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Bioenergetics and growth in the kestrel (Falco tinnunculus) 

Synopsis 

The metabolisabilities of various diets were measured 

in adult kestrels and the metabolisable energy (ME) require- 

ment for maintenance in this species (and other birds of 

prey) was examined in relation to bodyweight. Using the 

technique of indirect closed-circuit calorimetry, the 

relationship of heat production (H) to bodyweight and ME 

intake was more closely investigated and H found to be 

dependent also on previous nutritional history. It appeared 

that energy balance within individuals could be achieved 

over a range of ME intakes by adjustment of H and it is 

hypothesised that this could reflect changes in the rate 

of protein turnover. 

Kestrels, like other altricial birds, grow to mature 

size very rapidly compared with other homeotherms once 

differences in adult size have been accounted for. Captive- 
t 

bred birds were hand-reared for measurement of energy and 

nitrogen (protein) balance during growth. Weight was found 

to be a poor index of maturity, adult weight being attained 

before development or protein deposition were complete. 

However the time taken to reach adult protein content, a 

more fundamental definition of maturity, was still compara- 

tively short. H was examined during growth in relation to 

age, weight and ambient temperature and, using the best 

available estimate for the efficiency of utilisation of ME 

at above and below maintenance levels (derived from the 

work on adults), basal metabolism was predicted from the 



energy balance results. Variation in H durIng growth was 

largely accounted for by variation in bodyweight and ME 

intake. The energy balance results were discussed in 

relation to the pattern of development of the kestrel. 

ME intake and H during growth were compared with those 

found for other homeotherms after scaling to account for 

variation in size between species. ME intake appeared to 

reach a peak at about the highest rate sustained among 

homeotherms. Low rates of heat production appear to be a 

feature of growing altricial birds and the evolution of 

the physiological changes that a low rate of heat production 

reflects may have been of major importance in enabling rapid 

growth. 
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Chapter I Introduction to energetics and growth 

1.1 Introduction and aims 

It has been known for many years that the rate of 

metabolism of a homeothermic animal is closely dependent on 

its bodyweight (Kleiber, 1975), although the reason for this 

is still uncertain (see Coulson et al, 1977). More recently 

it has been shown that the time taken by a homeothermic 

animal to grow to maturity is also closely dependent on 

adult bodyweight (Taylor,, 1965). In mammals the variation 

in time taken to mature, after differences in adult bodysize 

have been accounted for, is quite small. Attempts in the 

animal production industry to select for improved growth 

rate, and therefore improved energetic efficiency (the 

relationship is explained later), have usually been achieved 

in conjunction with an increase in adult bodysize and thus 
a 

increased costs of maintenance of breeding stock. 

Altricial, birds, those that hatch helpless and which 

are reared in the nest, have evolved a reduced time taken 

to mature compared with other homeotherms of the same size 

(Ricklefs, 1968a; 1973) and have thus achieved one of the 

aims of the meat-animal breeder. 

This study was undertaken to examine the energetics 

of growth of the kestrel, a relatively co-operative repres- 

entative of altricial birds, for comparison with other 

animals in order to identify the differences in rate of 

intake and partition of energy associated with rapid growth. 

The energy requirements of adult kestrels and the 

efficiency of utilisation Of various diets commonly fed to 

raptors were studied in order to develop a base on which to 



establish quantitative feeding standards for raptors maint- 

ained in captivity for conservation and research purposes. 

Particular attention was paid to the relationship of heat 

production, the major channel of energy loss from the body, 

to bodyweight and the rate of energy intake, to examine the 

influence of these factors on the efficiency of utilisation 

of ingested energy. 

In this chapter the factors involved in the partition 

of ingested energy are reviewed and the evolution and ener- 

getic basis of variation in growth rates between homeotherms 

are discussed. There is also a brief introduction to the 

kestrel and to birds of prey in captivity. 

1.2 The partition of food energy 

1.2.1 Metabolisable energy 

Not all of the gross energy GE of the food an animal 

eats is available for metabolism. Some is present in 

indigestible form and is lost as regurgitated pellets or in 

the faeces, and some of that digested is lost via the kidneys 

during assimilation. In ruminants a further fraction is lost 

as methane resulting from fermentation in the rumen. In birds 

the urine and faeces are voided together and are called the 

excreta. The fraction of the gross energy remaining after 

subtraction of that lost in regurgitated pellets and excreta 

(PE and ExE respectively) is the metabolisable energy ME. 

ME = GE - (ExE + PE) 1.1 

The percentage of the GE of a diet which is metabolised, 

is its metabolisability 

Q= ME/GE % 1.2 

and this value, also called the assimilation coefficient 

(Ricklefs, 1974), assimilation efficiency (Bryant & Gardiner, 



1979), and, misleadingly, digestive efficiency (Wilson & 

Harmeson, 1973), depends both on the nature of the diet, the 

digestive efficiency of the animal, and its nitrogen balance 

status (Lockhart et al, 1963; Mcdonald, Edwards & Greenhalgh, 

1973). 

The ME is the physiological fuel of the animal for 

maintenance, activityl thermoregulation and production. The 

ME can either be retained in chemical form, retained energy 

(RE), although some of this may later be shed as, for exampleg 

eggs or feathers; or it is lost as heat H. 

RE = ME -H 1-3 

(where RE, MEt H are in Kcals/day) 

1.2.2 Heat production 

Traditionally, the heat production of a fasting mature 

homeotherm at rest in a thermoneutral environment, is largely 

a function of its size. The relationship can be described 

by the allometric equation: 

H=aWb (W in Kg) 

Thus, in mammals: H 
FMR = 70 -75 (Kleitmr, 1975) 

in non-passerine birds 

and in passerines 

H SMR = 78.3 w 0.723 

(Lasiewski & Dawson, 1967) 

H SMR 'ý 129.0 W 0-724 

(Lasiewski & Dawson, 1967) 

The subfixes FMR and SMR refer to fasting and standard 

metabolic rates, the latter being that in the post- absorba- 

1.4 

1.5 

1.6 

1.7 

tive period rather than during a fast. Basal metabolic rate 

BMR is the rate of metabolism, measured during complete 

physical and psychical rest. Some workers have taken the 

lowest rates of oxygen consumption occurring during indirect 
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calorimetry to represent BMR, whilst others have taken it to 

be the mean over a period of minutes or hours (Poczopko, 

1971). Basal metabolic rate, inspite of its grand title, 

is no more an absolute than FMR or SMR and unless the 

conditions under which it is measured are defined, it is a 

less valuable term. 

Equations 5,6 and 7 show that metabolic rate is not a 

constant property of metabolic weight (Kgo-75 Kleiber, 1975) 

for all homeotherms. Zar (1968 & ig6g) has explored the 

differences between orders of birds using published SMR data, 

and has shown that although the value of the exponent (b in 

equation 4) does not differ significantly between orders 

(the overall mean was 0-739), the value of the constant a 

does. Poczopko (1971) has reviewed data for mammals at close 

to BMR or SMR and has demonstrated a marked difference in a 

between eutherian mammals and marsupials. 

Differences in metabolic rate (SMR or FMR) per unit of 

metabolic weight also occur between species in the same order, 

for example between cattle and sheep (Blaxter & Wainman, 1966; 

Blaxter et alq 1966); and between strains of the same speciesq 

for example lean and fatty Zucker rats (Pullar & Webster, 

1977) Brahman and Hereford-cross steers (Frisch & Vercoe, 

1976), and broiler and laying strains of domestic fowl 

(Kuenzel & Kuenzel, 1977)- Weathers (1979) has demonstrated a 

correlation between avian SMR (expressed as a percentage of 

the value predicted from weight from the equation for SMR of 

Aschoff & Pohl, 1970) and latitude; SMR per unit of metabolic 

weight increasing with distance from the equator (see also 

Kendeigh & Blem, 1974, for variation of BMR with geographical 

distribution). It has been suggested that both mammals and 
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birds can acclimatise to a hot environment by reducing the 

size and activity of their heat producing organs, such as 

the liver (Chaffee & Roberts, 1971)- 

Other factors which affect SMR are: time of day (Aschoff 

& Pohl, 1970), season (Rising & Hudson, 1974; Kendeigh et al. 

1977; Weathers & Caccamise, 1978; Carey et al, 1978), and 

physiological statust for example sex and age (Kleiber, 1975; 

Poczopko, 1979) and previous nutritional history (Westerterp, 

1977). The latter will be discussed in detail later. There 

are therefore many factors influencing metabolic rate under 

standard conditions, but nevertheless, simple equations such 

as 1.5,1.6 and 1-7 describing heat production as a function 

of weight are of considerable predictive value. 

1.2.2.1- Activity and heat production 

Heat production increases with level of activity since 

during muscular work chemical energy is transformed into 

heat. Tucker (1974) estimated H of birds in level flapping 

flight at: 

H flight = 19.2 (6-43 x 10-3 h+ 94-15) WO-971* 1.8 

where h is height in metres above sea level and when wing- 

. 33 
span is adequately described by the equation: span = 1.1 0 

For a bird of 0.2 Kg (kestrel), heat production during flight 

may exceed SMR by 15 times. The efficiency of muscular work, 

that is the work done divided by the energy expended in doing 

has been estimated at around 20% (Kleiber, 1975)- 

1.2.2.2 Heat production and climate 

Heat production rises in response to decreasing ambient 

I-emperature 
below the lower critical level so that homeo- 4 
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thermy is maintained (Mount, 1979; Lomax & Schonbaum, 1979)- 

Cold adapted mammals have the capacity for non-shivering 

thermogenesis (Janskyq 1979) but in birds shivering appears 

to be the only thermogenic mechanism (West, 1965; Chaffee & 

Roberts, 1971; Calder & King, 1974; Richards, 1975) although 

there is some controversy over this (Freeman, 1971; Calder & 

King, 1974). The lower critical temperature drops with 

increasing body size (Calder, 1974) and the slope of the 

increase in metabolic rate with decreasing temperature depends 

largely on the insulation of the body (see Scholander et al, 

1950 ag b&c; Mischl 1960; Kendeigh, 1970; Kleiber, 1975)- 

1.2.2-3 Maintenance metabolism 

The maintenance energy requirement of an animal is that 

which equals heat production, it is the intake required for 

energy balance. The term corresponds to Kendeigh's (1970) 

existence metabolism. It includes the cost of thermo- 

regulation and activity. In the thermoneutral range (the 

range of ambient temperature over which homeothermy can be 

maintained without an increase in metabolic heat production) 

maintenance ME requirements, MEm. within the thermoneutral 

range, are typically about 30% greater than FMR or SMR 

(Kendeigh, 1970; Webster, 1981) and allometric equations 

relating MEm to W in birds have been derived by Kendeigh 

(1970): 

MEm = 99.1 W 0.7545 for non-passerines at 300C 1.9 

mEm = 114-7 w 0.6210 for passerines at 30 0C 

(Passerines are perching birds) 1.10 

miým = 168 -7W0.5300 for all birds at 00c 

(see Brody, 1945 for maintenance food requirements in 

relation to W in mammals). 
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1.2.2.4 The heat increment of feeding 

Heat production is also related to the quantity and 

quality of the food consumed. The origins of the extra heat 

produced by a fed animal have been, since the phenomenon was 

first investigated at the start of this century, (see review 

by Kleiber, 1975), and still are, the subject of controversy. 

The increment in H following an increment in food intake is 

called the heat increment of feeding HIF or less accurately, 

the specific dynamic action SDA of the food. 

The traditional model of the relationship of heat 

production to ME intake (e. g. McDonald, Edwards & Greenhalgh, 

1973) is shown in Fig. 1. This model assumes a constant FMR 

at all intakes. It can be expressed mathematically: 

FMR/lan + (I - k1f) (ME - FMR/km) 

where FNR/km = MEu4 and kf, and kya are the efficiencies with 

which ME is used above and below maintenance. At above 

maintenance level the relationship can be described: 

HI-kf) (ME - FMR/k 

and, since RE = ME - H, 

RE = kf (ME - FMR/km) 

which is almost identical to the equation proposed by 

Blaxter (1969) for the estimation of RE. 

Blaxter and Boyne (1978) have shown that the relation- 

1.12 

1.13 

1.14 

ship of RE to ME in cattle and sheep is, in fact, curvilinear 

(the ratio of HIF to ME increases with increasing ME intake), 

but the relationship can be usefully and adequately approxi- 

mated by two straight lines (see Fig. 1.1) which intersect 

at the point of zero energy retention (Blaxter, 1971). 

Three factors probably contribute to the HIF. First 

the work of eating and digestion, which together with rumina- 

tion and fermentation, have been estimated to contribute 
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25-30% of the total HIF in ruminants (Webster, 1978). No 

comparable data are available for monogastric animals, but 

Gawecki & Jeszka (1978), on the basis of a study feeding 

casein and casein hydrolysate to the rat, concluded that the 

HIF after a protein meal was largely due to synthesis and 

secretion of digestive enzymes. Burlacu (1969) however 

failed to find any difference in SDA following meals of 

casein or casein hydrolysate fed to hens. 

Secondly, the metabolism of absorbedrutrients is a 

factor influencing the HIF. The efficiency of utilisation 

of ME depends upon the chemical nature of the form in which 

it is present *and the purpose for which it is used., Millward 

4et al, (1976a) reviewed the theoretical estimates of the 

energy costs of converting dietary fat, protein and carbo- 

hydrate to body fat and protein. The efficiencies were 

within the range 0.69 to 0.99. Blaxter (1971) compared data 

on measurements of kf and km for a variety of animals fed 

a variety of diets, with theoretical estimates of utilisa- 

tion efficiency, and showed that for carbohydrates, fats 

and proteins the results agreed well. In practice diets are 

mixtures of these nutrients a: nd growth involves the simultan- 

eous synthesis and deposition of fat and protein. The 

efficiencies with which ME is used for fat and protein 

synthesis have been estimated statistically from energy 

balance and body composition data by multiple regression of 

H on a function of W and on fat and protein deposited. The 

results of the cost of protein deposition estimated in this 

way vary from 6.4-16-5 KcalME/g and those for fat between 

11.4 and 15.0 KcalME/g (Kielanowski, 1976; Buttery &, Boorman, 

1976). Pullar and Webster (1977) estimated the costs of 

protein and fat deposition in a way that required no a priori 
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assumption of the cost of maintenance, by solving simultaneous 

equations for the relationships of H to fat and protein 

deposition and W in lean and fatty Zucker rats. The results 

of their experiment suggested that the energy costs of protein 

and fat deposition were 0#44 and 0.74 KcalME/Kcal respectively. 

The value for protein deposition agreed well with the mean 

of the estimates reported by Kielanowski (1976). 

Finally there is a component of HIF which varies with 

age and previous nutritional history. The evidence for this 

comes from studies of the energy balance of growing animals 

and of adult man under maintenance conditions. 

1.2.2-5 Models describing heat production during growth 

Direct measurements of FMR in growing animals have shown 

that FMR is not related to bodyweight in the same way as in 

adults (Fig. 1.2). Before proceeding to discuss the way in 

which the relationship of heat production to W changes during 

growth, the methods used in the estimation of FMR will be 

examined since the results obtained depend upon the methods 

used. 
be 

Heat product ion can A artificially divided into two 

components; one a function of the size of the animal and the 

other attributable to the quantity and quality of the diet 

it is eating. The component of H attributable to the animal 

itself can be estimated directly by measuring FMR. The 

Metabolisable Energy System for feeding livestock used in 

Britain predicts RE from ME intake using measured values of 

FMR to represent the basal component of heat (that not due 

to dietary effects). In this system RE is calculated using 

the equation: 

RE =kf (Q. GE - FMR/km) 1.15 
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Webster et al (1974) and Webster (1978) have criticised 

this system on the grounds that FMR may not adequately 

reflect the heat production of a normally growing animal 

and that under fasting conditions, differences in heat 

production between sexes and strains, associated with 

differences in growth rate, are obscured. The constants 

km and kf may also differ between adults and growing young. 

Webster (1978) therefore proposed an improvement to the ME 

system; that, instead of using FMR in equation 1.15, an 

empirically derived figure for "predicted basal metabolism", 

F', should be used: 

RE = kf (Q. GE - F'/km) 

where F1 is calculated: 

km (Q. GE - RE/kf ) 

from energy balance data. The development of a model 

relating F1 to age or weight for a species then allows 

accurate prediction of RE from ME for an animal of known 

1.16 
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weight or age. F1 is not assigned any particular physiological 

meaning, it is merely a term which, when used in equation 

1.17 gives an accurate estimate of RE from ME. 

An advantage of this system is that F1 reflects the 

extent to which heat production differs from an adult on 

the same diet and between breeds and sexes, and this informa- 

tion, can be exploited for the more efficient production of 

meat. 

The California Net Energy System is used in the United 

States of America for the prediction of the ME requirements 

for growth. It is based on the work of Lofgreen & Garrett 

(1968). In this method the "basal" component of heat 

production in a growing animal is assumed to be a function 

of WO-75. RE and ýE measurements from energy balance studies 
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in normally growing animals are then divided by W 0.75 

to 

scale for changes in weight during growth, and an estimate 

of FMR obtained by linear regression and extrapolation to 

find RE when ME is zero. The slope of the line is kf the 

efficiency of utilisation of ME. The basal component of 

heat production is thus estimated from normally growing 

animals but the weakness of the system is its a priori 

assumPtion that FMR is a function of WO-75 during growth 

and there is evidence that this is unsound (Millward et al. 

1976a; Webster, 1976). As a practical system it also has 

the disadvantage that expensive trials involving large 

numbers of growing animals must be used to determine the 

value of each feed. 

The results obtained by direct measurement of FMR in 

growing cattle depend upon the duration of the fast and on 

the duration, if any, of the preceeding period on a maintenance 

ration. MEm and FMR fall with time in immature animals whose 

growth has been interrupted (Ledger & Sayers, 1977). Taylor 

& Young (1966 cited in Taylor, 1970) investigated minimum 

MEm in immature cattle by restricting food intake at various 

levels and waiting for growth to reach the limits imposed by 

the restricted diets. They found then that MEm was directly 

proportional to W: 

MEm = cW 
1.0 1.18 

The relationship of various estimates of FMR to W in 

cattle during growth are shown in Fig. 1-3 (after Taylor, 

1970 and Webster, 1978). This model clearly illustrates two 

points. That the method of estimating FMR affects the results 

obtained and that the difference between the maximum and 

minimum estimates changes during growth being greatest at 

the point when absolute growth rate is greatest. This 
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Fig. 1.3 The relationships of estimates of fasting metabolic rate, derived in 
different ways, to weight during growth (after Webster, 1978; see 
text Section 1.2.2.5 ). 
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difference represents the difference in "basal" metabolism 

in a normally growing animal and one at the same stage of 

maturity under true maintenance conditions, and it has been 

called the "work of growth" by Taylor (1970)- 

It may be worthwhile re-emphasising that fasting and 

i! ýaintenance metabolic rates in growing animals are concepts 

that have no basis in reality but which enable the develop- 

ment of models for the prediction of the energy requirements 

for growth. Physiological differences in heat production in 

normally growing animals are reflected in Fl. F1 has been 

shown to differ between steers and bulls (Webster et al. 

1974) and between strains of cattle at comparable stages 

of maturity (Ahmed, 1980). and generally appears to be 

greatest in animals which are growing fastest (Webster, 1978). 

on the highest planes of nutrition. 

