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Measurement of food intake in farm and laboratory animals 
is often relatively easy compared with that of animals and 
human subjects that are free living, as will be evident from 
the subsequent papers in the present symposium. There are, 
however, some circumstances in which intake measure- 
ments of farm or laboratory animals still present methodo- 
logical problems. The first aim of the present paper is to 
review briefly these problem areas and give recent 
references that provide a more in-depth discussion of the 
methodologies concerned. 

When measuring food intake of farm and laboratory 
animals we generally have control over the animals as well 
as the feeds and the environmental conditions. This 
facilitates the measurement of daily nutrient intake of 
individual animals with great accuracy. In addition, more 
and more detailed information on feeding behaviour for 
much shorter time scales becomes available through the use 
of automated measuring equipment (for example, see for 
pigs: Young & Lawrence, 1994; for rats: Madrid et al. 
1995; for cows: Tolkamp & Kyriazakis, 1997). A great 
challenge is the interpretation of the variation in food 
intake and of feeding behaviour. The present contribution 
also aims to highlight one of the problems regarding this 
issue; the relevant time scale for measurement of food 
intake and its interpretation. 

In view of our research backgrounds, we hope to achieve 
this aim by using data from scientific fields that sometimes 
seem to have developed quite separately. The first field 
relates to food intake measurements with laboratory 
animals. The aim of experiments with laboratory animals 
is generally a better understanding of food intake regulation 
in mature mammals, with particular emphasis on possible 
applications to man. The second field relates to food intake 
and feeding behaviour measurements of mainly growing or 
reproducing farm animals. A major proportion of this type 
of data exists because of the economic importance of food 
intake in animal farming systems. Some of these data result 
from research aimed at finding solutions to practical 
problems. However, other data also refer to experiments 

specifically carried out to test hypotheses with regard to 
food intake regulation. Thus, these results may also be very 
useful, not least because of the detail in which nutrient 
intake and utilization is frequently recorded in farm 
animals. 

We will first highlight the apparent flexibility with which 
farm and laboratory animals adjust their short-term feeding 
behaviour without compromising their desired food intake 
level. This raises the question of what it is that animals try 
to achieve, and on what time scale they attempt to do this, 
i.e. the search for a functional explanation of feeding 
behaviour. This approach seems especially relevant in 
reaching a better understanding of the animal's responses to 
changes in its food and in its environment, and in arriving 
at improved predictions of food intake. 

Methodological problems when measuring food intake 

The usual method of measuring voluntary food intake is by 
difference, i.e. by weighing the food before, and again 
after, consumption has occurred. If foods are homogeneous 
and if sufficient care is taken to avoid spillage, accurate 
measurements of the intake of food, energy and nutrients 
can be obtained by this method. Problems may arise if the 
quantity of food cannot be weighed very accurately before 
and after consumption has occurred (as in sucking or 
grazing animals) or if food is heterogeneous and allows 
selection (especially for the foods offered to herbivores). In 
addition, there are methodological problems associated 
with measurements of food intake as part of studies 
investigating other behaviours. 

Measuring intake of sucking animals 

The technique most generally applied involves weighing of 
the young before and after sucking ('weigh-suckle- 
weigh'). Young that are kept separated from their dam 
are allowed access to the dam during one or more short 
period(s) during the day and/or night, depending on the 
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natural frequency of suckling (for example, see Davies et 
al. 1964; Campbell & Dunkin, 1982; Adenuga et al. 1991; 
King et al. 1997; Spinka et al. 1997). The young are 
weighed carefully immediately before and immediately 
after access to the dam. If suckling periods are short, weight 
losses through lungs and skin are so small that these can be 
ignored. All accurate weighings (excluding those where 
voidance of dung or urine occurred during suckling) can 
then be used to calculate average daily milk intake of the 
young. 

