nutrients
Nutrition is an important factor in
animal production because of its impact
on productivity and because of being a
main production cost element. In both
pig and poultry production more than
50% of the total costs is made up by
food cost. Energy, amino acids (≈ pro
tein), fatty acids, carbohydrates, vita
mins and minerals need to be consumed
to facilitate production. Of the con
sumed nutrients by animals only part is
deposited in products (eggs, milk or/and
meat).

In Figure 3 a generalisation of the
partitioning of nutrients by animals is
given. The consumed nutrients become
available for the animal after digestion
which requires a good functioning of
the gastrointestinal tract. Part of the
consumed nutrients will be lost with
excreta. The remaining part, the avail
able nutrients, can be used by the organ
ism for either maintenance or production
processes.
In case insufficient nutrients are
available, only part of the processes will
be covered depending on their priority.
This is mostly on the expense of pro
duction processes. The production
(e.g., growth) of animals is dependent
upon the amount of food consumed, the
availability of the nutrients and the
amount of nutrients required for main
tenance. Sub-optimal conditions (e.g.
infection and exposure to stressors) will
affect production by influencing food
consumption, availability and/or main
tenance requirements of nutrients
(which will be discussed below).

ENVIRONMENTAL PHYSIOLOGY
Climate-respiration chambers
The department of Animal Hus
bandry of the Wageningen Institute of
Animal Sciences (WIAS) operates 3
pairs of climate-respiration chambers,
which have a fully automated climate
control and a fully automated data recor
ding regarding thermogenesis. Histori
cally, these facilities have primarily been
used for mono-disciplinary research on
energy metabolism: regarding either the
influence of nutrition or the influence of
climatic condition on energy metabolism
(Verstegen, 1971). Nowadays, these
facilities
play
a
key-role
in
interdisciplinary research centred around
genotype x environment interactions and
adaptation processes in farm animals

associated with
different
stress
conditions (e.g., Henken, 1982 [poul
try]; Verhagen, 1987 [pigs]; Schrama,
1993 [calves]; Gorssen, 1995 [racing
pigeons]; van Diemen, 1995 [piglets]).
The thermogenesis as such (heat pro
duction, energy metabolism) of animals
is not the main aim in the current re
search but most of the times used as a
parameter for the adaptive response in
animals. In the next paragraph, this type
of research using the climate-respiration
chambers will be further elaborated re
garding (1) the effect of stressors on
nutrient utilisation and (2) the effect of
infection on nutrient utilisation.
A detailed description of the cham
bers is given by Verstegen and co
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Table 2: Clustering of experimental options of the Wageningen climate-respiration chambers
———————————————————————————————————————
Cluster
Options
———————————————————————————————————————
Climate
Temperature; relative humidity (vapour pressure);air velocity/draught;
floor temperature; circadian climate rhythms (including short-term
changes); ...
Nutrition

Level (ad libitum vs. restricted); dietary composition; frequency; ...

Housing conditions

Group size (individual vs. group housing); stocking density;
floor type (concrete, straw, etc.); ...

Air quality

Germ contents (SPF vs. "conventional conditions");
gas concentrations (e.g., NH3); ...

Animal factors
Species; breed; genotype; age; immune status; ...
———————————————————————————————————————