1.2.2.6 Luxuskonsumption 

Interest in the relationship of heat production to 

along 
food consumption in man has evolved A somewhat different 

lines. Miller & Mumford (1973) reviewed the literature on 

energy balance in man and other monogastric animals. They 

presented a reasonable case for the existence of "luxuskon- 

sumption" in man. This is a proposed homeostatic mechanism 

of increased heat production in response to over-eating, 

that acts to dissipate excess ingested energy and thus 

prevent obesity. This hypothesis was proposed to explain 

the finding thats in mari, under reasonably standard condi- 

tions, weigbt could be maintained for long periods, albeit 

at different levels, on widely different energy intakes 

(see also Harries et al, 1962). Miller & Mumford distingui- 

shed luxuskonsumptirýon-which", is an effect of the animal itself, 

) 
it 
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from SDA which is an effect of its food. They proposed that 

the term dietary induced thermogenesis DIT should be used to 

include both these effects. DIT and H1F are synotymous, 

both being operational definitions which attempt no physio- 

logical interpretation. 

The opponents of the luxuskonsumption hypothesis, namely 

that excess dietary energy is dissipated as heat as a homeo- 

static mechanism preventing obesity, base their arguements 

on the difficulty of standardising activity and thermal 

environment, and thus energy expenditure, in long term energy 

balance trials in man. Secondly, on the fact that, the data 

on changes in body energy content during trials are circum- 

stantial (energy content can change quite markedly whilst weight 

changes little); and finally, on the absence of data on body 

protein changes (since H is more closely related to body 

protein content than to weight, Pullar and Webster, 1977)- 

There are two issues here. The first is whether MEm 

truly does vary or whether changes can be explained by 

differences in activity, thermal environment, or to undetected 

changes in body energy content. Secondly, if changes in MEm 

do occur, whether they can be explained in terms of increased 

H due to a change in body protein content or else reflect a 

homeostatic mechanism which acts to dissipate excess ingested 

energy. 

Some workers, accepting that such a homeostatic mechanism 

does existj at least in man (and the evidence for this is 

impressive; Miller & Mumford, 1973), have postulated various 

biochemical pathways through which chemical energy could be 

converted to heat. Various "futile" cycles have been proposed 

and these have been reviewed by Otto (1977)- 
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The term "futile cycle" was coined by the "luxuskon- 

sumption" school who interpret the observed increase in 

heat production with increasing plane of nutrition as 

reflecting the homeostatic dumping of excess ingested 

energy. Similar observations in growing animals have been 

interpreted as reflecting the work of growth, as described 

above. Two hypotheses concerning the origins of the 

increased heat production in animals growing or on high 

planes of nutrition are briefly reviewed below. 

Rothwell & Stock (1979) used the "cafeteria" fed rat 

as a model for overeating in man. Cafeteria-fed rats are 

encouraged to overeat by supplementation of their stock 

diet with new items daily, such as cake, chocolate, and 

potato-crisps. They found that the energy retained by the 

hyperphagic rats was less than would be expected had they 

retained energy with the same efficiency as the controls fed 

on the stock diet, and concluded that a mechanism acting to 

dissipate excess energy did exist. Webster (1981) has, 

however, pointed to a discrepancy in their energy balance 

data which weakens the impact of their case. Rothwell & 

Stock, in the same paper, presented evidence that conversion 

of excess chemical energy to heat might occur primarily in 

brown adipose tissue BAT, the main site of non-shivering 

thermogenesis in this species (Foster & Frydman, 1978). 

They further postulated that brown fat may be a site for 

DIT in man. 

Overeating may, in some species, result in the dissipa- 

tioh of excess energy as heat via futile cycles, and the 

site of this energy transformation may be brown fat. However, 

it is generally accepted that energy balance is controlled 

by the regulation of food intake (Panskepp, 1973; Kleiber, 
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1975; Smith, 1979; Smith & Baranowski-Kish, 1979; Booth, 

1979) and not by dumping excess ingested energy. Further- 

more brown fat is not a metabolically active tissue in 

adult mammals, with the exception of the smaller species 

(Close, 1979), and it is not found in birds at all 

(Johnston, 1971; Richards, 1975)- It is unlikely, therefore, 

that the futile conversion of chemical energy to heat in 

brown fat is an important component of H in most animals. 

1.2.2-7 Heat production and body protein 

Another process which may be of more general importance 

in HIF is protein turnover. Millward et al (1976b) 

estimated that, in man, protein turnover proceeds at a rate 

of about 1+00g per day, and that each gram synthesised costs 

about 1.4 Kcal. Protein turnover therefore accounts for 

about 25% of the MEm and changes in its rate could affect 

MEm considerably. These authors also showed that the rate 

of protein turnover did vary in proportion to food intake at 

least in some tissues (see also Waterlow et al, 1978). 

Millward et al (1976a) proposed that interspecies differences 

in the rate of protein turnover during growth may account 

for differences in heat production and thus the efficiency 

of utilisation of ME for growth. 

The importance of the quantity and activity of the 

protein component of the body in heat production has 

recently been further illustrated. Pullar & Webster (1977) 

in a study of lean and fatty Zucker rats, found differences 

in the relationship of RE to ME between the strains. They 

were able to largely explain these in terms of: first, 

differences in rates of deposition of protein and fat (which 

are deposited with different efficiencies) and secondly by 
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the difference in body protein content. Predicted MEm was 

markedly lower in fatties per unit of bodyweight but there 

was little difference between strains in predicted MEm per 

unit of body protein. 

Following this work, Lobley et al, (in press) found 

that heat production was closely related to the rate of 

whole-body protein synthesis in the Zucker rats and indeed 

in all animals for which protein synthesis data are available. 

They found a very close correlation between species in rate 

of protein synthesis and heat production, described by the 

equation: 

H= 4-78 g 
1.0 

where g is the rate of protein 

synthesis in g/d. 

Changes in heat production with level of feeding and with 

stage of maturity may primarily reflect changes in the rate 

of protein synthesis. The actual cost of protein synthesis 

is generally taken to be around 1.2 - 1-5 Kcal/g, so that 

the cost of protein synthesis accounts for about 25% of 

total heat production. The closeness of the correlation 

between rate of protein synthesis and heat production found 

by Lobley et al (in press) suggested to them that either 

the cost of protein synthesis is greater than the generally 

accepted estimates or that all the processes of inter- 

mediary metabolism are inter-linked. 

1-3 Growth 

Growth is the accretion of material resulting from 

increasing cell size and numbers and increasing extra- 

cellular material. In higher animals it is an extremely 

1.19 

complex and highly organised process with organs and tissues 
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developing and maturing at different rates. Among terrestrial 

vertebrates growth is largely "determinate", that is, growth 

ceases once a certain size has been reached. Continuous or 

indeterminate growth occurs in lower animals for example, 

crustaceans, fish and some reptiles and amphibians (Goss, 

1974,1976). A corollary of determinate growth is ageing 

(Goss, 1974) which does not appear to occur in some animals 

which are able to grow and replace all tissues throughout 

their lives. Goss (1974) hypothesised that determinate growth 

evolved in terrestrial vertebrates to prevent them becoming 

too big. Aquatic animals are not constrained by this 

problem and it appears that whales may have reverted to 

indeterminate growth. 

There are many theories concerning the control of 

growth. Some propose that growth is controlled by stimula- 

ting substances, others that an inherent drive to grow is 

controlled by inhibitors. Goss (1972) proposed that the 

dimensions of an organ are broadly under genetic control 

but can respond, within the limits imposed by this, to 

functional demands by alterations in size. For example, 

the fact that the number of muscle cells does not increase 

after birth in mamals constrains alterations in size, in 

response to alterations in functional demand, to those that 

can be achieved by hypertrophy and atrophy alone. Similar 

limits on the maximum function of brain, heart, lungs, 

kidneys and other organs restrict the maximum size that the 

whole body can attain. 

The subject of growth is of perennial interest and 

great economic importance to those involved in meat produc- 

tion. A great deal of resource has gone into the selection 

of stock for rapid growth to slaughter weight (usually 40-50% 
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of adult weight in the western world)since reducing the time 

taken to reach slaughter weight reduces overall maintenance 

costs. However, since adult bodyweight shows a strong 

positive correlation to fast growth in selected stock (Merrit, 

1974k), whilst selection has often achieved its aim of 

improving growth rate, it has done so largely in association 

with increasing adult sizel and the costs of maintenance of 

breeding stock have thus increased (McCarthy, 1977)- What 

is sought is increased growth rate without an increase in 

adult size, and some success has been reported in selection 

for these factors in broilers (Merritt 1974) and mice (Wilsont 

1973 cited in Merrit, 1974). 

Compaxative studies of growth are of value for two 

reasons. Firstly, examination of the growth rates of a 

wide variety of animals shows what rates are possible and 

thus where the limits may lie. Secondly, it may be possible 

to identify the selective pressures which led to the evolu- 

tion of rapid growth rates, and this information may have 

application in the selection of meat animals. Among 

terrestrial vertebralftes a wide diversity of growth patterns 

and rates occurs, even among species of similar adult body 

size, and the significance of growth rates, particularly in 

birds, has received considerable attention among zoologists 

over the last 15 years. 

1.3-1 Methods used in the study of growth rates 

Measurements of increasing weight or linear dimensions 

of organisms with time yield a matrix of data that maybe of 

considerable value in demonstrating the pattern of growth 

within that organism yet difficult to compare quantitatively 

with data for other organisms. These problems have been 
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overcome to a great extent by the use of curve-fitting to 

summarise the data matrices into a few constants. A variety 

of curves have been used in the study of growth (Fig. 1.4) 

and the properties of these curves have been reviewed by 

Wilson (1977)- 

The cumulative increase in weight of homeotherms 

follows a sigmoid pattern during growth; an initial 

accelerating phase followed by a decelerating phase. 

Absolute growth rate (g/d) is initially low, reaches a 

maximum at the inflexion point of the sigmoid cumulative 

growth curve, and then falls to zero at maturity. A third 

way of describing growth is as a proportion of weight already 

achieved and expressed in this way, relative growth rate 

declines throughout growth. Absolute and relative growth 

rates, because they depend upon stage of maturity, are not 

suitable parameters on which to base interspecies comparisons. 

A better parameter is the growth rate constant, B9 of equations 

fitted to cumulative growth data (Fig. 1.4). The higher the 

value of B. the more steeply the curve rises towards its 

asymptote. In interspecies comparisons it has been found that 

growth rate, as indicated by the rate constant B. is inversely 

proportional to adult bodysize (Taylor, 1965; Ricklefs, 1968a; 

and see below). In this thesis "rapid growth rate" is used 

to imply rapid growth rate considering adult size. 

Curves are fitted to growth data for a number of 

reasons; to facilitate comparisons between animals, to 

enable prediction of, for example, weight at ages for which 

data is not available, and to study the nature of the under- 

lying metabolic processes (Finney, 1978)- Many authors have 

drawn attention to the importance of distinguishing between 

the uses of growth curves as models and as summaries of the 
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Fig. 1.4 Some commonly used growth equations 

W- AM - e- 
B(t - t') ) Simple exponential (Brody. 1945) 

W-C+ AM + e- 
B(t - M) Logistic (this study) 

W- AM 4 be -Bt ) Logistic (Ricklefs, 1%7) 
-B(t - M) 

- e W- Ae Gompertz (Gompertz. 1825) 

W- AU - be Bt )3 Von Bertalanffy (Von Bertalanffy, 1957) 

W-C+ AM + be- BQ- M) ) 1/b Generalised logistic (Nelder, 1961) 

W-AbCb_Ab )e- Bt Richard's (Richards, 1959; 
Bakker & KoDps, 1978) 

Where W is weight, A and C are upper and lower asymptotes, b is a constant, 
B is the rate constant, tI is the age origin, t is age, and M is the age at the 
point of inflexion. 

Fig. 1.5 Metabolic time taken to mature in mammals and some birds 
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data (Weiss & Kavanau, 1957; O'Connor, 1973; Wilsont 197? ) 

and O'Connor (1973) has criticised the methods of Ricklefs 

(1968a) on these grounds. Ricklefs (1968a) fitted growth 

data to Logistic, Gompertz and Von Bertalanffy curves in 

order derive the estimates of the asymptotes, the growth 

rate constants and tlo_Wl the time taken to grow from 10 

to 90% of asymptotic weight, to facilitate interspecies 

comparison. 

Almost equally good fits, in statistical terms, can 

often be obtained with a number of curves, but the choice 

of curve influences the conclusions that may be drawn from 

the results. For example$ the Logistic, Gompertz and Von 

Bertalanffy curves constrain the inflexion point of the 

sigmoid growth curve to occur at 0-5. I/e and 0-33 of 

asymptote respectively. Parameters estimated by curve 

fitting techniques may be correlated so that error or bias 

in one will lead to systematic bias in others. For example, 

the estimate of B depends heavily on the estimate of 

asymptote, A. This may not be a serious problem in inter- 

species comparisons of animals of widely different mature 

sizes but is more serious in intraspecies comparisons. 

O'Connor (1973) advocated the use of simple but robust 

growth parameters such as weight at hatching, age and weight 

at peak weight and age and weight at fledging, to character- 

ise the pattern of growth for intraspecies comparison. Case 

(1978) used published measurements of absolute growth rate, 

from the period during growth when these were maximal and 

constant, in his interspecies comparison of growth rates in 

terrestrial vertebrates, since the form of growth in the 

lower vertebrates does not lend itself to analysis by curve 

f itting. 
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Taylor (1965), drawing on data. for domestic stock from 

Brody (1945), investigated the relationship between mature 

weight and time taken to mature in mammals, and found that 

time taken to mature was proportional to the 0.27th power 

of adult weight. The exponent was practically the same as 

that found by Ricklefs (1968a) relating his index of maturing 

rate, t 
10-901 to asymptotic weight in altricial land birds 

(see below) and that of Case (1978) relating absolute growth 

rate to adult weight for mammals. 

In view of the importance of the 0-27th power of adult 

weight on maturing rate, Taylor (1965) proposed an age scale 

calculated by dividing age from conception (in days) by the 

0-27th power of adult weight. This "metabolic age" scale is 

scale based on mature weight only, which has advantages 

over Brody's (1945) "physiological age" and Ricklefs (1967a) 

growth index. The latter require full growth data for 

calculation whereas metabolic age can be calculated from a 

knowledge of adult weight alone. Metabolic age is also more 

suitable for comparisons of growth in species which have 

growth curves of different form. 

Metabolic age is defined: 

E) c (t -t A-0 . 27 

0 

where t is age in days from conceptions t0 is an age at or 

near conception (which Taylor took to be 3-5 days), A is 

adult weight, and c is a constant inserted to make the 

equation dimensionally correct. When age is in days and 

weight is in Kg, c=I WO. 
27 (Taylor, 1965,1968,1980a, b, 

and 

1.20 

Dividing age by the C. 2-(th power of adult weight accounts 

for differences in the age at whi&! a certain proportion of 
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adult weight is reached due to differences in adult size. 

It thus facilitates interspecies comparisons of the duration 

of growth, just as the more widely used convention of 

expressing metabolic rate in terms of the 0-75th power of 

weight (or 0-73 power of W, Brody, 1945) allows direct 

comparison of rate between animals of widely different size. 

Since the time taken to mature is proportional to the 0.27th 

power of adult weight, growth rate is proportional to the 

0-73 power of adult weight (Section 9-4-7). Taylor (1980a) 

has advocated the scaling of all rates of input and output 

during growth relative to the 0-73 power of adult weight for 

comparison between animals. In practice the difference 

between expressing rates per unit of W 0.75 
or WO-73 is 

negligible. 

1.3.2 Metabolic age at maturity in homeotherms 

In Fig. 1-5 the growth of various birds is compared 

with inam als using Taylor's (1965) metabolic age as a time 

scale. Metabolic age at a given stage of maturity, u. 

(where u= W/adult weight) being calculated by dividing the 

age in days from the start of incubation (taken to be 

equivalent to the age origin used by Taylor for mammals) by 

the 0.27th power of mature weight. Mammals reach 90% of 

mature weight in an average of 291 metabolic days (Taylor, 

1980c), precocial birds in about 100-140 metabolic days and 

altricial birds in about 50-90 metabolic days. Altricial 

birds are those born blind and naked and which are reared 

in the nest by their parents and precocial birds are those 

which are able to leave the nest and feed themselves at 

hatching. Intermediate classifications; semi-altricial and 

semi-precociall on the whole, grow at intermediate rates (see 
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Ricklefs, 1973, or Nice, 1962, for definitions of the modes 

of development). Growth rate is not related to mode of 

development in mammals (Case, 1978). In Fig. 1-5 the kestrel 

and the golden eagle are given as examples of altricial birds, 

the Japanese quail and a broiler strain of domestic fowl 

as examples of precocial birdsl and Taylor's (1980c) mean 

curve for mammals was derived from studies on 9 domestic 

species. 

1.3.3 Hypothesis on the reasons for variation in 
rate of growth 

Differences in adult body size account for a large 

part, but not all, of the variation seen in time taken to 

mature in homeotherms. The evolution and adaptive signific- 

ance of variation in growth rates in animals of comparable 

adult size is a subject that has received considerable 

attention recently (Ricklefs, 1968,1969,1973,1974,1975, 

1976,1979; O'Connor, 1975a, b&c, 1977,1978; Case, 1978; 

Dunn, 1980). The traditional explanation is that growth 

rates represent a compromise between two opposing selective 

pressures. One acting to increase rate of growth and thus 

to reduce the time spent in the nest when mortality is high 

due to predation, and the other acting to reduce growth rate 

and thus the daily food requirement of each young thus 

permitting larger brood sizes matched to the foraging 

capacity of the parents (Lack, 1968). Ricklefs (1973) however 

showed that part of the residual variation in growth rate 

after accounting for differences in adult body size was 

related to mode of development (see Section 1.3.2) and this 

suggested to him that growth rate was limited by physiological 

constraints. He developed a model based on nestling mortality 



41 

and on energetic considerations that predicted that the 

optimum strategy for maximum production of offspring is 

always to increase growth rate at the expense of clutch 

size (Ricklefs, 1969). He concluded that, with the exception 

of altricial sea birds and tropical nestlings (Ricklefs, 

1968a, 1976), whose growth appeared to be limited by food 

supplyq that observed growth rates probably represented 

physiological maxima. Precocial birds might be constrained 

to slower growth than altricial species because of their 

greater functional maturity; either because the latter demands 

that more energy is channeled into maintenance and thus away 

from growth or because, in some way, tissue maturity 

precludes rapid growth (Ricklefs, 1969,1973; Ricklefs & 

Weremuik, 1977). In these papers Ricklefs has drawn attention 

to the inverse relationship between growth rate and maturity 

as indicated by water content, both between organs within an 

animal and between species. 

That growth rates are or should always be maximised in 

order to maximise production of offspring has been criticised 

by several workers. Dunn (1973) pointed out that selection 

could act to reduce infant mortality rather than to reduce 

the period of high risk associated with infancy, and stated 

that mortality in precocial birds is no greater than that 

of altricial birds during growth, inspite of their longer 

growth periods. O'Connor (1978a) presented evidence to 

support his hypothesis that growth rates in altricial birds 

represent adaptations which tie in with the overall repro- 

ductive strategies of the birds. Case (1978) also presented 

evidence that growth rates are adapted to aspects of the 

environment, and in particular to; food availability and the 
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feeding habits of the parents, infant mortality, and other 

aspects of life history (e. g. the need for seals which are 

reared on melting ice-floes to develop rapidly). Case (1978) 

modified Ricklef's (1969) model for maximal production of 

offspring to incorporate A growth rate dependent mortality 

factor since, he argued, that increasing growth rate requires 

that the parents must spend more time foraging in order to 

meet the increased demand for food, and the young will thus 

be left open to increasing mortality as a result of reduced 

attention. This modified model predicts that offspring 

production would be maximised at growth rates lower than 

the maximum possible. 