Two alternatives to the direct weigh-suckle-weigh 
technique have been used. The most frequently used 
involves artificial milking of the dam before feeding the 
milk to the young animal, with (for example, see 
Akinbamijo et al. 1994; Bencini, 1995; Purroy & Jaime, 
1995), or without, the help of oxytocin injection to 
stimulate milk let-down (for example, see Delongeas et 
al. 1997). A benefit of this technique is that it allows 
analyses of milk composition. However, it is also 
associated with a number of problems. It has been reported 
that artificial milking can result in overestimates as well as 
underestimates of normal intake by the young (for 
discussion, see Aboul-Naga et al. 1981; Akinbamijo et al. 
1995). As milk composition is not constant during milking, 
errors may also occur in estimating milk composition (for 
example, see Bencini, 1995). 

A more recent technique is the use of 3H, mostly in the 
form of 3H20, to estimate transfer of milk from dam to 
young (for example, see Lydersen et al. 1992; Ternouth & 
Budhi, 1996; Monaco & Donvan, 1997). The technique 
relies on determination of 3H concentrations in body fluids. 
It is evident that the reliability of this technique depends on 
the accuracy of the model that is used to describe the 
behaviour of the different 3H pools in the dam as well as the 
young, and the technique can only be applied when these 
models are available (for discussion, see Edlund, 1995). 

At present, therefore, the most reliable method to 
estimate intake of sucking young seems to be the weighing 
of young before and after suckling. If energy and/or 
nutrient intake and, therefore, milk composition has to be 
measured, this can be combined with artificial milking. 

Measuring intake of heterogeneous foods 

In certain types of experimental work heterogeneous foods 
are fed, for example in forage evaluation studies with 
herbivores (for example, see Zemmelink, 1980, 1986; 
Wahed et al. 1990; Bosman et al. 1995). In such studies, 
voluntary intake and nutritive value (e.g. digestibility and 
protein content) of the consumed food is of great 
importance. To obtain accurate estimates, forage is 
frequently harvested and fed to animals indoors. For the 
measurement of voluntary intake of forages, it is generally 
recommended to offer a daily amount of food which is 
equal to 110-115% of daily intake (for example, see 
Blaxter et al. 1961; Minson, 1990). However, both food 
intake and the composition of the food consumed can be 
affected very strongly by the amount offered if foods are 
heterogeneous. Heterogeneity can refer to different plant 
parts of the same species (for instance, leaves and stems; 

for example, see Zemmelink, 1980, 1986; Wahed et al. 
1990) or even to different plant species (for example, see 
Bosman et al. 1995). Heterogeneity gives experimental 
animals opportunities to select. These opportunities in- 
crease as the amount of food offered increases. The result is 
that when more food is offered than the recommended 110- 
115 % of daily intake, animals generally eat more food that 
is of a higher quality. How much more food is consumed as 
a result of increased amounts offered varies, depending to a 
large extent on the morphological characteristics of the 
plants fed. Zemmelink (1980, 1986) has provided an 
elegant model to describe the effects of amounts of 
heterogeneous food offered on voluntary food intake and 
composition of food consumed. This model has a number 
of advantages over other models used in the literature (for 
discussion, see Zemmelink, 1986; Bosman et al. 1995). 
From this and other work (for example, see Wahed et al. 
1990; Rao et at. 1994; Bitende & Ledin, 1996), it is evident 
that the evaluation of food quality, as well as that of animal 
performance, by food intake measurements of heteroge- 
neous foods depends to a large extent on the amounts of 
food offered. The nature of the problem does not allow 
standardization of experimental procedures to one level of 
refusal. To obtain good estimates, voluntary food intake has 
to be measured at a series of levels. Depending on the 
research question, food quality and expected animal 
performance can then be evaluated with techniques such 
as those described by Zemmelink (1986) and those used by 
Bosman et al. (1995). 