authors (1987). The 3 pairs of chambers
differ in size. The inner space available
for the animals are 6 x 3 x 2 m, 1 x 0.8
x 1 m, 0.8 x 0.5 x 0.45 m (length x
width x height), respectively and en
ables housing of various (farm) animal
species ranging from mouse to cow.
Furthermore, a wide variety of experi
mental factors can be imposed on the
animals, which are summarised in Table
2.
In addition to routine measurements
such as weight changes, video record
ings and blood sampling, the climate
respiration chambers enable the measur
ing of the complete energy and nitrogen
balance. For the energy balance (the
partitioning of energy) the heat produc
tion of the animal(s) is determined by
measurements at 9 min intervals by
measuring the gaseous exchange of
oxygen, carbon dioxide and methane.
The latter is also an indicator of level of
fermentation in the gastrointestinal tract.
The narrow measuring interval of 9 min
facilitates the assessment of short-term
reaction (within a day) of animals to
various factors. Furthermore, the 9 min
heat production measurements com
bined with the recorded physical activity
during the same interval enables the
partitioning of heat production into a
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part related and a part unrelated to activ
ity (according to the method of Wenk
and van Es [1976] using Burglar de
vices). In addition to physical activity
measurements, body temperature can be
related to heat production by the contin
uous recording using a telemetric sys
tem (van der Hel et al., 1993).
Involvement of above mentioned
measurements in research is mainly re
lated to mechanistic processes underly
ing adaptational features of animals ex
posed to stressors, and their immune
and health responses, as well as repro
ductive responses.
Effect of stressors on nutrient
utilisation
Stressors, such as climatic or social
stress due to mixing of animals, may
have a different impact on the utilisation
of nutrients. Generally, there may be ef
fects observed on feed intake, di
gestibility or availability, allocation and
reallocation of nutrients (Figure 3).
Climate
The impact of climate on nutrient
utilisation varies between cold stress
and heat stress. Kleiber (1961) gener
alised the influence of ambient tempera
ture on ad libitum food intake. For ex

Figure 3: General scheme of partitioning of nutrients by animals. Arrows indicate the critical
points where suboptimal conditions affect the different processes. Live processes can be ordered
into two groups: maintenance and production processes. Maintenance processes are those which are
essential for sustaining the homeostasis of the animal and thus for survival. Processes which are
part of the maintenance requirements are e.g. protein turnover, physical activity, circulation and
respiratory function, thermoregulatory processes, immunological functions, combating/coping
responses to stressors. Depending on the amount of available nutrients, the needs for the different
processes will be covered.

ample as reviewed by NRC (1981) for
pigs the relationship is curvilinear. At
low temperatures (cold stress) there is
little effect. However, at high tempera
tures (heat stress) food intake is
strongly reduced because this results in
a lower heat production which enables
the maintenance of homeothermia.
The results of climatic effects on
availability of nutrients vary. As re
viewed by Christopherson and Kennedy
(1983) the digestibility of roughages in
ruminants seems to decline with
decreasing temperature, coinciding with
an increased passage rate of digesta.
However, this effect might be partially
confounded with food intake which is

also negatively related to temperature. In
preruminant calves the data about the
effect of temperature on the availability
are conflicting. Cockram and Rowan
(1989a) found lowered digestibility val
ues, whereas in other studies no tem
perature effects were found on di
gestibility (Williams and Innes, 1982;
Cockram and Rowan, 1989b; Schrama
et al. 1993; Arieli et al., 1995). In our
studies on young calves (Schrama et al.,
1993 [Figure 4]; Arieli et al., 1995) also
no effect of temperature on the
metabolisability of energy was ob
served. Metabolisable energy is gross
energy corrected for faecal and urine
energy losses. Metabolisability is meta
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Figure 4: Effect of ambient temperature on partitioning of energy in young, restrictively milk
fed calves (Schrama et al., 1993) (GE = gross energy intake; ME = metabolisable energy intake;
HP = heat production; ER = energy retention).

bolisable energy intake expressed as
percentage of gross energy intake and
thus a measure for energy availability.
Similarly no climate effect on metabol
isability was observed in young piglets
(van Diemen et al., 1995b) and young
broiler chickens (Henken et al., 1983).
Regarding energy partitioning, sub
optimal climatic conditions will lead to
an increased maintenance energy re
quirement due to energy expenditure on
thermoregulatory processes (see Figure
3). According to the concept of thermo
regulation (Figure 2) the increased
maintenance requirement under cold
stress is reflected in an increased heat
production. This has been demonstrated
in many studies in farm animal species
(NRC, 1981; Curtis, 1983). When food
intake is not altered, the increased
energy requirements for maintenance
under cold stress leads to a reallocation
of spending of the available energy on
the expense of production processes
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(Close, 1987). An example of this real
location is given for calves in Figure 4,
which indicates that energy retention (≈
energy growth) changes with ambient
temperature. At high ambient tempera
tures (heat stress), the reduction in
available nutrients (energy) spent on
production processes is mainly related
to the decline in food consumption
(Close, 1987).
Chronic and acute stressors
The impact of chronic stress on en
ergy partitioning in restrictively fed
sows was studied by Cronin and co
authors (1986). The chronic stress was
imposed on the sows by tethering,
which resulted in the performance of
behavioural stereotypes. The availability
of energy was not affected by tethering,
but the allocation of the available energy
for different live processes was strongly
affected by tethering. The maintenance
requirement for energy was increased