The fact that growth rates differ fairly clearly between 

altricial and precocial birds and mammals suggests strongly 

that physiological limits to growth rate differ between 

these groups. Within them variation probably reflects 

adaptations to environment. The physiological reasons for 

the difference between mammals and birds has received little 

attention and the relevance of body temperature and FMR will 

be discussed in this context. 

Taylor (1965) regressed time taken to mature in a 

variety of animals on body temperature and found a highly 

significant relationship with a slope value within the range 

predicted from the Van't Hoff rule (Brody, 1945). This was 

almost entirely due to the difference between birds a-nd 

mammals and correlation of body temperature and growth rate 

within classes was very low. Temperature may be a factor in 

determining rates of growth and metabolism but it should be 

remembered that the metabolic rate of one gram of shrew 

tissue is 1000 times greater than that of one gram of whale 

tissue whilst body temperature is the same for both (Coulson 
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et al, 1977). It is more reasonable perhaps to view differ- 

ences in body temperature as due, in part, to metabolic rate 

rather than vice versa. 

Case (1978) discussed the observation that, at first 

glance, growth rate appeared to be correlated with FMR. 

Endotherms grow faster than ectotherms and have higher 

metabolic rates. The same relationship holds between 

eutherian and marsupial mammals (Case, 1978) and between 

passerine birds and mammals. Case considered that this 

relationship could be explained by the fact that ATP is 

required for both tissue synthesis and activity. An animal 

which has evolved a high metabolic rate to sustain rapid ATP 

production and thus prolonged activity (Bennet & Ruben, 

1979) is thus also equipped for rapid growth. However, Case 

(1978) pointed out that the relationship between rapid growth 

and high metabolic rates (in adults) was not rigid. 

Blem (1978) considered that a high SMR was an important 

adaptation allowing rapid growth rate in birds and cited 

published data to support this contention. It appears though, 

that he may not have scaled his metabolic rate measurements 

for differences in size between species, and that his conclu- 

sion may be an artifact of correlating per gram metabolic 

rates with growth rate, both of which are strongly correlated 

with bodysize. Anyway, interpretation of a positive correla- 

tion of SMR and growth rate between growing animals as 

evidence that a high SMR is required for a rapid rate of 

growth is open to the same criticism as assuming that a high 

body temperature enables high rates of metabolism and growth. 

A high SMF maybe a reflection of a rapid rate of growth. 

The subject of rate of metabolism and growth rate will 
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be returned to in the following section. Before proceeding 

to this section it will be mentioned that other hypotheses 

concerning vaLriation in growth rate have considered that it 

may be due to variation in size and development of the brain 

(Sutter, 1950; Sacher & Staffeldt, 1974). 

The energetic basis of variation in growth rates 
and growth efficiency 

Taking the model; 

RE =kf (ME - FMR/krn) (equation 1-15) 

describing RE as a function of ME, there are four variables 

which affect RE, and thus the rate of retention of energy 

(that is, the rate of growth). Notice also that any change 

leading to an increase in growth rate also increases 

efficiency (RE/ME %). The relationship of RE to weight change 

varies according to the chemical nature of the tissue deposited 

(one gram of fat contains about 9 Kcal, one gram of lean 

tissue about I Kcal), which alters during growth, but since 

the variation in chemical composition between mature animals 

is small (e. g. Pitts & Bullard, 1968) this is not very 

important in broad interspecies comparisons concerned with 

the duration of the whole growth period. 

The limitations of the model expressed above (equation 

1-15) for the prediction of RE from ME have been discussed 

in section 1.2.2-5- It is used here to breakdown the factors 

affecting heat production and thus RE on a given ME intake; 

kmg kf and FMR (the basal component) to facilitate discussion. 

kf, the efficiency of utilisation of ME above mainten- 

ance, is for a given substrate and product, theoretically 

unchangeable being dependent on the nature of the biochemical 

reactions involved (section 1.2.2.4). lt may be expected to 
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change during growth as the chemical nature of the tissue 

deposited changes from predominantly protein to fat. The 

parameter FMR/km is the maintenance component of heat produc- 

tion. Maintenance includes the cost of heat production for 

essential activity and thermoregulation. On a given ME 

intake growth will be most rapid and efficient when mainten- 

ance requirements are minimised. 

An increase in ME intake relative to the maintenance 

component will increase growth rate and gross efficiency. 

Three limits to ýE intake can be envisaged. There may be 

a limit to the quantity or quality of the food available. 

For example, it appears that ME intake is limited by food 

availability in nestling sea birds (Ricklefs, 1968) and that 

nestling oilbirds have to overeat in terms of energy in order 

to get enough protein from its low protein and high fat diet, 

and slow their growth to prevent themselves becoming extremely 

fat (Snow, 1962 cited by Ricklefs, 1976). Secondly, there 

may be a limit to the amount of food that can be eaten, 

digested and metabolised, and finally there may be a limit 

at the tissue level to the rate at which substrates can be 

deposited as new tissue. Changes in ME intake could come 

about either through a change in appetite or through a 

change in digestive efficiency. There is little evidence 

that the latter plays more than a small part, if it is 

relevant at all (section 9.4.1). Nir et al. (1974) found 

that appetite limited growth rate of chickens of a laying 

strain, and that force feeding increased growth rate 

significantly. Low growth rate of dwarf broilers is also 

largely a result of low appetite (Marks, 1980). Force feeding 

of normal broiler chicks failed to increase overall food 

intake and growth rate so it appears that appetite was not a 



(6 

limit to growth rate in these (Nir et al, 1978). 

Variation in growth rates must reflect variation in 

ME intake (scaled for body size) or variation in the partition 

of ME to growth and heat. There is evidence that there is a 

limit to energy intake in animals. Kleiber (1975) found 

that relative food capacity (GE intake/FMR) in domestic 

animals varied little between species from a mean of about 

5 FJJR . Dunn (1980) reviewed energy budget data for five 

species of wild birds studied under field conditions and her 

comparison shows that growth rate is not apparently correlated 

with ME intake (scaled for body size), but depends to a large 

extent on the partition of ME. She scaled ME by dividing by 

estimated BMR and focused her interest on the partition of 

to activity and thermoregulation, not considering inter- 

species variation in BMR. 

1.3.5 'IBMR" and "MEm" during growth 

The variety of methods used in studies of avian growth 

to estimate BW or MEmj (which Dunn (198o) considered on the 

basis of unpublished data, to have the same proportional 

relationship during growth as in adults; BMR + 30% = MEm)v 

makes interspecies comparison difficult. Kushlan (1978) 

measured ME intake during the normal period of reduced or 

zero weight gain during growth in the white ibis, and took 

this to be MEm. He found that ME intake at this time was 

very close to that predicted from weight using Kendeigh's 

(1970) equation for non-passerines (equation 1.9). Blem 

(1975) and Cain (1976) regressed ME intake on weight change 

in growing house sparrows and black-bellied tree ducks 
I 

respectivelY9 to determine MEm at various stages of growth 
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by extrapolating to find ME intake at zero weight gain. The 

problem with this technique is that the energy density of 

the tissue deposited can vary with growth rate (ME intake); 

at lower intakes relatively less fat being deposited (Millward 

et al, 1976a) so that the slope of the line relating weight 

change to ME may differ from that relating RE to ME and extra- 

polation to estimate MEm may therefore be misleading. 

Ricklefs (1974), assuming the efficiency of utilisation. of 

ME for growth to be 0.75, estimated MEm by subtracting the 

cost of tissue deposition (RE/0-75) from ME intake. In 

other studies nocturnal metabolism at thermoneutrality or 

corrected to thermoneutrality was taken to represent BMR 

(Koelink, 1968; Westerterp, 1973)- 

Ricklefs (1974) observed that the pattern of the 

relationship of BMR to weight during growth in birds was 

apparently related to mode of development, being initially 

low in altricial birds and initially high in precocial birds 

(see Fig. 1.2). He also observed that the increase in BMR 

in altricial birds paralleled the development of endothermy. 

He suggested that the reason why BMR rises, at some stages 

during growth, to levels above that expected for adults of 

the same size, might be due to increased heat loss from the 

highly vascular developing quills. In view of the fact that 

the same occurs in mammals, this explanation is not satisfactory. 

In the first part of this study heat production in the 

adult kestrel is examined in relation to body weight and ME 

intake, and in the second part these findings are compared 

with those for growing young. The changes in the relation- 

ship of heat production to weight and ME intake found to 

occur during growth and in adults on different planes of 

r, 
nutrition are discussed. ' ; VýERSITY 

E 
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1.4 The kestrel 

The general biology of the kestrel has been described 

by Amadon & Brown (1968), Brown (1976) and Cramp & Simmons 

(1980). It is found in three continents; Europe, Asia and 

Africa, and is abundant in many parts of its range, occurring 

in a wide variety of habitats. 

It is a small falcon which feeds on voles, mice, and 

other mammals of this size, small birds, reptiles, amphibians 

and invertebrates, which it hunts from a perch or by hovering. 

Pairs typically have home ranges of about 2 Km 
2 (Village, 

1980; Newton, 1979). The usual clutch size in Britain is 

4-5 (Brown, 1976) and eggs are laid between April and June 

in holes or on ledges or in old nests of other species, in 

trees or on buildings or cliffs. There is a strong correla- 

tion between breeding success and food availability in some 

parts of its range (Cramp & Simmons, 1980). 

Outside the breeding season it is usually solitary 

but may become more gregarious where food is abundant, and 

aggression in territorial defence may be linked to food 

supply (Cave, 1968). Populations become increasingly migratory 

towards the northern parts of their range. A minority of the 

British population migrates to France and Spain for winter 

(Mead, 1973)- Mortality during the first year is 50-60% 

and 40% p. a. in older birds (Cave, 1968; Snow, 1968). 

Population sizes fluctuate with food availability in some 

parts of its range, and decreases due to pesticides have 

occurred in Britain, Sweden and Hungary (Cramp & Simmons, 

1980). 
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1-5 Birds of prey in captivity 

In response to population declines due to pesticides 

and habitat loss, projects have been initiated in several 

parts of the world to breed endangered species in captivity 

to ensure their survival and for release to increase depleted 

populations (Geer, 1978; Newton, 1979)- Birds of prey have 

been kept for the purpose of falconry for centuries (Glasier, 

1978) but only in the last decade have they been bred 

consistently in captivity due to improvements in management 

techniques (Cade et al, 1977; Cooper, 1978; Geer, 1978). Such 

improvements have led to the establishment of colonies for 

research purposes, and colonies of American kestrels are 

currently maintained for research in the United States of 

America (Porter & Wiemeyer, 1972) and Canada (Bird, 1978). 

The kestrel is a useful research animal; it is small, 

relatively easy to keep and breed in large numbers, and 

can become very tame; hand-reared birds imprinted on man 

particularly so. These features, and the fact that it is 

common and relatively easy to obtain recommended it for use 

in this study. 
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Methods 

2.1 Birds 
I 

The colony of kestrels used in this study was established 

at the headquarters of the Hawk Trust at Hungerford, Berkshire 

in 1977, and moved to the Bristol University School of 

Veterinary Science at Langford in January 1979. The colony 

consisted of injured wild birds unfit for release and others 

bred in captivity. General aspects of the maintenance of 

this colony have been described by Kirkwood (1980b) and only 

those aspects of management relevant to this study will be 

included here. 

2.2 Housing 

2.2.1 Housing for outdoor food consumption studies 

Birds were kept on block perches using standard falconry 

techniques (Glasier, 1978; Woodford, 1966). They were jessed 

(f itted, with short leather leýg tethers) and these jesses 

attached via a swivel to a 35cm nylon leash. The leashes 

were tied to freely running rings around the bracket support- 

ing the block perch. The blocks were positioned at 70cm 

intervals around the sides and back wall of a west-facing 

open-fronted house of floor area 1x2m. The birds were 

offered water baths regularly. 

2.2.2 Laboratory housing for energy balance studies 

The birds were tethered as described above, to block 

perches spaced 90cm apart, in a row, supported on U-shaped 

brackets, 20cm above a 45cm wide shelf running along the 

wall of the laboratory. This shelf was covered with plastic 
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sheeting to facilitate collection of excreta and pellets 

when necessary, or with newspaper. At Hungerford the birds 

were kept in an enclosed area of the laboratory within which 

temperature was thermostatically controlled to + 10C by 

heating incoming air, enabling environmental temperature to 

be held constant at above external air temperature. At 

Bristol temperature was not controlled during balance trials. 

Some were carried out in an unheated shed and some in a 

laboratory at 18 0- 22 0 C. 

2.2.3 Breeding aviaries 

The breeding aviaries measured 3x 1-5 x 2m high and 

were of the skylight-and-seclusion design (Hurrell, 1977)- 

Perches were arranged to permit sunning and to provide shelter 

from rain and wind. Water baths were provided. The aviaries 

were fitted with nest boxes 45 x 30 x 30cm in size. These 

were open fronted but for an 8cm lip to contain a layer of 

well-draining sand and gravel for the nest-scrape. The 

boxes were attached to the aviary walls in the south-west 

corners where they were out of direct sunlight for most of 

the day and sheltered from the prevailing wind and rain. 

Firm, level perches positioned well clear of walls and roof, 

were provided on which copulation could take place. 

2.2.4 Housing during hand-rearing 

Upto 4-7 days from hatching the eyasses (young falc_qns) 

were kept in small plastic nest-tubs, (10cm diameter, 6cm 

deep), on mesh floors through which excreta fell for collec- 

t ion. As they grew they were moved to progressively larger 

tubs with higher sides, to enable accurate excreta collection 
I 



during the period when the eyasses forcefully eject their 

excreta horizontally or upwards (nest-sanitation behaviour). 

From c 5-12 days they were kept in tubs of 15cm diameter and 

10cm walls, and from c 12-20 days in tubs of 22cm diameter 

and 20cm walls. Where necessary the height of the walls were 

further increased with plastic sheeting. From about 20 days 

onwards they were kept individually in alloy cages measuring 

about 0.6m3, with slatted floors and removable trays to 

facilitate excreta and pellet collection. 

The eyasses in their individual plastic nest-tubs, 

were kept in a brooder at 35 0C from hatching to day 7, at 

300C from day 8 to day 10 inclusive, and subsequently, they 

were kept at about 25 0 co 

2.3 Preparation of the diets 

Day-old chicks used were obtained fresh-killed from 

Maurice Millard Hatcheries, Trowbridge, and mice from Searle 

Pharmaceutical, High Wycombe and from the laboratory animals 

section of the Department of Animal Husbandry, University 

of Bristol. They were deep-frozen for storage. 

The diets used in the energy balance studies were 

prepared as follows. Sufficient chicks or mice to last for 

the duration of the experiment and a previous acclimatiza- 

tion period of at least a week, were thawed and minced in a 

domestic hand mincer (Spong), with cutter plate holes of 

6-5mm diameter. The mince was thoroughly mixed by stirring 

then decanted into plastic containers or bags for freezing 

until required. Preparation by this method ensured that 

diet composition was constant, at least for the duration of 

each experiment, although, since it was impossible to obtain 
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mice and chicks of the same strain (and age in the case of 

mice) throughout the study, diet composition varied a little 

between experiments. Breeding birds and those used in the 

food consumption measurements were fed mice or day-old 

chicks whole. 

Special starter diets were prepared for the young 

eyasses. Starter diet M1 consisted of selected parts of mice 

(viscera, muscle and other soft tissues with small bits of 

bone attached) dipped in warm water immediately prior to 

feeding (using blunt forceps). This was done since it has 

been reported that morsels fed to young raptors in the nest 

may be covered in saliva (Fentzloff, 1978)- Starter M2 was 

of selected parts of mice not dipped in water. No particular 

caLre was taken to prevent the inclusion of fur in these 

two diets, and by daY 5 chicks reared on this diet had large 

fur balls in their gizzards. These balls of fur were 

regurgitated at about this time, but it was decided that 

subsequent chicks should be given a fur and down-free starter 

diet (see also Porter, 1972; Tinbergen, 1945 for further 

information on initial roughage-free diets). 

Starter diet M3 was of selected pieces of skinned day- 

old chick, not dipped in water prior to feeding. 

Samples of all the diets were taken for determination 

of water content, crude protein and gross energy, and some 

were also analysed for fat and ash content. 

2.4 Feeding and measurement of food consumption 

2.4.1 Feeding the hand-reared chicks 

The first meals of the starter diets (described in 

section 1-3) were given on moving the newly hatched chicks 
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from the incubator to the brooder. From hatching to daY 

the birds were fed six times daily; from day 5 to day 15, five 

times daily, and subsequently four times daily. Feeds were 

regularly spaced through the day from 07-00 to 01.00. At 

each feed the chicks were fed to appetite and their intake 

measured by weighing them to O. 1g on a top-pan triple beam 

balance (Ohaus) immediately before and after feeding. 

Newly hatched chicks were held in the hand and encouraged 

to gape for food by immitating the chip-chip calls of the 

brooding female (by tut-tutting the tip of the tongue on 

the roof of the mouth). Chicks that appeared satiated would 

often wake up, gape, and eat more on hearing this sound. They 

were offered small pieces of the diets on blunt forceps. As 

they grew older and able to balance whilst gaping for food, 

they were fed on the bench surface or on the balance pan. 

Cade et al (1977) warned of overfeeding young falcons, but 

no ill effects were observed in this study from feeding to 

appetite. Any excreta produced during feeding was collected 

for drying and weighing. 

2.4.2 Feeding during energy balance trials on adult birds 

The birds were provided with weighed quantities of 

minced diets in petri dishes. Refused food was collected 

and dried so that DM intake could be accurately calculated. 

Birds were always fed once daily, in the morning, immediately 

after being weighed. Water was offered during the experi- 

ments but at no time were they observed to drink. Falcons 

do not require drinking water in order to maintain water 

balance under normal conditions (Bartholomew & Cade, 1963). 
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2-4-3 Feeding of breeding birds 

Breeding birds were provided with an ad libitum supply 

of laboratory mice from February onwards, with chicks added 

occasionally. No vitamin or mineral supplements were added. 

Care was taken not to provide too much food leading to build 

up of cached uneaten items. Each pair was offered about 

120g mice per day or 1509 chicks, increasing to 140g mice 

per day once laying had commenced. 

2.5 Breeding management 

Pairs were introduced into breeding aviaries by the 

beginning of February and observed to assess compatibility 

(mutual preening, roosting side by side and food passing, 

Cramp & Simmons, 1980). Clutches, normally of 5 eggs (Brown, 

1976), were extended by 'egg-pulling' (the removal of the 

first egg when the second is laid and so on) and double- 

clutching (Bird, 1978; Glasier, 1978; Porter, 1975). If 

artificial incubation was not started immediately, the eggs 

were stored in a cool box and turned daily. 

The females were left with up to 6 eggs each to incubate, 

and the rest were incubated, pointed end downwards, in a 

Marsh 'Roll-XI incubator (Marsh Farmst Garden Grove, California), 

at 370C and about 5596' humidity. They were either turned 

automatically every hour or at least twice daily by hand. 

At pipping (27 daYs after the start of incubation) the eggs 

were placed in a low box in the incubator to hatch. Hatching 

occured about 36 hours after pipping (range 8-52 hours, 

N= 16 Kirkwood, 1980b). After hatching the chicks were 

inspected (to check in particular that the yolk sac was not 

protruding), then left for upto 8 hours to dry. They were 
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then marked for identification with coloured dyes, weighed, 

and transferred to a brooder. Eggs incubated naturally were 

examined daily when due to hatch, and hatch dates and chick 

weights recorded. 