Measuring intake of grazing farm animals 

The problems associated with measuring intake in grazing 
farm animals are essentially the same as the problems 
associated with intake measurements of animals in the wild 
(see Chivers (1998) in the present symposium) and falls 
outside the scope of the present paper. A useful general 
overview of existing techniques and associated problems is 
provided by Gordon (1995). A detailed account of one of 
the promising recently-developed techniques, using n- 
alkanes, is given by Hatt et al. (1997). 

Measuring food intake as part of investigations related to 
other behaviours 

Measurements of food intake are also essential for the study 
of learning in modern experimental psychology. In these 
studies, food is often used as a reward (reinforcer) as it is 
generally very effective. The study of animal learning has 
produced many experimental paradigms involving food 
reinforcement. The use of salivation by Pavlov (1927) to 
demonstrate classical conditioning is well known. Food 
reinforcement was also used by Skinner (1938) to 
demonstrate instrumental, or operant, conditioning, which 
is a type of associative learning where a behaviour, such as 
pressing a lever (the operant behaviour), becomes asso- 
ciated with a reinforcing stimulus, e.g. the presentation of 
food. This paradigm has been used widely by psychologists 
to study instrumental learning because a diverse range of 
contingencies between operant behaviour and reinforce- 
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ment can be arranged (for review, see Ferster & Skinner, 
1957). The methodology has also been used by applied 
ethologists to study the levels of motivation in domestic 
animals (for review, see Day et al. 1997). Measurements of 
voluntary food intake are an integral part of all these 
studies. 

Whilst great advances in our understanding of classical 
and instrumental conditioning have been made through the 
use of these paradigms, there are experimental dangers 
associated with the use of food as a reinforcer. In the 
highly-controlled conditions necessary to test hypotheses 
concerning learning, there are many confounding factors 
which can reduce the validity of experiments. These 
confounding factors can be grouped into those concerning 
the experimental animals themselves, and those concerning 
experimental design. 
Animal factors. The choice of animal species used in a 

learning experiment is often made on the basis of 
convenience (Mackintosh, 1974). However, there is an 
increasing realization that there are tangible differences in 
learning processes both between and within species. For 
example, species such as the rat and the pig both show a 
bimodal distribution of feeding activity, but differ mark- 
edly because rats feed predominantly in the dark and pigs 
feed predominantly in the light period (rats: Kersten et al. 
1980; pigs: De Haer & Merks, 1992). Furthermore, many 
species show annual rhythms, such as the deposition of 
body fat reserves and breeding cycles, both of which 
directly affect food intake and diet selection. 

Voluntary food intake of animals is known to be affected 
by their nutritional history, body condition, sex, breed and 
age (see Kyriazakis, 1994). Most experiments, therefore, 
use a sample of animals with homogeneous sex, breed and 
age, and reject individuals with poor body condition. 
However, nutritional history can have quite a marked effect 
on food intake and is often difficult to quantify and to 
control. Level of feeding motivation is affected by the 
previous nutritional status, which affects subsequent 
learned associations (Mackintosh, 1974); ‘A Joule to a 
starving animal is more of a jewel than a Joule to a satiated 
animal.’ (Caraco et al. 1990). This is supported by 
experimental evidence that animals will form stronger 
food flavour preferences when motivated to feed than when 
satiated (rats: Capaldi et al. 1994; pigs: Day er al. 1996a), 
and that animals motivated to feed will express operant 
behaviour at a higher rate than satiated animals (rats: Clark, 
1958; Carlton, 1961; pigeons: Ferster & Skinner, 1957; 
pigs: Day et al. 1996b). Thus, the effects of previous 
periods of undernutrition or malnutrition need to be 
considered. 

In many experiments studying 
animal behaviour, food intake measurements are inter- 
preted without any reference to the nutritional value of the 
food (see Fantino & Abarca, 1985) despite the fact that 
food is more than just an energy source. Animals require 
specific macro- and micronutrients for maintenance, growth 
and reproduction, and it has been shown that voluntary 
energy intake can vary considerably depending on the 
concentration of nutrients, e.g. protein (for example, see 
Kyriazakis, 1994). Thus, the composition of the food needs 
to be considered and described. 