Figure 5: Impact of different coping strategies (low versus high frequency of stereotypic
behaviour) in chronically stressed (= tethered) sows on partitioning of energy (Schrama and
Schouten, 1996, unpublished data) (GE = gross energy intake; ME = metabolisable energy intake;
HP = heat production; ER = energy retention).

by 16% in tethered sows compared to
loose housed sows. The higher mainte
nance requirement was mainly ac
counted for by the higher physical ac
tivity in tethered sows. Animals can be
different regarding their coping strate
gies (Schouten and Wiepkema, 1991).
In a pilot study (Schrama and Schouten,
unpublished data), the energy partition
ing of two groups of tethered sows (low
versus high frequency of stereotypic
behaviour) was studied (Figure 5).
Availability of energy was reduced in
the low stereotype group reflected by
the 28% higher energy losses in faeces
plus urine compared with the high
stereotype group. In addition to the
lower availability, the energy require
ment for maintenance was increased
with 16% in the low stereotype group,
which is also reflected in the higher heat
production (Figure 5).
In most cases, the normal procedure
in our climate-respiration chambers is

that the experimental period is preceded
by an adaptation period. At the start of
the adaptation period, the animals are
mostly exposed to a complex of stres
sors (resulting in acute stress), such as
transportation, regrouping (in group
housed animals), change in housing
system, feeding level, dietary composi
tion and climatic conditions. Energy
partitioning is often measured during the
adaptation period since it provides
valuable information for practical animal
husbandry. Under normal farm condi
tion, animals are often exposed to such
changes. The impact on voluntary food
intake of such a complex of acute stres
sors is mostly a reduction. This effect of
an decreased food intake (expressed per
kg metabolic body weight [W 0.75]) has
often been observed in ad libitum fed
piglets (e.g., van Diemen et al., 1995b).
However, overall results are conflicting.
In the studies of Verhagen (1987) with
25
kg
piglets,
a
clear
re
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Figure 6: General pattern of the alteration in heat production with time in animals after exposure
to a complex of stressors at low (----) respectively high (——) feeding level.

duction in food consumption was not
always found, while in the study of del
Barrio and co-authors (1993) even an
increased food consumption during the
first days after introduction into the new
environment (chambers) was observed.
Also regarding the availability of en
ergy the results are not consistent after
exposure to a complex of stressors. Ei
ther a reduction in availability is ob
served during the first week after intro
duction into the chambers or no differ
ence is observed. In pigs, e.g. van
Diemen and co-authors (1995b) and
Heetkamp and co-authors (1995) re
ported a decreased availability of energy
(≈ metabolisability) of 2.5 and 1.6%
during the first week, while del Barrio
and co-authors (1993) found no differ
ence. In young milk-fed calves, Arieli
and co-authors (1995) observed an
8.3% lower availability of energy in the
first compared with the second week
after introduction into the chambers.
However, in most of those studies the
recovery from the exposure to a com
plex of stressors was confounded with a
possible age-effect.
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Regarding the allocation of available
energy to maintenance and production
processes, the impact of the complex of
stressors imposed on animals at the time
of introduction into the chambers is
rather consistent. In most studies an in
creased energy requirement for mainte
nance is observed in the first compared
with the second week. In pigs, del Bar
rio and co-authors (1993), Heetkamp
and co-authors (1995) and van Diemen
and co-authors (1995b) found, respec
tively, a 13, 18, and 4% higher energy
requirement for maintenance over the
first compared with the second week. In
calves, Arieli and co-authors (1995)
found a 17% higher energy maintenance
requirement. The reallocation of the
available energy over maintenance and
production processes is also reflected in
the often observed alteration (decline) in
heat production with day after introduc
tion into the chambers in many studies
on piglets (e.g., del Barrio, 1993;
Heetkamp et al., 1995) and young milk
fed calves (e.g., Schrama et al., 1992,
1993; Arieli et al., 1995). The gener
alised picture of the time related alter