2.6 Collection of excretal pellets, down and feather- 
sheath dust 

2.6.1 Collection from growing birds 

Every morning each nest-tub was thoroughly cleaned and 

the excreta and pellets collected into labelled crucibles of 

known dry weight. These were oven dried at 100 0C (as 

recommended by Shannon & Brown, 1969) for 24 hours and 

weighed. They were then stored in plastic bags for subsequent 

energy, nitrogen and other determinations. Excreta and 

pellets produced during periods in the calorimeter were also 

collected and added to the day's total for that bird. 

From about day 15 until the plumage was fully developed 

considerable amounts of flaked feather-sheath and down were 

shed. It was impossible to completely separate this from 

the excreta, although, with care, contamination could be kept 

to a low level. The down and sheath-dust were collected, air 

dried and weighed daily. A large amount of down was blown 

out of the rearing cages and attempt was made to quantify 

this by collection from the otherwise clean floor of the 

rearing room, and weighing. 

2.6.2 Collection from adults 

During energy balance studies the birds were kept over 

plastic sheets (see section 2.2.2) from which excreta, and 

pellets were carefully collected using window-wiping tools. 
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They were either deep frozen for subsequent processing, or 

dried and weighed immediately as described above. 

Dry excreta samples were milled either by hand using 

a pestle and mortar or in a Tecator 'Cyclotec' mill (Tecator, 

Thornbury, Bristol). Samples were then compressed into 

brickettes and dried for 4 hr at 100 0C in bomb-calorimeter 

crucibles of known dry weight, for dry matter weight measure- 

ment, prior to combustion. Pellets, after dry weight determina- 

tion, were 'bombed' whole because of the difficulties of 

milling and bricketting these predominantly fur and feather 

samples. 

2.7 Dissection and body composition analysis 

Birds were killed by cervical dislocation, weighed and 

stored, deep-frozen in plastic bags for subsequent dissection. 

On thawing they were relýeighed then plucked, and the plumage 

was collected into large soxhlet thimbles of known dry weight. 

The plucked carcase was reweighed then dissected. The 

following organs or organ systems were removed and weighed 

fresh : the peritoneal fat pad, the left and right pectoralis 

andsupracoracoideus muscles, the intrinsic muscles of the 

left leg and those with attachments to the pelvic girdle, 

the liver, the heart, and the gut from the cranial end of 

the oesophagous to the cloaca. The gut was first weighed 

whole, then the pancreas was removed, the gut contents 

washed out, and the cleaned gut then reweighed. Care was 

taken to dissect out these organs as cleanly as possible. 

They were placed in covered petri dishes to reduce dissica- 

tion. 

After weighing the organs and the remains of the plucked 

ca-rcase were minced by hand and, after thorough mixing, 
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samples of about 159 weight were taken (size of bird 

permitting) for dry matter, fat, crude protein, and ash 

determinations (section 2.11). 

The soxhlet thimbles containing the plumage were dried 

at 100 0C for plumage dryweight measurement and fat extrac- 

tions and crude protein determinations were then performed. 
I Gross energy content determinations were carried out 

on fat and lean dry samples from each bird. 

2.8 Growth measurements 

2.8.1 Bodyweight 

Artificially reared birds were weighed to O. Ig on 

a triple beam balance before and after each feed. The 

growth curves were constructed using the first before- 

feeding weight of the day. The parent-reared eyasses in the 

aviaries were weighed in plastic bags suspended from a 

Pesola balance accurate to Zg (obtained from the British 

Trust for Ornithology, Tring). 

2.8.2 Length of Tarsometatarsus 

The length of the shank from the caudal aspect of the 

hock to the cranial aspect of the joint between the tarso- 

metatarsus and digits was measured to Imm using vernier 

calipers, with the leg in a flexed position. This measurement 

was made about every 3 days in the hand-reared birds. 

2.8.3 Plumage growth 

The lengths of the first, second and third down coats, 

body feathers and selected flight feathers were measured to 

imm (using vernier calipers) every three days. The down 
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plumules and body feathers were measured in three sites; in 

the centre of the back between the shoulders, on the lateral 

aspect of the calf, midway between knee and ankle, and on 

the dorso-caudal edge of the elbow joint. Only measurements 

made in the centre of the back are discussed in this study, 

the growth in the other two sites followed the same general 

pattern. Both total length and sheathed length were recorded 

for body and flight feathers* The flight feathers measured 

were the right central tail feather and the penultimate 

distal primary (primary 

2.9 Cloacal, nest box and other temperature measurements 

Cloacal temperatures were measured using a fine thermi- 

stor probe mounted on a thin and flexible shaft (to prevent 

trauma to struggling birds), and read from a calibrated 

meter. This meter was designed to give an accuracy of 0.1 0 

within an upper range of 35-45 0 C, and an accuracy of 10C 

within a lower range of 10-40 0 C. This thermometer was 

carefully calibrated in a water bath, and the calibration 

checked occasionally. 

Birds were held heads down and the lubricated thermistor 

probe was gently inserted as far as possible into the cloaca 

depending on the size of the bird. The probe was inserted 

2cm in well grown birds. 

A few measurements of brood patch surface temperature 

were made by pressing the thermistor probe up under a 

brooding female. Temperature measurements were also made 

of the surface of the nest scrape under the eggs whilst the 

female continued to brood, or immediately after she had left 

the nest. 
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2110 The measurement of heat production 

Heat production was determined indirectly from measure- 

ments of oxygen consumption and carbon dioxide production 

using an improved design of the traditional closed-circuit 

calorimeter (e. g. Moors, 1977; Blaxter, 1971). 

The principles of indirect calorimetry are described 

by Kleiber (1975)- Heat produced on oxidation of organic 

compounds within the body can be estimated accurately from 

data on the oxygen utilised and the carbon dioxide produced. 

There are two types of indirect calorimeter (Blaxter, 1971); 

open and closed-circuit. In the former, air is drawn through 

the animal chamber and the change in its oxygen and carbon 

dioxide concentrations is measured. The design and operation 

of the closed-circuit calorimeter used in this study is 

described below (see also Miller et al, 1981). 

2.10.1 The calorimeter 

Air was circulated through the system by an air pump 

(Charles Austin, Weybridge, Surrey), and the flow rate con- 

trolled by adjustment of the valve in the bypass circuit (see 

Fig. 2.1). Air from the metabolism chamber was pumped through 

an absorption train, comprising U-tubes of silica gel for 

water absorption and dreschl bottlesof saturated KOH for carbon 

dioxide absorption, and back to the metabolism chamber. As 

oxygen was consumed by the bird, the pressure within the 

metabolism chamber fell and this was detected from small 

changes in electrical capacitance from movement of the water 

meniscus in the manometer, by the 'Fi-monitorl (Fisons 

scientific Apparatus, Loughborough, Leicestershire). This 

device switched on the peristaltic pump (Watson-Marlow, 

Penryn, Cornwall) which drove water into the oxygen reservoir, 
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displacing oxygen into the metabolism chamber until pressure 

was restored. A trap prevented the back flow of circulating 

gases into the oxygen reservoir. At the end of each run 

the oxygen reservoir was refilled. The metabolism chamber 

and oxygen reservoir were immersed in a thermostatically 

controlled water bath to facilitate the measurement of heat 

production at various ambient temperatures. 

The main difference between the design of this calori- 

meter and other models, was the use of an air-filled 

reference chamber, immersed along side the metabolism chamber 

instead of the atmosphere, against which to manometrically 

balance the metabolism chamber. Changes in external pressure 

and temperature affected both chambers equally, resulting in 

no deflection of the manometer. This modification, isolating 

the system from changes in external temperature and pressure, 

enabled the accurate measurement of oxygen consumption over 

long periods, without the need for constant monitoring of 

changes in external barometric pressure and laborious 

corrections. 

A second modification, the incorporation of a bypass 

absorption train increased the accuracy of the calorimeter 

further. At the start of each experiment, humidity and 

temperature took some time (30-60 minutes) to reach steady 

levels, and during the equilibration period, changes in 

these led to changes in pressure, and thus to errors in the 

estimation of oxygen uptake by the bird. The bypass train 

was used for water vapour and CO 
2 absorption during the 

equilibration period, and only after this, was the main 

absorption train switched into the circuit and respiratory 

gas measurements begun. 
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The metabolism chambers were made of perspex and had 

ga-s-tight doors with O-ring seals. A chamber of 21 internal 

volume was used for birds of uP to 7 days old, and a larger 

one, measuring 35 x 14 x 25 cm (internal volume 12.21 ) was 

used for older birds. Both chambers had mesh floors through 

which excreta fell for collection. A perch was fitted in the 

large metabolism chamber for heat production measurements in 

adult birds. Latterly a hair-hygrometer was attached to the 
t 

ceiling of the metabolism chamber to permit the monitoring 

of humidity during the runs. 

2.10.2 Operation of the calorimeter 

The U-tube driers were filled with fresh silica gel 

(previously dried at 100 0 C) and the dreschl. bottles one- 

third filled with saturated KOH solution to which about 5g 

of solid KOH crystals were added to ensure the solution 

remained saturated throughout the run. The absorption tubes 

and bottles were weighed to 0.01g before and after each run. 

Birds (except for FMR determinations) were fed 30-60 

minutes before being placed in the metabolism chamber. Very 

young birds were put in the chamber in their nest-tubs. The 

chamber was connected to the air-pump and to the bypass train 

and the air-pump switched on. The machine was then left in 

operation for 30-60 minutes to equilibrate and to allow the 

bird to settle. Adjustments of the flow rate, if necessary, 

were made at the start of this period. High flow rates 

reduced humidity to levels lower than the birds were accustomed 

to, and also reduced the efficiency of the water vapour uptake 

in the U-tubes, causing inaccuracy in the estimation of CO 
2 

production. Low flow rates had the opposite effect on humidity 

and reduced the rate of turnover of air in the metabolism 
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chamber. The flow rate was adjusted to a level at which 

humidity was maintained at 30-Wt. This was about 2 litres/ 

minute. Flow rate was determined by disconnection of the 

circuit at the metabolism chamber, holding the tube under an 

upturned water-filled beaker in the water bath, and measuring 

the time taken for the air flow to displace 500ml water. 

When the main absorption train was switched into the 

circuit, the switch isolating the reference chamber from the 
I 

atmosphere was closed, and the time, weight of water in the 

water reservoir, barometric pressure, water bath temperature 

and humidity within the metabolism chamber, were recorded. 

During the growth studies the birds were left in the calori- 

meter for runs of 2-3 bours. Heat production measurements 

subsequently carried out on adult birds lasted about 20-24 

hours. In these long runs, the absorption train was weighed, 

emptied and refilled about half way through the run, since 

the absorption capacity particularly for water vapour was 

insufficient for an uninterrupted 24 hou. - run. During the 

operation of the calorimeterthe birds, and the machine were 

checked frequently (every 2 hours). 

At the end of each run, oxygen consumption corrected to 

STP was calculated from the weight of water pumped out of 

the water reservoir into the 02 reservoir: 

cc 02 (STP) =gH20x P-Svp Ta x 273 

76o Ta 

(where P is barometric pressure in the metabolism chamber = 

atmospheric pressure at the start of the run; Ta is water bath 

temperature and SVP is saturated vapour pressure). Carbon 

dioxide production (at STP) was calculated from the increase 

in weight of the drescbl bottles and downstream silica gel 

tubes: 
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ccCO 
2 

(STP) = weight increase in absorption train (9) x 509-1. 
(509.1 cc is the volume occupied by Ig CO, at STP). 

The respiratory quotient RQ was calculated by dividing 

the volume of carbon dioxide produced by the volume of oxygen 

consumed. 

A logger was connected to the system during heat produc- 

tion measurements in adult birds, which printed out the 

number of revolutions of the peristaltic pump every ten 

minutes. From this print-out and the oxygen consumption data 

for the run, the rate of oxygen consumption was calculated 

in ml/min for each hour. 

22-10-3 The calculation of heat production from the 
respiratory gas data 

Throughout this study the relationship of heat produc- 

tion to oxygen consumption was taken to be 4.72 Kcal heat 

produced per litre 02 consumed. 

equation: 

This is the solution of the 

Kcal heat produced/litre 02 = 3.406 + 1.879 RQ 2.1 

when RQ is 0-70. This equation was derived using the method 

of Kleiber (1975) for the metabolism of protein and fat, and 

assuming that the ME value of protein for birds is 4-3 Kcal/g 

and that for each gram of nitrogen excreted, 4.11 litres of 

CO 
2 are produced and that the RQ for protein metabolism in 

birds is 0-73 (Ricklefs, 1974). The literature on this 

subject and the derivation of equation 2.1 are discussed in 

Appendix 1. 

2.11 Analytical methods 
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"I ý. 11.1 Dry matter determinations 

Samples were put in labelled crucibles of known weight, 

and the loaded crucibles then weighed. From this sample 

freshweight was determined. The crucibles were then placed 

in drying ovens at 100 0C for 24 hours, within which time 

they reached constant weight. On removal from the ovens the 

samples were transferred to dessicator cabinets and weighed 

as soon as they had cooled (after about 5 minutes), for 

determination bf dry weight. For comparison of the effects 

of drying diet samples at 600 and 100 0C 
see Appendix 2. 

2.11.2 Fat extraction 

The fat content of dried samples was determined by five 

hour petroleum ether extractions on 4g samples in soxhlet 

thimbles. Second extractions performed on a number of 

samples of high fat content revealed that after the first 

extraction the lean dry, LDI residues contained only about 

1% fat. The lean dry residues were retained for subsequent 

GE, crude protein, ash and mineral determinations in many 

cases. For comparison of the effects of drying samples at 

600 and 1000C on fat content see Appendix 2. 

2.11.3 Nitrogen estimation 

Nitrogen estimations were caLrried out using a modified 

Kjeldahl technique. The digestions and distillations were 

performed with Tecator 'Kjeltec' equipment (Thornbury, Bristol). 

Samples were milled (pellets and diet samples containing fur 

or down were not milled) and 0-59 subsamples were taken for 

the analyses. Otber subsamples were taken for simultaneous 

dry matter determination except in cases where there was 
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insufficient sample to permit this, in which case the dry 

weight of the sample for digestion was first carefully 

determined after drying. 

11.1* Gross energy determinations 

These were mainly carried out in a Gallenkamp adiabatic 

oxygen bomb calorimeter. A few samples from early experi- 

ments were sent to another laboratory for gross energy 

determination, by the same method. The dry weights of the 

samples combusted were first determined by weighing them 

after 4 hours at 100 0C in a drying oven in bomb calorimeter 

crucibles of known dry weight. Dry excreta samples, lean 

dry tissue samples, and dry diet samples were bricketted 

prior to 'bombing'. The diet samples were only lightly 

compressed to prevent fat loss during this process. Pellets 

were bombed whole, after attempts to mill, brickette and 

combust the resulting brickettes proved frustrating. 

After combustion, the gases and vapour from the bomb were 

collected and the results of heat produced corrected for the 

production of sulphuric and nitric acids. 

2.11.5 Ash determinations 

Samples of previously determined dry weight were placed 

in crucibles in a furnace and subjected to a temperature 

of 4500C for 4 hours. They were weighed as soon as they 

cooled. 

2.12 Units of energy 

Throughout this thesis the Kilocalorie has been used 

as the unit of energy. This unit has been and still is the 

most widely used in work on energetics of non-domestic 
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species. Kleiber (1975) argued for the continued use of 

the calorie as the unit of energy for animal calorimetry. 

Kilocalories can be converted to kiloJoules and Watts as 

follows: 

1 Kcal = 4.184 kJ 

1 Kcal/h = 1.16 Watts 

2.13 Symbols and abbreviations 

A key to the symbols and abbreviations used in this 

thesis and a guide to where they are defined is presented 

in Fig. 2.2. 

2.14 Presentation of Statistics 

Means are, unless otherwise stated, presented with 

their standard errors and sample sizes (i. e. x+ se (n) 

Linear regression equations are presented with the standard 

error of the y estimate, the standard error of the slope, 

the sample size and the F value (i. e. y=a+ bx + se, 

Sb, (n), F). 

In significance tests, a level of P40-05 was taken to 

be "significant" and a level of P<0.001 to be "highly 

significant". 
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Fig. 2.2 Abbreviations used in this thesis 

Section in which 
Abbreviation Meaning abbreviation is 

defined 

BMR Basal metabolic rate 1.2.2. 

SMR Standard metabolic rate 

FMR Fasting metabolic rate 

F1 Predicted basal metabolism 1.2-2-5- 

GE Gross energy 

ME Metabolisable energy 

RE Retained energy 

H Heat production 

DM Dry matter 

Q Metabolisability 

Qn Q correct ed to N balance 

Qt True metabolisability 5-3.2. 

W Bodyweight 

tý W Change in bodyweight 

MEM ME for maintenance 1.2.2.3- 

km Efficiency of utilisation. 

of ME below maintenance 1.2.2.4. 

kf Efficiency of utilisation 

of ME above maintenance 

RQ Respiratory quotient 2.10.2. 

LD Lean dry tissue 2.11.2. 

AFLD Ash-free lean dry 

MI Metabolic intensity 9-3-7-2- 

@ Metabolic age 1-3-1- 
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Adult bodyweight of the kestrel 

3.1 Introduction 

The survey of wild kestrel weights described in this 

chapter was undertaken to determine the normal range for each 

sex, and the effects of age and season (see Clark, 1979, for a 

review of the subject of bodyweight in birds). The results of 

this survey were necessary for the interpretation of bodyweight 

as an index of physiological status, in the captive birds used 

in the energy balance trials. 

In captivity, whilst on high planes of nutrition, animals 

tend to be heavier than their wild counterparts due to higher 

levels of bodyfat (Pitts & Bullard, 1968; Brisbin, 1970; 

Blaxter, 1975 & 1976), and captive hawks and falcons must be 

'cut back' (reduced) to flying weight by manipulation of the 

diet before they can be used for falconry (Woodford, 1966; 

Mavrogordato, 1973; Glasier, 1978). The weights of captive 

birds way therefore not reflect the 'normal' weights for the 

species. 

An accurate estimate of the standard adult bodyweight of 

a species is furthermore, a valuable figure since from it a 

great many physiological and other biological parameters can 

be predicted. For example; rate of oxygen consumption 

(Zeuthen, 1953), growth rate (Taylor, 1965; Ricklefs, 1968), 

lifespan (Lindstedt & Calder, 1976; Zepelin & Rechtschaffen, 

1974), clutch or litter weight (Blueweiss et al, 1978), energy 

costs of powered flight (Tucker, 1974), and territory size 

(Calderg 1974)- The allometric equation: 

aW 
b 

has been widely used to describe these relationships (Zar, 

1969) - 
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The wild bird survey was undertaken by collection of 

ringing record cards, and the results were compared with the 

weights of captive kestrels fed to appetite. In this chapter 

the effects of irregular feeding on weight variation are also 

examined. Bad weather can prevent hunting in the kestrel 

.x (Cave, 1968) and periods of fast, for this reason and others, 

are probably not infrequent. In the study of the red-tailed 

hawk (0-8-1-3 Kg) a wild bird, under constant observation, 

fasted for a five day period (Fitch et al. 1946), and several 

other authors have drawn attention to the ability of raptors to 

withstand periods of fast with no apparent ill effects (Dare, 

1961; Ligon, 1969; Johnson, 1974)- When food is available the 

kestrel is capable of ingesting large quantities at a single 

meal (e. g. 25% of bodyweight). 

In contrast to animals which feed more or less continuously, 

the weight of the kestrel, like that of other carnivores, may 

fluctuate between quite wide extremes depending on the size of 

the last meal and how recently it was eaten. These causes of 

weight variation were examined by measuring the diurnal weight 

fluctuation in kestrels fed once daily, and by examining the 

rate of weight loss during starvation in birds of prey, using 

published data. 

Most species of birds of prey show reversed sexual size 

dimorphismg that is, the females are larger than the males. 