Experimental factors. 

Another factor which has to be considered when food is 
used as a reinforcer is whether food intake is measured in 
an open or closed economy. In an open-economy experi- 
ment the animal can obtain food and water within, as well 
as outside, the testing situation; in a closed-economy 
experiment the animal obtains its entire food intake within 
the testing situation (Killeen, 1995). If an animal is required 
to pay for food in an instrumental conditioning paradigm by 
pressing a lever, the value of food to that animal can be 
ascertained by increasing its cost in terms of work. The 
food is considered to have a demand function which is 
more or less elastic, depending on the extent to which the 
animal is prepared to work to obtain the food. Economic 
theories, from whence these behavioural analogies derive, 
propose that demand functions that have low elasticity 
reflect items which are viewed as necessities. Demand 
functions of high elasticity reflect items which are viewed 
as luxuries. In accordance with this paradigm, Hursh (1980) 
showed that monkeys showed an inelastic demand for food 
in a closed economy, but an elastic demand for the same 
food in an open economy. 

What are relevant time scales for animal feeding 
behaviour? 

Meal patterns and food intake regulation 

Food is consumed in discrete meals, in laboratory as well as 
farm animals. Average daily intake is, of course, the result 
of the meal pattern (i.e. the average number of daily meals 
multiplied by the average size of these meals). Scientists 
investigating the mechanisms of daily food intake regula- 
tion have turned their attention, therefore, to meal patterns 
as a possible explanation for variation in intake. It has been 
shown that variation in meal patterns can be associated with 
variation in intake under certain conditions (for example, 
see Collier & Johnson, 1990; Elizalde & Mayne, 1993). 
Clearly, under such experimental conditions, meal patterns 
seem to determine total daily food intake. However, there is 
ample evidence that under a wide array of experimental 
conditions meal patterns may show considerable variation 
within, as well as between, animals without any relation to 
food intake or animal performance. Fig. 1 illustrates this 

No. of visits daily 

Fig. 1. Daily number of meals and meal size for two pigs of similar 
genotype at a similar physiological stage on the same food during 
21 d. The solid line indicates the combination of daily meal number 
and average meal size resulting in a daily food intake of 1260g, the 
mean daily intake during this period of both pigs. (From Nielsen, 
1995.) 
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Table 1. Meal patterns, food intake and performance of pigs of 
similar genotype at similar physiological stages and on the same 
food under two experimental conditions: one or four feeder space@) 

per pig (From Nielsen ef a/. 1995) 

Statistical 
Four-space One-space significance 

feeder feeder of difference 
*** 
*** 
*** 

No. of daily visits 85 14 
Intake (g per visit) 24 149 
Duration (min per visit) 0-7 4.7 
Daily food intake (9) 1760 1766 NS 
Daily wt gain (9) 810 81 3 NS 

*** P < 0.001. 

point with data obtained from pigs in our laboratory 
(Nielsen, 1995). 

The two pigs showed the same average daily food intake 
and weight gain, although one consumed many small 
meals, and the other a few large meals. In addition, there is 
abundant evidence that experimental conditions can have a 
profound effect on meal patterns without any appreciable 
effect on farm animal intake and performance. As an 
example, Table 1 gives some data, again collected with 
pigs (Nielsen er al. 1995). Animal performance (in terms of 
food intake and daily weight gain) was the same in both 
experimental designs. Experimental design had, however, a 
profound effect on meal patterns, with a smaller number of 
longer visits when only one feeding place was available 
compared with when four feeding places were available. 