ation in heat production after exposure
to a complex of stressors in animals fed
at two different but constant feeding
levels is given in Figure 6. With time
the heat production declines.
In conclusion, exposure to stressors
has an negative impact on production of
animals due to alteration in food con
sumption, the availability of nutrients
and/or allocation of absorbed nutrients
to different processes. The way of inter
ference strongly varies between differ
ent types of stressors, but also between
studies on the same stressors. In gen
eral, stressors can cause a reallocation
of absorbed nutrients toward mainte
nance processes on the expense of pro
duction processes.
Effect of infection on nutrient
utilisation
In general, infectious diseases lead to
an impaired productivity in farm ani
mals. In this paragraph, some examples
of the impact of infectious diseases on
the nutrient utilisation are given from the
energetic point of view.
Trypanosomiasis
Trypanosomiasis is a protozoan dis
ease characterised by severe anaemia,
fever and reduced food intake. It leads
to high mortality and depressed produc
tivity in livestock. The impairment of
production is mainly related to the re
duced food consumption and to the in
creased energy requirement for mainte
nance. Measured energy balances (Ver
stegen et al., 1991; van Dam et al.,
1996b) showed that the availability of
energy (≈ metabolisability) was unaf
fected by the infection.
In addition to the reduced feed intake
it was found that less available energy
was spent on production processes be
cause the energy requirements for main
tenance were higher. Compared with
control goats the energy requirements
for maintenance were increased in the

infected goats by 22% to 25%
(Verstegen et al., 1991; van Dam et al.,
1996b). Part of the increased energy re
quirements for maintenance was ac
counted for by higher body temperature
(fever) in infected goats by 1°C (Zwart
et al., 1991; Verstegen et al., 1991) and
1.3°C (van Dam et al., 1996a). In the
latter study it was demonstrated that per
°C rise in body temperature the heat
production increased by 21 kJ.kg
0.75 .d -1 (≈ 6.3% of the energy require
ment for maintenance). Thus in the
studies of van Dam and co-authors
(1996a,b) the increase in maintenance
energy requirement was for approxi
mately 38% related to the occurrence of
fever. It is tempting to speculate about
the energy requirements of an immune
response directed towards the parasite.
As will be discussed later, such an en
ergy requirement may be an inevitable,
indirect consequence of activation of the
cytokine network causing anorexia.
This speculation might also be true for
the examples following later in this
paragraph.
Apart from the reallocation of avail
able nutrients between maintenance and
production processes, van Dam and co
authors (1996a) demonstrated that try
panosomiasis also results in a realloca
tion between the maintenance processes.
In that study total daily heat production
was divided into daily energy
expenditure spent on standing and daily
energy expenditure corrected for
standing cost (Table 3). In infected
goats the time spent standing was re
duced leading to a reduced daily energy
expenditure spent on standing (Table 3).
Thus part of the energy cost of infection
was masked by the reduction in time
spent standing.
Atrophic rhinitis
Atrophic rhinitis is a progressive in
fection of the upper respiratory tract in
piglets caused by toxin producing Pas
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Table 3: Total daily heat production (HPtot), daily energy expenditure on standing (HPstanding)
and daily energy expenditure corrected for standing (HPcor) as affected by Trypanosoma vivax
infection in West African dwarf goats (van Dam et al., 1996a)
———————————————————————————————————————
Control
Infected
———————————————————————————————————————
HP tot, kJ.kg-0.75.d-1
306
342
HP standing, kJ.kg-0.75.d-1