The numerous theories on why this should be so, have recently 

been reviewed by Neu-ton (1979). The survey of the wild kestrels 

also provided an opportunity to examine the degree of size 

dimorphism in the kestrel. 

Mueller et al (1976) showed that in the mature goshawk age 

has an effect on weight, and seasonal weight changes are well 
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documented in a number of species of birds (e. g. Baldwin & 

Kendeigh, 1938; King & Farner, 1966; Newton & Evans, 1966; 

Hirons, 1976; Newton, 1979)- Previous weight data for the 

kestrel was based on small sample sizes, and the causes of 

variation were not examined (Witherby et al, 1938; Brown & 

Amadon, 1968). However, since this survey was undertaken, 

two more have been presented (Village, 1980; Cramp & Simmons, 

1980). Village (1980) related seasonal changes in bodyweight 

to changes in daily energy expenditure. 

3.2 Methods 

3.2-1 The ringing record survey 

Requests for records of kestrels caught in Britain were 

made to the British Trust for Ornithology, to coastal bird 

observatories, and to individual ringers. Contributors were 

asked to provide details of location, age, sex, time of capture, 

wing length (distance between the leading edge of the flexed 

carpus joint and the tip of the longest primary feather; primary 

weight, and other notes. The records were divided into two 

groups; birds in their first calendar year, and all older birds. 

Hereafter these will be referred to as 'first year' and 'older' 

birds. Details of plumage colour, by which kestrels can be 

sexed and aged, are given in Cramp & Simmons (1980). 

3.2.2 Records of weight of captive birds fed to appetite 

Records of weight of captive kestrels fed to appetite and 

housed in outdoor 'skylight and seclusion' aviaries (Hurrell, 

1977) collected during the course of this study, were analysed 

for comparison with the results of the wild bird survey. The 

amount of food provided (day-old chicks and mice) was adjusted 

to the maximum amount that did not lead to a build up of 
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uneaten items. 

3.2-3 Measurement of diurnal weight fluctuation 

Three birds kept on blocks as for energy balance trials 

(section 2-2.2) were weighed at 10.00 hrs, then offered 32g 

day-old chick each. Each bird was weighed regularly over the 

following 24 hour period. 

3-2-4' Weight loss during starvation 

Data were collected, from the literature, on the rates of 

weight loss in birds of prey during starvation, and, together 

with a measurement obtained in this study from a bird which 

refused food for three days following a change of housing, were 

analysed to examine the effects of initial bodyweight on rate 

of weight loss. 

3-3 Results 

3.3.1 The ringing record survey 

Records of 221 kestrels caught in Britain between 1950 and 

1978 were collected. Of these, the bulk (84%) were from the 

coastal bird observatories. Not all the records included 

complete sets of data. Some (10) were discarded because they 

referred to birds that were sick, weak, injured, found dead or 

possible escapees from captivity; and a further 8 discarded as 

the birds had not been sexed. Of the remaining 203 records; 

87 (1*3%) referred to first year birds, 101 (50%) to older birds 

and 15 (7%) had not been aged. 

There were significant differences for both males and 

females in the weights of first year as compared with older 

birds (Table 
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First year birds were excluded from the examination of 

the effects of season so that these age effects did not obscure 

the seasonal ones. It appeared that females increased in weight 

during the spring months (Fig. 3-1); and the mean weight of 

females during the months of March to June (inclusive) was 

significantly greater than the mean for the other eight months 

of the year. No similar tendency was shown in the sales, but 

the mean male weight for the colder months (November to April 

inclusive) was significantly higher than for the warmer half 

of the year. 

Older females were significantly heavier than older males, 

but the difference became small and insignificant when the 

records for the spring months (March-June) were excluded. 

There was no evidence for a change in wing length with 

age, the differences between means for first year and older for 

both sexes being about 0-5mm, in contrast to the findings of 

Cramp & Simmons (1980) for the kestrel, and Mueller et al 

(1976) for the goshawk. The difference in mean wing length 

between the sexes was highly significant, that for females 

being 251-4 + 0-95 Mm (n = 121) and for males 243.4 + 1.18 mm 

(n = 68). There was, however wide variation between indiv- 

iduals and considerable overlap between the ranges for each 

sex (Fig- 3-2). The degree of sexual size dimorphism, as 

indicated by mean wing length, is therefore smalIq female wing 

length being greater than that in the male by just 1-03 times. 

The correlation between wing length and weight was 

significant in females but not in males (ýemales r= +0.208, 

n= 97, males r= +0-015, n= 57). The predictive value of the 

linear regression equation relating weight to winglength in 

females: 

Weight (g) = 53.9 * 0.60 L+ 30.625 (L = wing length in mm) 
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Fig 3.1 Seasonal weight fluctuation in second-year and older kestrels 
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was low, accounting for only 4.3% of the total variation in 

weight. Examination of weights in relation to the time of day 

at capture failed to reveal a diurnal rhythm like that seen in 

small passerines (Baldwin & Kendeigh, 1938). 

3.3.2 Weight of captive birds fed to appetite 

The seasonal weight cycle in captive birds fed to appetite 

is shown in Fig- 3-3. There was no apparent difference between 

first year and older birds in captivity. The overall mean 

weight of males was 203-3 1 1-879 (n = 47), very close to that 

found for wild males* Excluding records for the months March 

to June inclusive, the overall mean for females was 264.1 + 5.42g 

(n = 24, each data point being a record of one bird in one month), 

58g heavier than the mean for wild females over the same part 

of the year. The weights of the captive females showed an 

increase to about 3009 prior to and during incubation. The 

pattern of the weight cycle in captive females was therefore 

similax to that of the wild ones but weights were consistently 

hi gher. 

3.3.3 Diurnal 'weight variation in captive birds 

The pattern of weight fluctuation in kestrels after a 

meal of 32g day-old chick is shown in Fig- 3.4. Two of the 

birds ate all of their rations within the first hour of the 

observation periodt the third ate small amounts over a period 

of 6 h. In all birds rate of weight loss was greatest in the 

first three hours after the weal, and gradually declined, 

reaching a constant rate of about 1-5g/h about twelve hours 

after the meal# Pellets were cast between 04.00 and 09.00 as 

is usual for falconiforms (Duke et al, 1976) and this caused 

a more rapid drop in weight over this period. On this 329 
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Fig. 3.3 Seasonal weight changes in captive kestrels maintained on high 
planes of nutrition 
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rationi the birds' weights fell below those at the start about 

16h after the meals were offered. 

3-3.4 The rate of weight loss during starvation in birds 

of prey 

The data available in the literature on the rate of weight 

loss in birds of prey during starvation is shown in Table 3.2. 

The logarithm of weight loss (log g/day) was regressed on the 

logarithm of bodyweight at the start of the fast (log Kg) 

(see Fig- 3-5). The correlation was highly significant (r = 

+0.9541, n= 10). The equation relating rate of weight loss 

to bodyweight was: 

Log weight loss (g/day) = 1-430 + 0-730 log Kg + 0.121t 

Sb = 0.081 

or, after transformal-ion, 

weight loss (g/day) = 26.90 Kg 0.730 

The exponent 0.73 does not differ significantly from that 

found by Lasiewski & Dawson (1967) relating SMR to bodyweight 

in non-passerines: 

SMR = 78-3 Kgo-723 
(3-3) 

Since it is catabolism of body tissue that provides all the 

energy for fasting metabolism this is not surprising. From 

these equations it can be seen that a weight loss of 26.9g 

results in a heat Production of about 78-3 Kcal. The energetic 

equivalent of weight loss during starvation is therefore about 

2.91 Kcal/g. 

Finally, if weight loss is 26.9 g/kg 
0-73 /d then the time 

to lose x% of starting weight during a period of fast can be 

estimated: 

Days to lose x/o = 0.372. x. kg 0.27 (3-4) 
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Fig. 3.5 Rate of weight loss in fasting raptors in relation to bodyweight 
(see Table 3.2 for sources of data) 
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3.4 Discussion 

3.4.1 The effects of age, sex and season on bodyweight 

The results of the wild kestrel survey show that there 

is a wide vaLriation in weight within sexest and that this is 

not closely correlated with size, as indicated by winglength. 

This low correlation must be, in part due to the large weight 

fluctuations that can occur within individuals depending on 

the size of the last meal and when it was eaten, as demonstra- 

ted in Fig- 3-5. The results also show that weight can vary 

within individuals according to age and season. 

The annual weight cycle of the kestrel found here shows 

the same pattern as that reported by Village (1980) in his 

study of the breeding ecology of the upland kestrel, but his 

results for females during the month of May are higher than 

those found in the present wild kestrel survey. This is 

probably because, the records used here were collected mainly 

from coastal observatories, and are unlikely to have included 

any females in late courtship, egg laying or incubation. The 

mean weight of males in this study agree well with that reported 

by Village (1980). A survey of 'freshly dead' kestrels reported 

in Cramp & Simmons (1980) gives mean weights of males and females 

lower than those found hereg possibly because inanition may have 

been the cause of death or a predisposing factor in some of 

these birds. Finally, Cramp & Simmons (1980) also report a 

survey from the Netherlands giving the winter weights of males 

and females as about 2159 and 235g respectively. 

Dramatic increases in weight during spring occur in some 

migratory birds (eg. King, 1961). Since, in the kestrel, only 

the female shows a vernal weight increase, it must be associated 

with breeding and not migration (for details of migration in the 
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kestrel see Snow, 1968 and Mead, 1973). Similar patterns 

have also been found in the Tawny owl (Hirons, 1976). and the 

sparrowhawk (Newton, 1979)- In raptor species in which the 

sexes take an equal share in nest duties, such as vultures, 

both sexes put on weight prior to breeding (Newton, 1979). 

It seems likely that this weight increase results from 

both increased food consumption and decreased activity. 

Tinbergen (1940) found that in the month prior to egg laying, 

females did little hunting for themselves, relying largely on 

the males for their daily supply of about 5-5 voles (, Microtus 

arvalis). Assuming a mean weight of 18g for this vole (Cave, 

1968), this represents an intake of about 110 Kcal ME/day 

(section 7-4) which is 2-3 times that required for existence. 

It is likely that a relatively small amount of the resulting 

weight increase is due to growth of the reproductive tract and 

developing ova (10 days after the start of incubation captive 

birds have been recorded at over 300g). The development of the 

brood patch which is a naked, oedematous area of skin measuring 

about 3x5 cm must also account for some of the weight increase, 

but the main reason for it is probably an increase in fat and 

labile protein reserves (Kendall et al, 1973). 

Cave" (1968) found that desertion of the nest as a result 

of food shortage, was a major cause of reproductive failure in 

the kestrel. About 20% of 375 clutches failed for this reason. 

Ability to withstand food shortage is clearly an advantage at 

this time, and the deposition of reserves prior to breeding 

must increase this ability. 

Buzzards (Dare, 1961) and goshawks (Mueller et al, 1976) 

have been shown to increase in weight in autumn, and the 

inverse relationship between temperature and bodyweight has 

been well documented in some smaller birds (King & Farner, 1966; 
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Newton, 1972). In this survey the weight of wild male kestrels 

in the colder half of the year was significantly higher than 

in the other months, but, on a monthly basis, there was no 

clear demonstration of a relationship between season and weight 
in these birds or in those fed to appetite in captivity. 

3.4.2 Size dimorphism in the kestrel 

A great deal has been written on reversed sexual size 

dimorphism (see Snyder & Wiley, 1976; Balgooyen, 1976 

Newton, 1979 for reviews concerning birds of prey, and Rallsl 

1976, for review in mammals). In the kestrel the degree of 

size dimorphism is smallq female winglength being just 1-03 

times greater than that in males. Degree of dimorphism 

correlates strongly with the nature of the prey species (in 

particular, prey agility), and is usually low in species, like 

the kestrel, which eat invertebrates, voles, mice and other 

manunals of this size. 

A great many physiological and biological parameters are 

related to adult bodyweight (see references at start of this 

chapter) and the evolution of size dimorphism must be complex. 

One advantage of large size that has not previously been 

introduced into the discussion of reversed sexual size dimorphism 

in raptors, is that it confers a greater ability to endure 

periods of starvation or food shortage, as shown in this 

chapter. Thus large size is another factor which must contri- 

bute to the likelihood that incubation will be completed 

successfully. 

3.4.3 Weight loss during starvation 

In the complete absence of food, an animal relies on 

catabolism of stored reserves to meet its existence costs. Fat 
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the most energy dense reserve providing about 9 Kcal/g 

(Johnson, 1970)- Catabolism of protein in birds (mainly to 

uric acid) provides about 4-3 Kcal/g (Ricklefs, 1974). but 

since each gram of protein in the body is associated with about 

3-1*g of water, the energy yield of lean tissue catabolism is 

only about I Kcal/g. The rate of weight loss during starvation 

depends, therefore, not just on the amount of energy that must 

mobilised per day, but also on the composition of the tissue 

catabolised to provide it. 

The fact that the rate of weight loss per Kgo-73 showed 

little variation between species, suggests that the composition 

of the tissue catabolised during starvation is fairly constant, 

and this may be dictated by the physiological requirements of 

the body during starvation. Protein catabolism is essential 

during starvation to provide cax-bohydrate intermediates and 

glucose precursors necessary for survival (Richards, 1980). 

The estimated energy equivalent of 2.9 Kcal/g found here, 

suggests that for each gram of fat catabolised there is a 

simultaneous loss of about 4g lean tissue. 

The exponent of 0.27 in the relationship of time taken to 

lose a given percentage of bodyweight to size, is the same as 

that found by Taylor (1965) and Ricklefs (1968) relating time 

taken to reach mature weight. It lies between those of 0.1 and 

0.3 derived by Calder (19710 for survival time as a function of 

bodyweight in non-passerines at thermoneutrality and 00c 

respectively. 

3-4-4* The control of bodyweight 

Mueller et al (1976) considered the lower weight of first 

year goshawks compared with older birds, could be an adaptation 

to reduce wing-loading and thus the energy costs of flight, 
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which could be advantageous to inexperienced birds. Village 

(1980), however, found that, in kestrelsq seasonal changes in 

weight correlated roughly with estimated daily energy expendi- 

I ture, which suggests that there may be difficulty obtaining 

sufficient food to maintain bodyweight during times of high 

expenditure. If the hypothesis of Mueller et alq outlined 

above, is correctq then young goshawks fed to appetite would 

not be expected to reach the weights teen in adults. 

The results of the weight measurements in captive kestrels 

fed to appetite shown here, suggests that both state of nutri- 

tion and internal control may be involved in limiting maximum 

weight. Females, fed to appetite, appear to maintain them- 

selves at a higher bodyweight. than those in the wild, but still 

show a weight increase during the breeding season. This 

implies that maximum weight is limited in the wild females by 

some factor, probably food availability, and also, that the 

spring weight increase must be due to an increase in appetite 

as well as the increased food intake resulting from the court- 

ship behaviour of the males. Males appear to differ from 

females in that the mean weight of those fed to appetite in 

captivity is remarkably similar to that of older males in the 

wild. This implies that bodyweight in older wild males is 

not predominantly limited by food availability. 



Chapter The ME value of diets and ME requirements for 
maintenance in the Kestrel and other raptors 

4.1 Introduct ion 

The digestive systems of birds of prey are relatively 

simple and unspecialised and the owls (Strigiformes species) 

differ from the eagles, hawks and falcons (Falconiformes 

species) in several ways. Owls tend to swallow prey items 

in larger pieces than do falconiforms of corresponding 

size, and they have no crop. Owls have two, well-developed 

glandular caecae but these are absent or vestigial in the 

diurnal raptors (Ziswiler & Farner, 1972). Falconiforms 

have a lower gastric pH than owls (Duke et al, 1975) and 

digest bone more thoroughly as a result. Owls regurgitate 

a higher proportion of their meals as pellets, and have a 

shorter meal to pellet interval than falconiforms (Dul<e e-t-4,1976). 
Pellets of indigestible fur, feather, teeth and bone, cast 

by raptors. have been quite extensively studied, mostly 

because of their value in indicating the nature of the prey 

eaten (e. g. Errington, 1932; Yalden, 1977; and see other 

references in chapter 

The quality of some widely used raptor diets, in terms 

of their major nutrient contents, has been compared by Bird & 

Ho (1976), but in view of the differences in digestive 

anatomy and physiology between the owls and falconiforms, 

availability may differ between the orders. 

Data on Q values (equation 1.2) of diets fed to raptors 

is scant. Measurements have been made for a variety of 

foods fed to owls (Graber, 1962; Gessaman, 1972; Duke et al, 

1,973; Johnsont 1974) but only one measurement has apparently 

been made in Falconiforms hitherto (Mosher & Matray, 1974)- 
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In this chapter the determination of Q for three diets 

is described, and the results used in the derivation of an 

equation relating the ME requirements for maintenance MEm 

to bodyweight W in raptors. 

Kendeigh's (1970) regression for non-passerines 

(equation 1.9) was derived from only nine measurements, made 

in five species from the orders Anseriformes and Galliformess 

and the weight range of the birds used was 0.309-4.30OKg. 

Estimates of MEm for birds outside this weight range and in 

other orders cannot be made with confidence using this 

equation. Zar (1968,1969) has shown that there are 

significant differences between orders in the elevations of 

interspecies regression lines relating MEm to W, and it is 

likely that corresponding differences occur in MEm. The 

equation, derived in this chapter, relating MEm to W in 

raptors is compaxed with equation 1.9 and with the equation 

of Evans & Miller (1968) relating voluntary ME intake in 

mammals to 

In chapter 3a wide variation in weight was found in 

wild kestrels, and this was partly attributed to differences 

in sex, age and season. In this chapter the effects of 

weight differences between and within individuals are 

examined. Measurements of MEm in moulting kestrels and in 

birds kept at low ambient temperature are also presented, 

and the contributions that these factors make to MEm are 

discussed. 

4.2 Methods 
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4.2.1 The measurement of the ME value of a day-old chick diet and the kestrel's requirement for maintenance 

Two balance trials were carried out, each with five 

kestrels. The management of the birds during energy balance 

trials is described in section 1.2.2. Photoperiod. was set 

at 9-5 h light : 14.5 dark, and temperature controlled at 

14 + IC)C. Humidity was not controlled but remained close to 

65%. The trials were carried out in January and February 

1978 at the Hawk Trust Laboratory. After a7 day period of 

acclimatisation, during which food intake was adjusted to 

that required for constant bodyweight, the balance trials 

began. 

The birds were weighed at 09.00 h each morning to 0.1g, 

then fed a weighed quantity of the day-old chick diet, 

prepared as described in section 1-3- Wasted food, excreta 

and pellets were collected daily (section 1.6.2) during the 

balance trials which lasted for 5-10 days. Maximum variation 

in the 09.00 h weights of each bird was less than 2-5% of 

the mean for the trial period, and mean daily weight changes 

at start-W at end/no. of days) are given in the results. 

Determination of the energy and nitrogen content of the 

diet, pellets and excreta. were carried out as described in 

sections 2.6.2 and 2.11. From these results the daily intake 

and outputs of energy of each bird were calculated, and the 

metabolisability of the diet determined. Nitrogen intake 

and output was also calculated for each bird to check that 

they were in nitrogen balance. 

4.2.2 The effect of bodyweight change on NEm 

Balance trials were repeated twice on the second group 

of kestrels used in the MEm measurements ýdescribed above. 
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The first repeat was carried out 18 days after the first 

measurement, after small changes of bodyweight (+ 5-896 of 

weights in first trial). A further 12 days after this, the 

trial was repeated, when weights had altered again. 