Similar examples are available for dairy cows (for 
example, see Harb et al. 1985; Elizalde & Mayne, 1993), 
beef steers (for example, see Gonyou & Stricklin, 1981; 
Corkum et al. 1994) and rats (for example, see Collier & 
Johnson, 1990, 1997). Fig. 1 of Collier & Johnson (1990) 
summarizes a study in which rats had to perform work (the 
pushing of levers) before gaining access to food; after 
gaining access, meal size was not restricted. The study 
shows that a rat offered access to a given food, can achieve 
the same average daily intake through fundamentally 
different meal patterns, depending on the experimental 
conditions. These data show that animals can react with a 
great deal of flexibility in their meal patterns in response to 
changing experimental conditions, while maintaining food 
intake constant. Of course, in a purely formal sense, 
average daily intake is, under all these conditions, still the 
result of the meal patterns (i.e. the product of the average 
number of meals and the average meal size). The data 
suggest, however, that under a wide array of conditions this 
reasoning can also be turned around; meal patterns are the 
result of, on the one hand, the animal’s desire for a given 
average daily food intake level (i.e. the animal’s goal when 
it regulates intake) and, on the other hand, the experimental 
conditions. 

On purpose, we have added the word ‘average’ before 
daily intake in the previous discussion. The expression of 
food intake on a daily basis has, of course, some 
justification in that the dark-light cycle imposes a diurnal 
rhythm on the animals’ behaviour. Numerous observations 
suggest, however, that the relevant ‘time-window’ for food 
intake regulation is longer than 1 d in large farm animals 

(e.g. pigs; as discussed by Lawrence & Illius, 1997) as well 
as small laboratory species (e.g. rats; Collier & Johnson, 
1990). This raises the question of whether we can 
understand food intake regulation as an attempt by the 
animal to achieve very short-term goals (i.e. 1 d or shorter) 
or as the result of behavioural programmes aimed at longer- 
term goals. 

Functional explanations of feeding behaviour 

The behavioural programmes of animals as we know them 
today are the result of many generations of natural 
selection. In addition, farm and laboratory animals have 
been subject to artificial rather than natural selection for 
some generations. However, ethologists agree that artificial 
selection has generally left the essential details of 
behaviour unaffected (Brantas, 1978; but see also Kyria- 
zakis, 1997). Thus, many farm and laboratory animals still 
largely possess the original organization and strategies 
which for so many generations contributed to fitness, i.e. 
survival, growth and reproduction (Wiepkema, 1992; 
Siegel, 1993). 

In behavioural ecology, functional explanations of 
animal behaviour are rooted in the general belief that 
behavioural programmes have evolved on the basis of 
selective advantage in terms of fitness (for a general text, 
see Krebs & Davies, 1987). In optimal foraging theory it is 
frequently assumed that for many species these long-term 
goals are best served by short-term rate-maximization 
behaviour, i.e. animal feeding behaviour is modelled as if it 
were aimed at maximizing food intake per unit time (for an 
overview, see Stephens & Krebs, 1986). With some 
exceptions (for example, see Emmans & Kyriazakis, 
1995; Ketelaars & Tolkamp, 1996; Emmans, 1997) this is 
also the dominant view in the farm animal literature, even 
when this assumption is frequently implicit and not 
discussed at all. For example, Poppi er al. (1994) discuss 
several mechanisms that are assumed to limit intake 
without even mentioning the underlying assumption that 
animals are intake-rate maximizers. In the farm animal 
literature in general there is a similar emphasis on causal, as 
opposed to functional, explanations. 