36

27

HP cor, kJ.kg-0.75.d-1
270
315
———————————————————————————————————————

teurella multocida strains. An experi
mental infection model with Pasteurella
multocida derived toxin was developed
to mimic subclinical atrophic rhinitis
symptoms (van Diemen et al., 1994).
An energy metabolism study on piglets
challenged with a toxin doses causing
subclinical disease symptoms (van
Diemen et al., 1995b) suggested that the
altered utilisation of nutrients (energy)
was mainly related to the decreased food
consumption. Both availability of
energy and the maintenance energy re
quirement were unaffected by the toxin
challenge. Although the total amount of
energy spent on maintenance processes
was unaffected by the toxin challenge,
the allocation to the different mainte
nance processes was altered (van
Diemen et al., 1995a). This was indi
cated by the reduction in energy ex
penditure on physical activity by 10% in
toxin challenged piglets compared with
non-challenged piglets.
Gastrointestinal nematodes
Kloosterman and Henken (1987)
reviewed the impact of gastrointestinal
nematodes on energy partitioning in
calves. Impaired productivity regarding
energy partitioning in infected calves is
related to (a) reduced food consump
tion, lower digestibility and availability
of energy and to (b) an increased energy
spending on maintenance processes.
However, anorexia was the major factor
involved. In contrast to the examples of
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atrophic rhinitis and trypanosomiasis,
gastro-intestinal nematodes have a neg
ative impact on the availability of nutri
ents. This is quite logic since such gas
tro-intestinal infection may result in
dysfunction of the gastro-intestinal tract.
As reviewed by Lunn and NorthropClewes (1993), the reduced availability
of nutrients in animals with gastro-in
testinal parasitic infections can be due to
maldigestion, malabsorption and(or)
gastro-intestinal losses (such as en
hanced mucus production). In addition
to the reduced availability of nutrients,
the dysfunction of the gastro-intestinal
tract caused by gastro-intestinal infec
tions, may also lead to enhanced main
tenance requirement, energetically spo
ken. Energetically the gastro-intestinal
tract is a highly metabolic active organ.
In ruminants the portal-drained viscera
represent 5-11% of the total body but
contribute for about 16-29% to the total
energy expenditure (Ortigues and Visse
iche, 1995). In general, information
about the impact of infectious diseases
on the energy expenditure of different
organs is lacking for farm animals.
Apart from the direct effects of infec
tious diseases due to dysfunction, the
energy expenditure of organs/tissues
might be altered due to a reallocation of
nutrients/energy between the various or
gans/tissues.
In conclusion it can be stated that in
fection leads to a change in usable nutri
ents, but at the same time to a realloca

tion of the spending of these nutrients.
One could state that the priorities shift

between certain body processes.

IMMUNOLOGICAL IMPLICATIONS OF NUTRITIONAL FACTORS
AND STRESS
It has long been suspected that dur
ing disease or during a status of en
hanced immune responsiveness towards
the infectious agent (and vaccines), a
reallocation of nutrient resources oc
curs. For instance, (frequent) vaccina
tion of young chickens leads to a tem
porary retardation in growth, and pigs
reared under 'clean' conditions grow
faster than those raised under natural
conditions. Activation of the immune
system also leads to changes in meta
bolism and allocation of various essen
tial elements such as amino-acids, vi
tamins, unsaturated fatty acids and trace
elements. Sometimes a reallocation of
nutrients, such as iron and zinc (Brock,
1994, Klasing, 1984) is suspected to act
as a non-specific defence system (depri
vation of these nutrients for microorga
nisms), sometimes activation of the
immune system is accompanied by
enhanced requirements of these ele
ments. With respect to the former, in
essence there is no deficiency, and ad
ditional administration of elements may
even lead to toxic effects or support of
microbial growth (as indicated for iron).
Chronic shortage of essential elements
(vitamins, metals) on the other hand
may lead to a deficient or inadequate
immune response. This example shows
that supporting the immune system by
nutrition is often a matter of finding the
optimum.
The energy requirements for an im
mune (antibody) response to a single
antigen in 'normal and unselected indi
viduals' under normal conditions are
generally small (Donker, 1989). The
small effects on total energy expenditure
in the study of Donker (1989) may be