4.2.3 Measurement of the ME value of a mouse diet 

The method used to measure Q and MEm was the same as 

that described above (section 4.2.1). The trial was carried 

out in July 1978, at an environmental temperature of 25 +20c 

and a photoperiod of 14-5 h light to 9-5 h dark. The birds 

were_in moult. 

4.2.4 Measurement of the ME value of a locust diet 

This trial was carried out, using one kestrel, at 

Langford during April 1979. The mean temperature was 14 0 cl 

but the trial was carried out in an outdoor shed and heating 

and lighting were not controlled. The methods were the same 

as for other Q determinations. The locusts (Schistocerca 

gregaria), were adults. They were fed to the kestrel killed 

and whole. 

4.2.5 The relationship of MEm to bodyweight in birds of 
prey 

Data was collected from the literature on food consump- 

tion (and, where available, ME intake) in raptors held in 

captivity at close to maintenance conditions. Using published 

values for Q and those found in this study, MEm was estimated 

from the food consumption data. The relationship of the 

estimates of MEm to bodyweight were examined. 
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4.2.6 The effects of winter temperature on MEm 

The ME intake of two kestrels at constant weight, was 

measured during a cold period in February 1979. The birds 

were housed in a draught-proof but unheated shed at Langford. 

There was no artificial lighting. The mean temperature 

for the period was 10C (range -5 to +4 0 C). 

4.2.7 The ME intake of birds fed ad libitum 

The housing of the birds used in this measurement is 

described in section 2.2.1. The birds were divided into 

two groups, 5 were provided with weighed quantities of day- 

old chicks, estimated to be sufficient for MEm, and 4 others 

were provided with an excess of this diet. Leftover food was 

collected and weighed each, and the day's intake recorded for 

each bird. The birds were weighed at roughly weekly 

intervals. 

4.3 Results 

4.3.1 The ME value of the chick diet 

The dry matter content of the diet, and the energy and 

nitrogen contents of the diet, pellets and excreta are shown 

in Table 4.1. The mean value of Q for this diet was 71.3 + 

0.1*3% (n = 10) ; see Table 4.2. The roughage (indigestible 

material) content of this diet was low, only 0.8 + 0-37ý 

(n = 10) of the DM intake being cast up in the pellets. 

5 of the birds produced no pellets at all. Excreta DM losses 

represented 48.4 + 0.01% (n = 10) of the DM intake. The ME 

value of the diet was (GE x Q) 4.236 Kcal/g DM or 

1.067 Kcal/9 fresh. 
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Table 4.1 Energy and nitrogen content of day-old chick 
and of kestrel excreta and pellets arising 
from this diet 

Minced day-old 
cbick 

Pellets 

Excreta 

Table 4.2 

Bird 

1 

3 

7 

8 

9 

2 

4 

5 

6 

10 

Sex 

m 

m 

m 

m 

m 

F 

F 

F 

F 

F 

DM GE N 
% (Kcal/g DM) DM) 

25.2+0.16 (26) 5-943+C). 217 (10) 10-07+0-078 (8) 

5.489+o. 261 (8) 13-35+0-025 (11) 

3-428+0-13() (10) 18.96+0.157 (10) 

Energy intake and output in pellets and 
excreta in kestrels on a diet of day-old 

chicks 

w 
(g) GE PE ExE ME 

181.2 54-56 1.19 14.04 39-32 

186.2 47-59 0.13 15-10 32-36 

198.4 52-70 0.83 14-75 37-12 

172-0 50.67 - 14.18 36-50 

187.8 55-02 0.37 15-31 39-34 

248.4 6o. 30 1978 14-79 43-71* 

221.9 57-70 - 16.70 40.99 

2o6.7 48.66 - 13-35 35-30 

219.2 51-91 - 14-56 37-36 

242.0 58.41 - 17-12 41-30 

Q 
W 

72-05 

68.00 

70-43 

72-03 

71-50 

72-53 

71.04 

72 - 51* 

71.96 

70-70 

GE9 mEj PE (pellet energy) and ExE (excreta energy) are in Kcal/d 
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4.3. ?- The ME requirements for maintenance 

The correlation between MEm and bodyweight was significant 

(r = +0.663). and the regression equation relating MEm to 

weight (in Kg) was: 

MEm = 2o. 99 + 84.05W+ 2.629 Sb = 33.60 (n = 10) 

(see Fig. 4.1) This regression accounted for 43.9% of the 

total variation in MEm. The difference between the sexes 

4.1 

was significant but this was because the females were larger 

than the males (mean male weight 185.19, female 227.6g). 

When the values for MEm were expressed per Kg 
o. 68 

, the 

function of bodyweight which best accounts for the differences 

in size in raptors (section 4.3.6), the difference between 

the sexes became insignificant (males 116.2 + 4.41 

females 108-5 + 2.14 Kcal/Kg 
0* 68 /d (n 5) ). The overall 

mean was 112.4 + 2.65 Kcal/Kg 
0.68 /d (n 10). 

The nitrogen intake and output figures for each bird 

are shown in Table 4.3- It appears from the results that, 

all but one of the birds, were in positive nitrogen balance, 

and the mean apparent retention was 5-78 + 1.01% of their 

daily intakel an apparent retention of about 50mg N/d. 

Small overestimates of nitrogen retention are probably 

difficult to avoid because of difficulties of collection of 

100% of the excreta, and the apparent retention found here 

can probably, in part, be ascribed to experimental error. 

The mean daily weight change in the birds during the trials 

( (W at start -W at end)/No. of days) was very close to 

zero; 0-03 + 0.06 g/d (n = 10). These results support 

that the birds were under maintenance conditions. 
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Fig. 4.1 The maintenance ME requirements of 10 kestrels at 140C 
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Table 4-3 Nitrogen balance results for kestrels on a 
maintenance diet of day-old chicks 

N N N N N retained as Bird intake pellets excreta retained % of N intake 

1 0-909 0-030 0.836 +0-(Y*3 +4-73 
3 0-787 0.002 0-796 -0.011 -1.40 

7 0-907 0.012 0.852 +0-043 +4 -A 

8 o. 872 - 0-789 +0.083 +9-52 

9 0-947 0-005 0.885 +0.057 +6.02 

2 1.001* 0.040 0.888 +0-076 +7.57 

4 o. 961 - 0-873 +o. o88 +9.16 

5 o. 811 - 0.784 +0.027 +3.33 

6 0.893 - o. 826 +0.067 +7-50 

10 1-005 - 0.983 +0.067 +6.66 

Units of inputs and outputs are g/d 

Table 4.4 Energy and nitrogen content of laboratory 

mouse and of kestrel excreta and pellets 
arising from this diet 

DM GE N 
M (Kcal/gI)M) (%DM) 

Minced 34.19.10.424 (14) 6.044+0-017 (3) 8.26+0-079 (6) 
mouse 

Pellets 5.038+0-059 (5) 11.26+0.147 (5) 

Excreta 2.486+0.021 (5) 18.86+0-319 (5) 
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4-3-3 Bodyweight change and MEm 

The bodyweights and MEm intakes of the five birds 

during each of the three trials are shown in Fig. 4.2. At 

the lower bodyweights, the MEm intakes were lower, in almost 

all cases, than would be expected if MEm within an individual 

was a constant function of . 68 
or WO-75 (Fig. 4.2). In 

all cases there was a marked drop in MEm after bodyweight 

had dropped, and the difference between MEm prior to and 

after the weight drop was significant (prior to weight drop 

114-3 + 3-94 Kcal/Kg o. 68/d (, = 5), and after weight drop 

97-3 + 1-35 Kcal/Kg o. 68 /d (n = 5). This suggested that the 

drop in bodyweight altered the physiological status of the 

birds in some way, resulting in a fall in MEm. On subsequent 

increase in W, MEm, in most cases, failed to return to the 

original level during the duration of the trial. 

4.3.4 The ME value of the mouse diet 

The results of the energy and nitrogen determinations 

on the diet, pellets and excreta, are shown in table 4-4, 

and the energy and nitrogen balance results are shown in 

tables 4.5 and 4 . 6. The metabolisability of the diet was 

80.1 + 0.265, lu (n = 5), and the ME value 4.841 Kcal/gDM and 

1.655 Kcal/g fresh. The MEm was 117-1 + 3.73 Kcal/Kg 
o. 68 /d 

(n = 5). 

The mean apparent nitrogen retention was 11.7 + 1-14% 

of intake, about 80mg N/day. The slightly higher MEm results 

in these birds and the higher apparent nitrogen retention, 

probably reflected the costs of feather synthesis and moult. 

The mean daily weight change was -0.07 + 0-33 g/d. Corre--t- 

ing the ME value to that expected at nitrogen balance (see 

section 4.4-1) : 
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Table 4-5 Energy intake and outputs in pellets and 
excreta in kestrels on a maintenance diet 
of mouse 

Bird Sex w 
(g) GE PE ExE ME Q 

M 

11 m 194.4 46.42 2-53 6.72 37-17 8o. 1 

12 F 205-7 54-80 2.82 8.01 43-97 80.2 

13 F 2o8. o 52-32 2.8o 7-13 42.39 81.0 

7 m 179.3 43-25 2-54 6.33 34-38 79.5 

14 F 233.6 51-53 3.37 7.11 41-05 79-7 

GE, ME, PE and ExE and in Kcal/d 

Table 4.6 Nitrogen balance results for kestrels on 
mouse diet 

N N N N N retained as Bird intake pellets excreta retained % of N intake 

11 o. 6-34 0-057 0-510 +o. o67 +10-57 

12 0-749 0.063 o. 6o8 +0-078 +10.41 

13 0-715 0.062 0-541 +0.112 +15.66 

7 0-591 0-057 o. 1*8o +0-054 +9.14 

14 0-704 0-075 0-54o +0.089 +12.64 

Units of inputs and outputs are g/d. 



00 

MEn = ME; - 8.1N 4.2 

(where MEn is corrected ME and N is nitrogen retention in 

g/day; King, 1957; Sugden & Harris, 1972): the mean ME 

value becomes 4-763 Kcal/gDM or 1.628 Kcal/g fresh. Corrected 

or Qnq becomes 78.8 + 0.19%. 

4-3-5 The ME value of the locust diet 

The energy content of the locusts, pellets, excreta and 

refused parts of the diet are shown in Table 4-7, and the 

energy balance results in Table 4.8. The overall metabolisa- 

bility of the diet was 60.6%. but of the parts eaten, it was 

77-5%. The ME value of the ingested parts was therefore 4.848 

Kcal/gDM or 1-959 Kcal/g fresh, but since 21.8% of the diet 

energy was refused (legs and wings and other hard chitinous 

parts were not eaten), the ME value of the diet as offered was 

1-532 Kcal/g fresh or 3.806 Kcal/gDM. 

MEm was 38-47 Kcal/day, and since the bird weighed 190g 

this was 119.0 Kcal Kg 
o. 68 

d, close to that found for 

kestrels fed on chicks and mice. 

4.3.6 The relationship of MFm to weight in raptorial 
birds 

Published Q values of diets measured in various raptors 

are shown in Table 4.10. Kirkwood (1979) has shown that, 

in spite of differences in digestive anatomy and physiology, 

the energy metabolisability of a day-old chick diet was very 

similar in the kestrel and the barn owl. The figures in 

Table 4.10 have therefore been used, in conjunction with the 

published GE values of diets shown in Table 4.9, to estimate 

the MEm intakes of a wide range of owls and falconiforms for 

which food consumption data at close to maintenance conditions 

was available. These MEm estimates are shown in Tables 4.11a 
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Table 4-7 Energy content of locust diet and of 
excreta and pellets arising from this dietq 
and of uneaten parts of locusts 

DM GE 
(5b) (Kcal/gDM) 

Whole-locusts 40.25 6.283 + 0-024 (3) 

Uneaten parts 45.65 5.832 

Pellets - 5.21*3 

Excreta 3.640 

Table 4.8 Energy intake and outputs in excreta and 
pellets in a kestrel on a diet of locusts 

Bird Sex 
w GE PE EXE Eref ME 

Q* 
(g) W 

15 F 190 63-44 2.24 8.92 13.81 38-47 77-5 

Eref is Kcal/d of refused parts of the diet 

*Q is the metabolisability of the eaten diet ME/(GE-Eref)%) 
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Plotting the Log of bodyweight against the Log of MEm 

revealed a linear relationship, and the correlation 

coefficient was highly significant (r = +0-937). The 

regression equation was: 

Log MEm = 2-038 * 0.683 w+0.116, Sb = 0-0307, n= 71 4-3 

494 CW in Kg) 

This regression accounted for 87-85u of the total variation 

in MEm. Transforming it into allometric form, the equation 

becomes: 

MEM = 109.1 w 0.68 4.4 

If the results for kestrels fed on day-old chicks and mice 

reported in sections 4-3.2 and 4.3-4 are included the 

regression becomes: 

Log MEm = 2.038 + 0.682 Log W+0.11439 Sb = 0.0299, 

n 73, F 519 4-5 

or MEm 109.2 WO. 
68 4.6 

The exponent of 0.68 was therefore taken to be the 

best for eliminating the differences in MEm between species 

and individuals resulting from differences in size. It 

differed significantly from the widely used exponent of 

0-75 (Kleiber, 1975)- 

Separate analysis of the data for owls and falconiforms 

revealed that the regression lines relating MEm to W in the 

two groups differed neither in slope nor elevation. 

In Fig. 4.3 the regression lines found by Evans & 

Miller (1968) for voluntary NU,, ' intake in mammals, and that 

of Kendeigh (1970) for MEm in non-passerines at 30 0C are 

drawn in to allow comparison. 
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Fig 4.3 The relationship of ME 'intake for maintenance to bodyweight in raptors 

2.6 

2.4 

2.2 

2.0 

1.6 

1.4 

1.2 

,C 
ýe 

4e 
0 

we 
C) 

4, de . 41 
401 

de 

e, 
00 

wv 0 lp 

et. Ar 0 . 41 
0. - 0 

41 
OM 00w10 

de ýe 010 

* Strýiformes 

* Falconiformes 
k Kestrels 

0 05eoý 
'0 .0 

0.68 
a. Raptors -, MEm - 109 Kg see Section 4.3.6 

400 0.75 b. Non-passerines at 300C ; MEm - 99 Kg ( Kendeigh, 1970 

c. Voluntary intake in mammals , MEvol - 145 Kg 0.75 ( Evans & Miller, 1968 

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 

Log Weight (kg) 
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4.3.7 MEm at close to 150C in non-passerine birds 

Kendeigh (1970) reviewed the literature on the effects 

of ambient temperature on MEm in non-passerine birds. Using 

the data from this paper, and including data for MEm measured 

in some raptors at close to this temperature, a linear 

regression equation relating MEm to W was derived: 

Log MEm = 2.104 + 0.657 W+0.0808, Sb = 0-0543 (n = 16) 9 

146 4.7 

or , MEm = 127 Wo. 
65 7 4.8 

The exponent 0.657 did not differ significantly from 

0.68 + 0-030, found for all raptor data. The MEm of 

kestrels at 11* 0C fell below this line (Fig, 4.4). Including 

the mean for these birds the regression became 

MEm = 127 w 0.67 

4.3.8 MEm at 10c 

The birds used in this measurement weighed 186-7 and 

189. Og and MEm was 35-56 and 35.90 Kcal/day respectively 

(111.2 and 111-5 Kcal/Kg 
o. 68 /day). The Q value of the day- 

old chick diet was 70-9% n=2, very close to that measured 

at 140C - 

. 3.9 ME intake in kestrels fed ad libitum 

The birds on the ad libitum diet ate considerably 

more than those on the maintenance diet (Fig. 4-5), and 

mean bodyweight was higher in the former group, though not 

significantly so. Moult of body feathers may have been 

proceeding slowly in the ad libitum fed birds, but there 

were no striking differences in the behaviour or appearance 

4.9 

of the birds in the two groups. The reasons for the differ- 

ence in food intake were not determined. 
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Fig 4.5 Ad libitum W intake in captive kestrels 

00 

C71 
Ne 

LLJ :E 

1 

Mean temp 
( Oc ) 

Month 

A. Mean intake (+/- I se ) of a group of 4 kestrels ( reduced to 3 after April 
of mean weight 220.2g. Overall weight change during this period 
was -0.05g/bird/d. 

B. Mean intake (+/- I se ) of a group of 5 kestrels of mean weight 214.6g. 
Overall weight change during this period was -0.12g/bird/d. 

rvu Ividl Ll I mpi 11 IVICY 



"1 1 ') 

The accuraCy of the food intake measurements were less 

rigorous than those made during energy balance measurements 

in the laboratory, and chicks were fed whole, not minced, 

so that refused food may not have been of the same energy density 

as that eaten. However, errors arising from the methods 

employed, could not account for more than a small part of the 

difference found between the two groups. Bodyweights did not 

remain constant over the period of measurement, but overall 

changes were low (Fig. 4-5), so that both intake levels could 

be interpreted as close to requirements for constant weight. 

4.4 Discussion 

4.4.1 The metabolisability of the diets 

values for chick, mouse, and the ingested parts of 

the locust diet, were 71-3,80.1 and 77.5% respectively. 

Correcting that of the mouse diet to nitrogen balance reduced 

it to 78.8%. The relatively small differences in Q between 

these diets can be attributed to the similarity of their 

chemical composition, all consisting mainly of protein and 

f at. 

Pellets consisted mainly of down, fur, or chitin, 

depending on the diet. On the mouse and locust diets the 

pellets represented 4.4% of the DM ingested, but on the 

chick diet they were smaller (0.8/6 of DM intake). Excreta 

energy values were higher when on the locust and chick diets 

than when on the mouse diet, and the difference was highly 

significant between mouse and chick diets. The pellet energy 

values did not differ significantly between diets, and the 

range of values seen (5-0-5-5 Kcal/g DM) suggests that they, 

consisted primarily of protein. Dissection revealed that bone 

thorouqh. 
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The Q values for raptor diets found by other workers 

(Table 4.10) are mostly within the 70-801/v range, and 75x is 

a good estimate for use in studies where Q is not measured. 

It is interesting that the Q values found by Moors (1977) 

for voles, mice, rabbits and starlings fed to weasels were 

in the same range (71-83%) with a mean of 79%- 

which is the apparent metabolisability of the diet, 

is influenced by the nitrogen balance status of the animal. 

If an animal eats 19 of protein and retains it all, the Q 

value of this meal is 100%. If the protein is all catabolised, 

then, because protein is incompletely oxidised in the body 

(the main product of amino acid oxidation in birds is uric 

acid) some of the energy of the meal is lost as excreta, and 

the Q falls to about 75% (Ricklefs, 1974). Q values are 

therefore higher in animals in positive nitrogen balance. 

can be corrected to Qn as demonstrated in section 4-3-4. 

and ME values of diets to MEn (or AMEn using the notation 

of Sibbald, 1980). This correction is rarely made in 

ecological energetics studies, and failure to make this 

correction may explain the higher Q values sometimes found 

in growing birds (section 9.4.1). True metabolisability Qt 

is the metabolisability corrected for endogenous faecal and 

urinary losses, and is measured from the gradient of a 

regression line relating excreta energy output to GE intake, 

(Sibbald, 1980; Shires et al, 1980), the intercept of this 

line indicates endogenous losses. Since these endogenous 

losses have been shown to vary between strains, with age, 

and during fasting in poultry, true metabolisable energy 

values, TME, of feeds give a more accurate indication of 

actual energy availability than MEn values (Sibbald, 1980). 
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The errors in estimating ME values of feeds without 

correcting for endogenous energy losses are small in 

practice. 