In contrast with the farm animal literature which deals 
largely with growing and reproducing animals, the 
laboratory animal literature is dominated by research 
involving mature, non-reproducing rats. The point of view 
of LeMagnen (1985) seems to be representative of the 
concept that has dominated the laboratory animal literature 
for decades (for discussion, see Collier & Johnson, 1997). 
This concept assumes that animals try to regulate their food 
intake as a relatively simple, very short-term, depletion- 
repletion model, i.e. animals try to maintain their body 
weight and body reserves by adding exactly the amount of 
energy that is expended. Also in the laboratory animal 
literature there is a strong emphasis on mechanistic 
explanations of variation in food intake. This shows that 
the emphasis in the laboratory and farm animal literature is 
different, probably as a result of the types of animal that are 
under study (mature v. growing or reproducing). The 
dominant view in both, however, is that animals try to 
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achieve short-term goals and the emphasis in the research 
efforts is aimed at mechanistic explanations of short-term 
variation in food intake. This contrasts sharply with the 
emphasis on long-term strategies and functional explana- 
tions in behavioural ecology. As Collier & Johnson (1990) 
have pointed out for laboratory animals, this focus on 
mechanisms while ignoring questions about function has 
limited attention to a time-window that is much narrower 
than the time span that is relevant for survival, growth and 
reproduction. Similarly, we have argued in favour of 
considering short-term feeding behaviour of farm animals 
as part of a longer time-window (Tolkamp & Ketelaars, 
1992; Emmans & Kyriazakis, 1995; Ketelaars & Tolkamp, 
1996; Kyriazakis, 1997). At present, the mechanisms 
involved in the long-term regulation of feeding behaviour 
are largely unknown (Collier & Johnson, 1990) or at best 
speculative (see Tolkamp & Ketelaars, 1992 as discussed 
by Emmans & Kyriazakis, 1995; also Ketelaars & 
Tolkamp, 1996; Emmans, 1997). The search for the long- 
term mechanisms of feeding behaviour, however, cannot be 
solved without raising the question as to its goal. We 
believe that a collaboration between scientists interested in 
the ‘why’ of food intake regulation and those interested in 
the ‘how’ will prove to be particularly fruitful. 

Conclusions 

Apart from some special conditions that have been 
discussed, the accurate measurement of average daily food 
intake of farm and laboratory animals does not present 
great problems. The time scale considered relevant for the 
interpretation of daily food intake measurements depends 
largely on the outlook of the scientist. Ecologists may be 
primarily interested in functional explanations, i.e. what are 
the benefits and what are the costs of different food intake 
behavioural programmes in relation to long-term fitness. 
From this point of view, average daily intake can be 
considered as a short-term part of a longer-term feeding 
strategy. In contrast, those scientists interested in the 
mechanisms of food intake regulation tend to consider daily 
intake as the result of shorter-term events; i.e. meal patterns. 

The dominant view in the laboratory animal literature, 
based mainly on observations of adult animals, seems to be 
that animals have a very short ‘time-window’ and behave 
according to a depletion-repletion model. In animal 
science, where work is mainly with young and growing 
or reproducing animals, the dominant (and frequently 
implicit) view is that animals are short-term intake rate- 
maximizers subject to constraints, and much of the research 
effort is aimed at elucidating these constraints. In our 
experience, the approach of looking for mechanistic 
explanations is poorly connected with the approach 
searching for functional explanations. Indeed, with some 
exceptions, mechanisms in animal science are discussed 
with implicit assumptions about the animal’s aim. Simi- 
larly, in a substantial part of the rat literature one axiom 
with regard to the animal’s goal is dominant (‘homeo- 
stasis’) and hardly the subject of critical debate. Attempts 
to elucidate the mechanisms of food intake regulation can 
only benefit from critical reflection on possible functional 

explanations of food-intake behaviour programmes. If these 
programmes evolved because they brought benefits to 
genotypes equipped with them, these programmes must 
have contributed to longer-term survival and fitness. A 
disproportionate emphasis on short-term effects seems, 
therefore, unwarranted and to lead to limited research 
achievements. At present, the mechanisms involved in 
longer-term regulation remain largely unknown. A closer 
collaboration between scientists with a primary interest in 
functional explanations and those with a primary interest in 
mechanistic explanations is required to improve our 
understanding of the food intake responses of animals to 
changing conditions. 
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