explained by a masking due to a reduc
tion in energy expenditure on activity
similar as described above in this paper
regarding trypanosomiasis and atrophic
rhinitis. A reduction in energy expendi
ture on activity in piglets immunised
with an antigen cocktail was found to
compensate fully for the increased en
ergy expenditure elicited by the humoral
immune response (Gentry et al., 1997).
Moreover, animal models in the form of
specifically selected lines indicate the
existence of direct relationships between
the immune system and the allocation
and use of nutrients. In chickens, exper
imental selection for decreased antibody
responsiveness resulted in significantly
enhanced body weight (and growth),
whereas birds with high immune re
sponses remained smaller and grew
slower (Parmentier et al., 1996). Also
other poultry lines divergently selected
for immune responses (Martin et al.,
1990), and comparison of stocks of
commercial (fast growing) broilers
(Sacco et al., 1994) revealed a negative
relationship between body weight and,
for instance, antibody titres. Although
an additive genetical (co-selection or
pleiotrophic) relationship between genes
associated with immune responsiveness
and genes affecting growth cannot be
excluded, all these experiments sugge
sted an allocation of resources either
towards the immune system or towards
growth/performance.
The physiological mechanisms un
derlying the reallocation of nutrients
during infection are as yet unknown. A
direct relation between immune res
ponse and metabolism was illustrated by
the increased fat deposition during
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Table 4: Body weights at 5 weeks of age of H(igh) antibody, L(ow) antibody producing, or
C(ontrol) chicks at one day before (d-1) and one day after (d+1) intraperitoneal treatment
with either 1 mg E. coli lipopolysaccharide (LPS), or phosphate buffered saline (PBS)
———————————————————————————————————————
Line1
Treatment2
Weight
Weight
Growth3
Growth3
at d-1 (g)
at d+1 (g)
(g)
(%)
———————————————————————————————————————
H
PBS
519
563
44
8.6
H
LPS
522
544
23
4.6
C
PBS
612
670
58
9.4
C
LPS
601
631
30
5.2
L
PBS
587
640
53
9.1
L
LPS
596
633
37
6.9
———————————————————————————————————————
1 : H = high line, the chicken line selected for a high antibody production against sheep red blood
cells; L = low line, the chicken line selected for a low antibody production against sheep red
blood cells; C = control line, the chicken line which has been randomly mated.
2 : PBS = 1 ml of phosphate buffered saline injected i.m.; LPS = 1 mg of E. coli lipopolysaccha
ride injected i.p.
3 : Increase in body weight during 48 hr (grams).

the first days after immunisation of
birds with SRBC, sheep red blood cells
(Henken et al., 1982). Protein deposi
tion was depressed during the period in
which antibody titres were increasing
and a relative high amount of energy
was deposited as fat tissue. This was
followed by a period with increased
protein deposition (Henken et al.,
1982). Immune responses may enhance
corticosteroid levels in the blood (Bese
dovsky et al., 1975) which on their turn
may favour fat deposition and increased
protein catabolism (Brown et al., 1985,
Siegel, 1980). Low immune respon
siveness of individual birds selected for
decreased immune responsiveness may
account for low levels of corticosterone,
which may lead to relatively higher
protein (and water) deposition. Alterna
tively, the relation between body weight
(nutrient utilisation/allocation) and 'im
mune responsiveness' may rest on the
'cachetin' characteristics of interleukines
(IL-) 1 and 6, and/or tumour necrosis
factor α (TNF-α), and other acute phase
proteins, that are produced shortly after
infection by macrophages, antigen
presenting cells and lymphocytes.