Wilson & Harmeson (1973) reviewed the literature on 

the effects of temperature on Q (which they call 'digestive 

efficiency'5 in birds. ln some species Q has been found to 

change with ambient temperature, in others it does not, and 

in others, whether or not Q changes with temperature depends 

on photoperiod. In none of these studies was Q corrected to 

Qn, and in view of this it is premature to interpret changes 

in Q as changes in digestive efficiency. West (1968) also 

reports an increase in digestive efficiency in summer in the 

moulting Willowgrouse but this may also be due to changes 

in nitrogen balance. 

King (1961) found Q increased during spring in the first 

year of a study of vernal pre-migratory fattening in white- 

crowned sparrowS but not the following year. He discussed the 

possible contributions to fattening that an increase in 

could cause, but showed conclusively that the fat deposition 

resulted mainly, if not entirelyg from a period of hyperphagia. 

Ricklefs (1974) collected published data on Q ("availa- 

bility of energy") for various non-raptorial avian diets, 

and demonstrated a range of values from 30% for pine needles 

eaten by the spruce grouse (Pendergast & Boag, 1971 cited in 

Ricklefs, 1974), to 82% for various fish eaten by the double- 

crested cormorant (Dunn, 1973)- 

The level of feeding is known to reduce digestibility 

of foods in domestic livestock (McDonald, Edwards & Green- 

halgh, 1973), and this factor may also be involved in changes 

in Q in some of the studies reviewed by Wilson & Harmeson 

(1973). Duke et al (1980) found that the barred owl retains 
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pellets longer when the food supply is reduced, which may 

improve digestive efficiency. Yapp (1969) incubated some 

kestrel pellets with trypsin and recorded dryweight losses 

of 0-30%, which suggests that some are cast before all the 

digestible material has been extracted. It is interesting 

that Moss & Parkinson (1975) found that the length of the 

digestive tract was greater in wild than in captive ptarmigan. 

The effects of varying levels of food intake on Q are 

further examined in the next chapter. 

4.4.2 The ME requirements for maintenance 

Captive kestrels fed ad libitum eat considerably more 

than the minimum necessary for maintenance (section 4.3-9) 

and it appears that females fed ad libitum maintain higher 

bodyweights than wild birds (section 3-3.2). 

The results presented in section 4.3.3 suggest that 

MEm at a given temperature is not a constant quantity within 

an individual, or a constant function of the 0.68 or 0.75 

power of bodyweight. It appears to depend on the physiological 

status of the bird which is altered by changes in bodyweight. 

The range of MEm results measured in the laboratory is, 

o. 68 
however, relatively small; from 97 Kcal/Kg /d in kestrels 

at 14 0C 
after a weight dropq to 117 Kcal/Kg 

o. 68 /d during 

moult, at 25 0 C. The values are close to the interspecies 

mean of 109 Kcal/Kg 
o. 68 /d found for raptors. 

The exponent of 0.68 is lower than those found by 

Kleiber (1975) for interspecies FMR, by Evans & Miller (1968) 

for mammalian voluntary ME intake, and by Kendeigh (1970) 

for existence metabolism in non-passerines at 30 0 C. This 

may be due to the fact that the measurements were not 

specifically made within the thermoneutral ranges of the 
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species examined. The lower critical temperature increases 

as bodyweight decreases (Calder, 1974) so that the Mhm 

measurements in the smaller birds are more likely to have 

included some thermoregulatory costs than those made in the 

larger species. The effect of such a bias would be to 

decrease the exponent below 0-75- 

There is insufficient data here to enable the effects 

of ambient temperature on MEm in the kestrel to be quantified. 

However, the requirement of two birds at 10C (36 Kcal/bird/d) 

was very much lower than that predicted from Kendeigh's 

(1970) equation for existence metabolism in 190g birds at 

00C (70 Kcal/bird/d). This equation is based on data for 

both passerines and non-passerines and, since passerines 

are generally smaller than non-passerines, differences 

between the groups such as have been shown to occur at 

standard metabolic rate (Zar, 1968 & 1969), may lead to 

overestimation of MEm in the smaller non-passerines. 

The surprisingly low MEm requirement of the kestrel 

at 10C may also be attributed to the larger than average 

weight of plumage which it carries. The dryweight of the 

feathers of the kestrel is about 20g (see Table 8.2), 

about twice that predicted from bodyweight by the inter- 

species mean of 51.24g/Kg 
0.959 (Kendeigh, 1970)- Insula- 

tion is therefore likely to be above average for a bird of 

the kestrells size. The effects of ambient temperature on 

food consumption expressed as g/Kg 
0-75 /d in the raptors 

studied by Craighead & Craighead (1956) are shown in 

Appendix 
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4.4.3 The energy cost of moult 

The mean value for ME-m at 25 0C 
was 117 + 3-73 Kcal/ 

Kg 
0.68 /d, and this did not differ significantly from MEm at 

140C. However the measurement at 250C was made in adult 

birds in July, during the moult period, and the costs of 

moult may have masked any reduction in thermoregulatory 

costs at this temperature. Kestrels moult during the months 

of May to September (Piechoci, 1956; Cramp & Simmons, 1980; 

see also Appendix 4), but gradual moult of body feathers 

seemed to occur more or less throughout the year in birds on 

a high plane of nutrition. 

Dolnik & Gavrilov (1979) found the efficiency of 

feather synthesis (moult) to be about 5% in the chaffinch 

at thermoneutrality; that is, 140 Kcal ME were required 

during the renewal of 7-7 Kcal plumage (1.4 g protein). At 

normal environmental temperatures, efficiency was only about 

half that at thermoneutrality, due to extra heat loss perhaps 

resulting from extra heat loss from the growing, highly 

vascular, quills. Heat production must have accounted for 

95% of the increased ME intake during moult (at thermo- 

neutrality), since there was no energy retention at other 

sites in the body (both fat and lean dry body components 

decreased during moult). However, heat production, measured 

at night in resting birds, showed a considerably smaller 

increase than expected. The reason for this is not adequately 

explained, although the authors point out that feather 

synthesis is slower during the night. lncreased rates of 

nitrogen excretion, and higher than normal body temperatures 

were also found during moult in the chaffinch. 

The low efficiency of moult in chaffinches was attributed 

partly to the decreased insuL-Aion, and therefore higher 
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thermoregulation costs, and partly to the poor quality of 

the protein of the diet for feather synthesis. Feathers 

contain a high concentration of the sulphur containing amino 

acids; cystine and cysteine, and these are relatively scarce 

in plant protein diets. Chaffinches may therefore have to 

overeat, in terms of energy, in order to obtain sufficient 

of the sulphur containing amino acids for moult. The 

increased nitrogen excretion suggests that unwanted amino 

acids were being catabolised. It is of interest to speculate 

on the mechanism by which the surplus ME is converted from 

chemical energy to heat in view of the recent interest in 

'diet induced thermogenesis' (Rothwell & Stock, 1979). as 

a homeostatic mechanism regulating energy retention (and 

fatness) in rodents and man, by converting excess energy to 

heat (section 1.2.2.6). 

The efficiency of moult in the kestrel may be very much 

higher, because of the high protein content of the diet and 

because animal protein is richer in the sulphur containing 

amino acids. Assuming their concentration in the plumage 

is 7-59/1009 (Newton, 1968). the kestrel. will need 1-59 of 

these amino acids for renewal of its 20g plumage. If their 

concentration in the diet is 3g/lOOg dry protein (Newton, 

1968), then sufficient for renewal of the plumage will be 

ingested with 50g dry dietary protein (dry). This quantity 

is ingested about every 8 days by a kestrel on a maintenance 

ration and so, since moult takes place gradually over a 150 

day periodg it is very unlikely that these amino acids will 

be limiting. The synthesis of protein in growing rats has 

been measured at 1-9.4 Kcal/g DM (Pullar & Webster, 19777). 

If plumage synthesis costs compare with this, moult would 

cost just 275 Kcals in total for the kestrel; less than 2 Kcal 
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per day during the moult period. 

There is some evidence that the energy costs of moult 

may be relatively low in kestrels, one bird moulted 

apparently normally on a diet of about 112 Kcal/W" 
68/d 

(see Appendix /*). 
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Chapter 5 The relationship of ME intake to rate of 

weight change in Vie kestrel 

5-1 Introduction 

In the previous chapters factors affecting bodyweight 

and the ME requirement for maintenance have been examined. 

In this chapter the relationship of weight to ME intake are 

further examined in an investigation of the rate of weight 

change resulting from ME intakes at above and below mainten- 

ance level. 

Temporary food shortage, whether due to low numbers or 

unavailability of prey, is a problem for. the kestrel, and 

as a cause of nest desertion it has already been discussed 

(section 3-4-1). High incidences of starvation have been 

recorded in kestrel populations on occasions (Snowq 1968). 

The species shows several adaptations to counter a fluctuat- 

ing food supply; it stores excess prey (Owen, 1950; Clegg, 

1973, see also Collopy, 1977 for a study of food storage in 

the American kestrel), it is nomadic in habits (Snow, 1968) 

and able to exploit temporary and localised vole plagues 

(Picozzi & Hewson, 1970)- 

The aim of this study was to investigate the effects 

of various food intake levels on the metabolisability of the 

diet, (to see if there was any indication of changes in 

digeStive efficiency at bigher intakes), and on bodyweight. 

5.2 Method 

Four kestrelsý 2 male and 2 female, selected for their 

similarity in size, were kept on block-perches (section 

2.2.2) in a controlled environment at 25 + 20C, and a photo- 

period of 9-5 h light to 14-5 h dark, during September 1978- 
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Each bird underwent three successive energy balance trials 

during which they were fed at above or below maintenance 

level for "( days. The methods used in the energy balance 

trials were the same as those previously described (section 

4.2.1). The number and lengths of the pellets produced 

each morning were recorded. When, at the end of one trial, 

the birds were put on a new food intake level, the initial 

bodyWeight change was considered likely to have been due, in 

part, to a change in the degree of gut filling. The weight 

changes over the f irst two days of each trial were therefore 

excluded from the results. 
I 

5-3 Results 

5.3.1 Pellet length, weight and number 

Daily dry pellet weight DP correlated closely with dry 

matter intake (r = +0-979); see Fig- 5-1: 

DP = 0-076 DM - 0.029 + 0-038, Sb = 0-0050, n=12, F= 236.5-1 

Mean pellet length for each bird on each food intake 

level was not significantly correlated with intake level. 

The overall mean length was 19.8 mm (range 36-5 nim), shorter 

than that found by Davis (1975) for wild kestrels. The 

effects of DM intake on pellet size varied from bird to 

bird, some tending to produce few large ones, others to 

produce more smaller ones. The mean number of pellets 

produced was significantly correlated with DM intake 

(r = +0.639); 

No. of pellets = 0.216 DM + 0-38 + 0.625, Sb = 0.082, 

n=12 
5.2 
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Fig. 5.1 The relationship of weight of pellets produced to meal weight in kestrels 
fed on laboratory mice 
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5-3-2 The metabolisability of the diet 

The energy densities of pellets and excreta were not 

significantly correlated with GE intake (r values were 

+0-061 and +0.232 respectively). The energy values of these 

and of the diet are shown in Table 5-1. The mean value of 

Q was 76.9 + 0.26% (n=12) see Table 5.2. 

The regression equation relating the sum of pellet 

energy and excreta energy losses to GE intake was, (Fig- 5.2); 

Waste E= (pellet E+ excreta E) = 0-317 + 0.222 GE 

0.357, Sb = 0.008, n=12, F= 776.6 

This equation predicts an endogenous energy loss of 0.317 

Kcal/d in wastes, on zero intake. In the usual calculation 

of Q (section 4.1), this endogenous loss is assumed to be 

close to zero and, is therefore tacitly ascribed to being a 

product of the GE (Sibbald, 1980). This results in a slight 

underestimation of the true metabolisability Qt and true ME 

value of the diet. The true metabolisability of the diet in 

this experiment, 77-8%, measured from the gradient of the 

regression line (equation 5-3), differed very little from Q. 

The relationship of waste energy to GE intake showed no 

indication of a deviation from linearity and there was 

therefore no indication of a change in digestive efficiency 

over the range of intakes used here (21 to 11, M). The Q and 

Qt values found here are close to Qn measured in a previous 

energy balance trial using laboratory mice, (section 4.3-4)- 

The true metabolisable energy value of this diet was 

4.585 Kcal/gDM or 1.554 Kcal/g fresh. 

5.3.3 The relationship of daily weight change to 

ME intake 

The differences in the slopes and elevations of the 

5.3 

lines relating rate of change in bodyweight to ME intake in 
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Table 5-1 Energy content of lab. mice and of kestrel 
excreta and pellets arising from this diet 

DWý 

Minced lab. mice 

Pellets 

Excreta 

33.89 + 0.257 (23) 

GE (Kcal/gDM) 

5.894 

5-035 + 0.036 7) 
2.546 + 0.019 (12) 

Table 5.2 Energy inputs and outputs in excreta and 
pellets, and change in bodyweight in kestrels 
fed at above and below maintenance level 

Trial Bird GE PE ExE ME Q t, w w 

11 41.946 2.229 7.121 32-596 77.7 0.00 'L98.0+0-58(6) 

2 31-959 2.054 5.719 24.186 75.7 -0-70 201.2+0.51(6) 

3 53-931 3-581 9.404 40.946 75-9 +0.96 204.1+0.75 (6) 

4, 61.920 4-072 9.923 47-925 77.4 +1.96 212-5+1.39(6) 

21 59-923 3-813 9.804 48-306 77.3 +2.44 2o8.8+2.88(5) 

2 47-938 2-736 7.976 37.226 77.6 +1.80 203.3+1.51(3) 

3 35-954 2.022 6.281 27.651 76.9 -0-38 213-5+0.31(5) 

4 23-969 1.524 3.935 18-510 77.2 -1-30 210.8+1.15(5) 

31 51-936 3.119 8-1*39 40-378 77.7 +1.26 222.4+1.11(5) 

2 39-949 2.536 6.977 30-436 76.2 +0.40 208.2+0.32(5) 

3 19-974 1.212 3.709 15-053 75.4 -1.62 202.3+1.45(5) 

4 33-956 2.192 5.283 26.481 78.0 -0.60 209.3+0.64(5) 

GEI PE, ExE and ME are in units of Kcal/day, 

D, W is in g/day 
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the four birds were small, and the results were pooled for 

the subsequent analysis. The relationship appeared to be 

linear and 92.4% of the total variation in rate of weight 

change was described by the equation, (Fig- 5-3); 

>w = 0-122 ME - 3-582 + 0.386, Sb = 0.0111, n=12, F=121.1 5.4 

From this equation the predicted ],, [Em (when t: oW = 0) is 

29.1* Kcal/d (with 95% confidence limits of 21.76 & 36.83 

Kcal/d), and predicted rate of weight loss on zero ME 

intake is -3-582 + 0.092. 

During the experiment the weight ranges of the two 

females were 199.3 - 225-0 and 204-5 - 217.3 g, and of the 

males; 198.0 - 214-. 2 and 198.5 - 209.3 g. The overall 

mean of about 208g was close to that for wild adult 

kestrels, and the ranges within those seen in wild birds 

(section 3,. 3-1)- 

5.4 Discussion 

5.4 -1 The use of pellet weight for estimation of 
food consumption 

Dry pellet weight, and to a lesser extent, number of 

pellets produced, correlated significantly with DM intake. 

The weight of pellets collected from the roost sites of 

wild kestrels (Davis, 1975) could therefore be used to 

estimate food consumption, after 'calibration' of the major 

components of the diet using captive birds. Estimation of 

the recovery rate of the pellets would however need to be 

accurate, and this has proved difficult in previous attempts 

to estimate food consumption in free-living owls (King, 1974; 

Johnson, 1974)- 
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Fig. 5.3 The rate of change of bodyweight in the kestrel at various ME intakes 
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5.4.2 The effects of increasing GE intakes on 
metabolisability 

There was no evidence for a decrease in digestive 

efficiency with increasing intake up -to theIIMEm level. 

5.4.3 The effects of ME intake on rate of change 
of bodyweight 

The predicted MEm from equation 5-4 was 29.4 Kcal/d, 

and this was lower than that found in previous measurements 

reported in Chapter 4. The birds were not moulting, and 

the high ambient temperature and short photoperiod probably 

led to reduced MEm costs. 

The metabolisable energy equivalent of weight change 

was 8.2 Kcal/g, and examination of Fig- 5-3 suggests that 

there is no evidence for a difference in this relationship 

above and below the maintenance point. Assuming that FMR 

is about 25 Kcal/d (section 6-3-4; Lasiewski & Dawson, 

1967), and that weight loss at FMR is 3.6 g/d (section 

5-3-3), the energy value of catabolised tissue would be 

about 7 Kcal/g. 

The rate of weight loss during complete starvation 

of a 208g bird is predicted to be about 8-5 g/d by equation 

3.2, considerably more than that predicted here. In complete 

starvation the energy equivalent of weight loss was estimated 

at 2.9 Kcal/g, and here it appears to be 7 Kcal/g. The 

greater rate of loss during complete starvation may be due 

to dehydration. No information is available on the water 

balance status of the birds listed in Table 3.2. Kendeigh 

(1945) found that starved sparrows did not drink, and 

Bartholomew & Cade (1953) reported that the rate of water 

produced during catabolism of body tissue did not keep up 
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with the rate of respiratory loss in birds. Dehydration 

may therefore cause a greater rate of loss than expected. 

Another factor which may contribute to this is a greater 

rate of protein catabolism. Protein catabolism is essential 

for the production of glucose precursors (section 3.4-3) and 

on an, albeit, submaintenance diet, protein consumption may 

be sufficient to partially spare the catabolism of body 

protein. Thus the ratio of protein to fat catabolism may 

differ considerably between unfed birds and those on a sub- 

maintenance ration, resulting in a greater rate of loss than 

expected in fasting birds. The energy equivalent of about 

Kcal/g found here is consistent with fat to lean tissue 

catabolism in the ratio of about 0-75 : 0.25. 

There are few comparable data for birds. Owen (1970) 

found an ME equivalent of 5.0 Kcal/g for seasonal weight 

change in the blue-winged teal , and King (1974) 
. in a review 

of the literatureq reports a range of values for the energy 

equivalent of weight loss in unfed birds at mostly around 

5-7 Kcal/g. 

The rate of weight loss on I MEm intake is slow, and a 

200g bird may take 28 d to fall to a weight of 1509 on this 

intake. Howevert it is likely that the rate of weight loss 

would increase after depletion of the fat reserves. Duke 

et al (1980) found unexpectedly low rates of weight loss in 

barred owls fed on submaintenance diets for periods of 20-40d, 

and postulated that there was a decrease in metabolic rate 

I MEm in these birds. From their data it appeared that on a2 

diet, loss was about 2g/d and on a 14 ýEm diet, about 4g/d, 

in owls of 8529 mean weight. In Chapter 4 of this thesis 

MEm was found to vary in individuals according to bodyweight. 

the present experiment, howevert the results do not 
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suggest that. any marked changes of MEm occurred. This may 

be due to the nature of the experimental procedure ; the 

trials followed one another without a break and they were 

relatively short in duration (see 6.3.4). 

In the following chapter this subject is further 

pursued and changes in heat production (and energy retention) 

are examined in relation to changes in ME intake, bodyweight, 

and with time since alteration of the plane of nutrition. 
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Chapter 6 The efficiency of utilisation of ME for 

maintenance and fattening, (HIF in mature 
kestrels) 

6.1 Introduction 

The relationship of ME intake to bodyweight was examined 

in the last chapter, but in the absence of reliable data on 

the energy equivalent of bodyweight change, the relation- 

ship of RE to ME could not be firmly established. The aim 

of the work described in this chapter was to examine the 

relationship of RE to ME in mature kestrels and to estimate 

Km and Kf, the efficiencies with which ME is used above and 

below maintenance. 

Changes in RE in animals can be measured in two ways. 