Infection induces a change in behaviour
of the individual (e.g. decreased food
intake) directly or indirectly due to the
binding of IL-1 to hypothalamus
receptors. Immune stimulation of chic
kens with compounds that induce IL
1/TNF-α release by macrophages (e.g.
LPS, bacterial lipopolysaccharides and
SRBC) resulted in reduced growth and
feed intake (Klasing et al., 1987; Kla
sing and Johnstone, 1991). This
phenomenon is acute and probably
temporal. Injection of growing chicks
lead to a 50% growth retardation during
24 hours (Table 4), which, however,
was followed by a period of increased
growth during the subsequent 2 weeks
(unpublished results).
In general, the continuous activation
of the immune system leads to acceler
ated use of protein (muscle catabolism),
later on followed by utilisation of nutri
ents derived from the visceral organs.
The degree of environmental sanitation
may thus affect growth rate and feed
efficiency in animals (reviewed by
Klasing and Johnstone, 1991). Contin
uous stimulation with pathogens, but
also ubiquitous micro-organisms, may
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lead to enhanced or chronic 'cachetin'
release. Also in pigs increased growth
performance was accompanied by in
creased disease susceptibility (Dritz et
al., 1995). Increased growth perfor
mance in segregated rearing production
systems may be the result of decreased
stimulation of the immune system. As a
consequence however, pigs raised in
herds free from most common porcine
pathogens are more susceptible to clini
cal epidemics of disease caused by un
common porcine pathogens (Harding,
1993), which may be due to the absence
of a low pathogen burden that non
specifically stimulates the animal's im

mune system.
The former data with respect to the
'costs' of immune mediated resistance
to microbes indicates that much more
needs to be known about the relation
ships between the immune system, nu
trients and the environment. If activation
of the immune system has its price, this
is most pronounced in situations in
which the individual is forced to react
with a specific immune response, most
probably based on its genetic make up.
Next, the persistence/chronicity of the
infectious agent determines the magni
tude of this response which may lead to
trauma.

CONCLUDING REMARKS
Much research has been conducted in
the area of nutrition (e.g., suppletion or
depletion studies) and its impact on he
alth and immune responsiveness. Simi
larly, much research is performed re
garding the relation between stress
(e.g., different stressors or different
stress levels) and health or immune res
ponsiveness. Most investigations in
these areas are commonly performed in
well controlled and steady state situa
tions (e.g., using inbred animal lines
and standardised laboratory conditions).
Historically, the execution of experi
ments under such conditions is done to
guarantee reproducibility and repeata
bility. In common practice, animals
have a certain diverse genetic back
ground, and differences exists between
and within lines and/or breeds. More
over, environmental conditions imposed
on animals are continuously variable
between different situations, but also
over time. Both variation in genetics and
in environment should be considered
when studying the relationship between
nutrition and health. When looking at
practical animal husbandry (but also in
human medicine) most problems

regarding health arise after (sudden)
exposure of subjects to changes in
environmental conditions (Figure 1).
Exposure to such change requires
adaptational
responses.
Thus
individuals are in a non steady-state. In
general, information on animals that are
adapting and on adaptational responses
is scarce.
Exposure to pathogens often coin
cides with exposure to stressors
(changes in environmental condition). It
is reasonable to assume that the adaptive
response of the individual to stressors
affects the resistance against these
pathogens, opportunistic pathogens and
apathogens. It is hypothesised by us
that studying the impact of nutrition on
health is only of interest when animals
(including humans) are exposed to
stressors causing adaptational respons
es. In those situations the subject must
make choices (if possible) in the alloca
tion of nutrients, which are scarce
(limited supplied) over different vital
live processes (e.g., immune responses,
maintenance of body temperature,
protein turnover, adaptational re
sponses). The true component in this
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research area that is largely lacking is
knowledge of the interactions between
stressors from the environment, nutrient
partitioning and utilisation patterns, and
health elements such as immune re
sponsiveness. Stressors from the envi
ronment can be highly diverse and
complex: from housing to climate, so
cial conditions, management practices.
Nutritional aspects are also manifold:
from energy to proteins, trace elements,
amino acids, to specific immune modu
lators. Health elements could be clinical
or subclinical disease state or rather pa
thophysiological and immune respon
siveness parameters. Even more impor

tant than the animal model as such, is
the creation of a non-steady state for this
type of research. Exposure to stressors
(changes in environmental conditions)
should lead to animals which are under
pressure whereby the "weakest link in
the chain" might be revealed. Moreover,
these experimental conditions should be
reproducible and thus well controlled.
Only then, the interactions named
above can be studied in the proper way,
and only then products such as antimi
crobials or feed additives can be evalu
ated properly in this system under pres
sure.
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