First by the slaughter technique, in which body energy at the 

start of the experiment is estimated by slaughter and energy 

determination of a control group, and is compared with actual 

body energy content of the experimental animals at the end. 

Secondly; by accurately measuring heat production H during 

the experiment, and calculating RE: 

RE = ME -H (equation 1-3) 

The latter method, based on the measurement of ME and H was 

used in this study. The influence of bodyweight, ME intake 

and other factors on H have been discussed in the introduction. 

6.2 Methods 

Heat production and HE intake were measured at levels 

approximating intakes of MEm and twice MEm, and heat produc- 

tion was also measured at fasting. The methods used are 

described below in detail. 

Two kestrels, one of each sex, were kept in a laboratory 
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at about 20 0 C,, using the technique described in section 2.2.2., 

For six weeks they were weighed each morning at 10-00 and 

then provided with sufficient of a diet of day-old chick or 

mouse for weight maintenance. During this acclimitisation 

period, the birds were frequently placed in the calorimeter 

box for preliminary measurements of metabolism, so that by 

the time the experiment began they were used to the procedure. 

For the first twelve days of the experiment they were 

each fed the maintenance ration of 22g/d of minced mouse. 

For three 24 b periods in the case of the male and five in 

the case of the female, all excreta and pellets were collected 

for ME intake determination as described previously (section 

Heat production was measured on three occasions in 

each bird as described in section 2.10. Runs started at 

about noon and continued until about 10.00 the following 

morning. Because the CO 
2 and water vapour absorption 

capacity of the circuit was insufficient for continuous 24 h 

runs, the absorption tubes and bottles were replaced at about 

midnight. If the birds failed to eat all of the meal 

I provided for them half to one hour before the heat production 

measurement began, the remainder was placed in the box with 

them. 

In the second part of the experiment, the fasting 

metabolic rate was measured. These measurements, 2 in the 

male and 3 in the female, were carried out over a period of 

about 22 b, starting 24 h after a meal of 2NEm. Tbus over 

each 48 h period, ME intake averaged NlEm as before, and 

weight changes were thus small. 

the next part of the experiment, the diet was raised 

to 44g/d, twice MEm, and over the following 6 days, excreta 

and pellets were collected over three 24 h periods for each 
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bird, for Q and ME intake determination. Heat production 

was measured twice in the female and three times in the 

male., in runs of about 22 h. Following this, for a further 

17 days, the 2MEm diet was provided but the birds failed to 

eat it all. The remains were collected, dried and weighed, 

so that intake could be calculated. Heat production measure- 

ments continued regularly, and were made on a total of 13 

occasions during this time. 

Finally, the diet was cut back to 22g/d again, and 

heat production measured regularly for a further 17 days. 

The ambient temperature at which the heat production 

measurements were made was 22 0C throughout. 

6-3 Results 

6.3.1 The ME value of the diet 

The dry matter content of the diet was 31.62 + o. 42% 

(9) and the GE value 5.626 + 0.060 Kcal/gDM. The energy 

density of the excreta did not differ significantly between 

the MEm and 2MEm diets, and the overall mean was 2-524 

0-0436 Kcal/gDM (8). The pellets had a mean energy value 

of 4.908 + 0.101 Kcal/gDM. From these results the daily 

input and outputs of energy were calculated. The metabolisa- 

bility of the diet was 77.8 + o. 46, il-o (4), and the ýE value 

of the diet was thus 4-377 Kcal/gDM or 1.384 Kcal/g fresh. 

6.3.2 The RQ 

The level of feeding did not have a significant effect 

on the RQ. The means at 2MEm, MEm and FMR were 0.73+0.012 

(8), 0.73 + o. 006 (24), and 0-72 + 0-015 (7) respectively. 

Thc-se results were within the range predicted for carnivorous 
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birds as described in Appendix 1. 

6.3.3 The effect of ME intake on bodyweight and 
heat production 

The changes in bodyweight and heat production following 

the changes in ME intake are shown in Fig. 6.1. Heat 

production increased gradually after the ME intake was 

doubled to 60.8 Kcal/d, and did not reach a peak for about 

15 days, by which time ýE intake had fallen to about 40-45 

Kcal/d. At this time heat production appeared to approximately 

equal ME intake, and bodyweight remained more or less constant. 

Both bodyweight and MEm were higher than they had been on the 

original MEm intake of 30.4 Kcal/d. Although the rate of 

moult was not quantified it was clear from the number of 

feathers shed that it increased after the plane of nutrition 

was raised. 

When the intake was reduced to the original level again, 

heat production gradually fell until after about 15 days it 

roughly equalled ME intake and bodyweight again became more 

or less constant. 

The heat increment of feeding was thus related to time, 

taking about 15 days to reach a maximum after diet was 

increased from 30.4 Kcal ME/d to twice that amount. 

6.3-4 The efficiency of utilisation of ME 

The bodyweight, ME intake, H and RE data for the kestrels 

at Wm, ZýEm and whilst fasting are shown in Table 6.1. 

The period chosen for the calculation of H and therefore 

RE on the 2MEm diet would obviously affect the value calculated 

for Ef. The result--- during thp first 6 days after the ME 

intake was doubled were used, Since at this time H appeared 
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Fig 6.1 Changes in bodyweight (o) and heat production (, &) with ME intake W in two adult kestrels 
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to be reasonably constant, as was ME intake. Furthermore, 

day trial periods had been used in the studv of ýIF , intake 

on bodyweight (chapter 4), so that Kf calculated from the 

results of the first 6 days in this experiment would be 

comparable. 

In Fig. 6.2 the relationship of the rate of ME intake 

to that of RE is shown. These results are well described 

by the linear relationship: 

RE = 0.828 ME - 24.3o6 + 2.128, Sb = 0.035, F= 56o, N=8 

This equation predicts an energy loss of 24-31 Kcal/d in 

a fasting bird and an MEm of 29-34 Kcal/d. The slope of the 

line, 0-83 + 0-035 (8) is a measure of the efficiency of 

utilisation of 
ME 

for maintenance and growth. 

The results tie in remarkedly well with those from the 

previous chapter on the effects of changes in ME intake on 

bodyweight change, as shown in Fig- 5-3. Thus: 

tý-W = 0.122 ME - 3.582 (equation 5.4) 

RE = 0.828 ME - 24.3o6 (equation 6.1) 

Multiplying equation 5.4 by 6.8 gives: 

6.8 IýW = 0.828 mE - 24-306 

and therefore, RE almost exactly equals 6.8 times bW. The 

data from chapter 4 also reinforces the estimate of 0.83 

6.1 

for Km and ! ýf during periods of rapid anabolism and catabolism 

immediately following a change in ME intake. 

If the data for ME, H, and RE are expressed as units 

of metabolic weight (Kg 0.75 ) to mask the differences between 

birds due to size, the regressionsý. 4 and 6.1 become: 

VA = 0.125 ME - 122.20 +1- 338 

RE = 0.8-98 W, - 81-52 + 7.049 

Again the results tie in well. Predicted F14? is 82 Kcal/ 

Kgo-75/d, and predicted MEm is 98 Kcal/Kgo-75 /d. Again K is 

6.2 

6.3 

ft1+ 
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Fig. 6.2 The relationship of rate of energy retention and change in weight 
to rate of ME intake in adult kestrels 
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6.3.5 Changes in 1-fl,, m following changes in M-, intake 

After 10-15 days on the high plane of nutrition heat 

production appeared to reach a plateau and to match ME 

intake (Fig. 6.1). However, ME intake fluctuated from day 

to day when this plateau had been reached (9-24d after 

switching to the 2MEm ration) and tended to be low on days 

when the bird was put in the calorimeter, This may have 

caused a consistent underestimation of heat production, but 

mean W intake over this period matched mean H quite closely 

(Table 6.1) and bodyweight was more or less constant. The 

birds appeared therefore to be in energy balance and the 

measurements of H adequately reflected the mean daily heat 

production. 

Since the birds were close to energy balance, it 

appeaLred that MEm had been reset at a higher level, at 

approximately 44 Kcal ME/day. This represented an almost 

50% increase in MEm following a 15% increase in weight; 

from 105 Kcal/KgO. 
75/d 

to 135 Kcal/Kg 0-75/d, 
or using the 

exponent used in chapter 4; 93 Kcal/Kg o. 68 /d to 122 Kcal/ 

Kg c). 68 /d. 

6.3.6 Diurnal patterns of metabolic rate in fed and 
fasting kestrels 

The diurnal fluctuations in oxygen consumption rate 

in kestrels after meals of MEm and 2MLm and whilst, fasting 

are shown in Fig. 6-3. This illustrates the importance of 

measuring beat production over the whole day to get a clear 

picture of the nature of the HIF. The magnitude of the 

fluctuationsg in part associated with photoperiod, make 

estimation of daily heat production from short runs in the 

calorimeter subject to considerable error. The fasting 
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levels of heat production during the dti-Y and night, about 

1.2 and 0.9 Kcal/h respectively, are close to those 

predicted from the equations of Aschoff & Pohl (1970) for 

a 200g non-passerine during the active and inactive periods. 

Wbole-day FMR was about 85 Kcal/Kgo-75 /d, at night it 

was about 71 Kcal/Kg 0-75 /d (the mean of 48 measurements each 

of 60 mins), but the lowest recorded rates for periods of 

60 minutes were about 62 Kcal/Kgo-75 /d. This highlights the 

need to define FMR exactly. 

Fig. 6.4 shows the diurnal cycle in oxygen consumption 

in the birds when weight and heat production had more or 

less reached a plateau, and food intake was ad libitum 

(the period 9-24 days after the start of the 2MEm diet). 

The pattern differs quite strikingly from those in Fig. 6.3 

in that the variation in metabolic rate during the day is 

relatively small. 

6.4 Discussion 

The results on the relationship of RE to ME demonstrate 

two Points. 

(i) The efficiency with which ME is used above maintenance 

during the initial period of growth following a change in 

the level of ME intake is about 0.83 in the kestrel fed on 

minced mouse. 

After this the relationship alters until heat produc- 

tion equals ME intake once again, but now at a higher intake 

than that originally required for maintenance. 

This division is useful, since it enables the estimation 

of Km and Kfj but artificial. The relationship of H to ýE 

intake appears to change gradually, starting immediately 

after the change in ME intake (Fig. 6.1). 
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Fig. 6.4 Diurnal rhythm in oxygen consumption rate in kestrels fed ad libitum 
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6.4.1 The efficiency of utilisation of ME 

The relationship of li to ME (and thus of RE to ME) can 

be adequately approximated, in the initial stages of growth 

following a change in ME intake, by a straight line (Figs. 

5-3 and 6.2). During this period the HIF is 17% of the ME 

intake. 

Blaxter (1971) reviewed the estimates of the efficiency 

of utilisation of ME of various foods. Below maintenance, 

monogastric animals (no measurements were made specifically 

on carnivores) appear to utilise protein and fat with 4 

efficiencies of about 0-77 and 0-97 respectively, and above 

maintenance with efficiencies of about 0.66 and 0.84. The 

mouse diet fed to the kestrels contained fat and protein 

in a ratio of about 1: 2, so the efficiencies above and 

below maintenance of 0-83 found here are not unreasonable. 

The excellent agreement of the results for the relation- 

ship of 1ý, W to ME and of RE to ME has enabled the 

energy value of the tissue gain to be estimated, with some 

confidence, at 6.7 - 6.8 Kcal/g. Using the logIc applied 

in section 3-4-3, it can be calculated that this energy 

density is consistent with a composition of 0-7 fat : 0-3 lean, 

and each gram of weight increase may contain 0-79 fat and 

0-075g protein. If the cost of protein and fat deposition 

12-7 Kcal/g (Pullar & Webster, 1977), then the estimated 

cost of deposition of this tissue would be 9.84 Kcal. The 

measured cost of each gram increase was lower than this at 

8-3 Kcal Mh/g. The reason may be that the rat synthesises 

body fat from dietary carbohydrate which is less efficient 

than fat synthesis from dietary fat. 
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6.4.2 The change in MEm 

The heat production at maintenance (when RE = 0) 

apparently changed after several days on the increased 

plane of nutrition. This finding corresponds more or less 

with those reported by Miller & Payne (1962) for the rat 

and the pig, and with those discussed by Miller & Mumford. 

(1973) for man. It appears that in the kestrel MEm can 

vary according to plane of nutrition, and that, fed ad libitum, 

they ingest considerably more than that necessary for 

existence (see also sections 4.3.3 and 4.3.9). 

The 5056 increase in maintenance heat production was not 

due to a chaLnge in the thermal environment and to achieve an 

increase of this magnitude by activity alone would require 

about an hour spent in level flapping flight each day 

(equation 1.9). No gross changes in activity were observed 

in the birds on the high and low planes of nutrition, and 

their activity was restricted by the management conditions 

anyway. 

Bodyweight increased by about 30g in both birds, but 

per unit of metabolic weight the maintenance requirement 

increased by about 30% from 105 KcalME/Kg 
0-75 /d to 135 Kcal 

ME/KgO - 75 /d, and the increased heat production could not 

therefore be attributed to the change in weight alone. It 

is interesting that this range in MEm matches very closely 

that found in man by Edmundson (1979). If the estimate of 

the composition of the tissue gain given above (section 6.4.1) 

is reasonable, then protein probably contributed at most 3g 

to the 309 weight increase. Live body protein may therefore 

have increased by about 7-5'ý from 40g (Table 8.4) to 439. 

Change in the content of live body protein (i. e. excluding 

that of plumage) does not therefore explain the magnitude of 
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the change in heat production satisfactorily either. 

Dolnik & Gavrilov (1979) attributed similar findings 

to the lower efficiency of utilisation of ME for feather 

synthesis during moult (section 4-4-3) but it is unlikely, 

in view of the arguments presented in section 4-4-3, that 

the increase in the rate of moult on the high plane of 

nutrition could account for more than a small amount of the 

increased heat production, although it must have contributed. 

The main factor may have been an increased rate of 

protein synthesis, and, since the conditions were those of 

maintenance, of protein turnover. From the equation of 

Lobley et al (in press) given in chapter I (equation 

it can be speculated that an increase in MEm from 30 to 44 

Kcal ME/d could be related to an increase in protein synthesis 

from 6.3 to 9.2 g/d (about 15-20% of the live body protein 

per day). At present no data are available on the rate of 

protein turnover in birds. It will be extremely interesting 

to see if the relationship of H to protein turnover in birds 

is the same as it is in mammals, and whether different 

rates of protein turnover may be able to explain the differ- 

ence in heat production per unit metabolic rate between, for 

example, passerine and non-passerine birds. 

When the diet was f irst doubled from the MEm intake of 

30 Kcal/d to 60 Kcal/d, heat production rose steeply after 

eating but within 20 h had fallen to the same level as that 

seen in birds on 30 Kcal/d (Fig. 6.4). Unusually high 

surges in HIF following meals have been reported in children 

previously on low planes of nutrition (Ashworth, 1969; Brooke 

& Ashworth, 1972)- 10 - 15 days after the diet had been 

increased, altbough W intake was now lower, and particularly 
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so on the days when H was measured, heat production remained 

high throughout the day and was not so markedly meal- 

associated (Fig. 6.4). 

6.4.3 Predicted basal metabolism 

Heat production at FMR, on 30 Kcal ME/d and in the 

days following an increase in intake to 60 Kcal ME/d, could 

be predicted quite accurately using the equation: 

H= 82 Kgo-75 + 0-17ME (82 Kgo-75 = FMR) 

(cf equation 6-3). After a few days-on an ad libitum diet 

however, heat production was about 44 Kcal/d, considerably 

greater than the 34 Kcal/d predicted from weight and ME 

intake using equation 6.4. This could be explained either 

as an increase in FMR to about 115 Kcal/Kg 
0-75 /d or as a 

decrease in km and kf to about 0-35, but to make such a 

distinction is invalid. The fact is that heat production is 

greater than expected. 

Webster's (1978) predicted basal metabolism, F', 

calculated: 

F' = km(ME - RE/kf) 

is a useful index of the change in heat production (section 

1.2.2.5) which must reflect underlying metabolic changes 

resulting from changes in the plane of nutrition. 

Predicted basal metabolism calculated assuming a value 

of 0-83 for km and kf increased gradually following the 

increase in plane of nutrition, to a plateau after 10-15 d; 

then felI9 initially quite steeply, when ME intake was 

6.4 

6.5 

restricted. The results show that F1 exceeded nocturnal 

FMR by about 80% (Fig. 6-5). In terms of metabolic weight, 

this represented an increase of about 40 Kcal/Kgo-75 /d, from 
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70 Kcal Kgo-75/d when fasting at night, to 110 Kcal/Kg 0.75 /d 

when fed ad libitum. 

6.4.4 HIF in mature kestrels 

It is evident from the results that beat production in 

the inature kestrel cannot be adequately explained in terms 

of bodyweight and ME intake. Heat production is also 

dependent on physiological status - previous nutritional 

history. FMR, km and kf are useful concepts but heat lost 

from an animal is the product of one metabolism and its 

partition into components that are fixed functions of W and 

ME intake is an artificial manoeuvre the limitations of 

which are illustrated in this chapter. 

The changes in heat production with plane of nutrition 

found here have a component corresponding to luxuskonsumption 

in man (section 1.2.2.6). Since birds do not have brown 

fat, the increased rate of heat production is more likely 

to be associated with an increase in rate of protein 

synthesis (and turnover). The fact that the kestrel, like 

man, can apparently exist in energy balance over a range of 

ME intakes raises interesting questions about the optimum 

intake and the possib4e disadvantages associated with intake 

rates lower than the optimum. 

6.4.5 Maintenance metabolism 

In Chapter 4 an expression relating the energy require- 

ment of captive, mature raptors to bodyweight was derived: 

Kcal ME/d = log K9 o. 68 (equation 4.6) 

and this equation is of value in predicting food requirements 

(Kirk-wood, 1981b). However an animal's bodyweight is labile 

and within the individual kestrel the relationship of ýEm to 
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appeared to differ from that between species. Weight 

and energy balance can be maintained over a range of ME 

intakes and ad libitum intake was considerably greater than 

that apparently necessary for maintenance at weights within 

the normal range found for wild birds. Evidence is provided 

in this chapter that following an increase in rate of intake 

from a low level, albeit sufficient for energy balance, heat 

production increases so that within a few days, energy 

balance is restored but now on a higher intake. 

The significance of these findings is difficult to 

interpret. It way be that captive birds over-eat because 

food is readily available without the need to expend energy 

in obtaining it. Boredom may also be a factor. Generally 

captive animals fed ad libitum have higher levels of body 

fat than their wild counterparts, (Pitts & Bullard, 1968). 

The ability to reduce heat production when food becomes 

scarce would obviously be an advantage to an animal, 

particularly one whose food supply is liable to fluctuate 

(O'Connor, 1975; Westerterp, 1977; Khan & Bender, 1979; 

Duke et al, 1980; Shapiro & Weathers, 1981)o In mammals heat 

production has been shown to be closely related to rate of 

protein synthesis (Lobley et al, in press) and, in rats, to 

the activity of brown adipose tissue (Rothwell & Stock, 

1979). Since birds do not have brourn adipose tissue, changes 

in rate of heat production may be linked to changes in rate 

of protein turnover. 

The existence energy requirements of an animal can, 

hypothetically., be divided into two components. First the 

requirement to fuel essential pbysiological and motor 

functions for short-term existence and secondly for repair 
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and routine servicing of the 'machinery'. The former is 

likely to be a fixed and unavoidable quantity but the 

latter, the 'cost of plant-maintenance', may be variable. 

The routine repair and replacement of some systems can be 

postponed without serious consequences in the short-term. 

For example, the replacement of plumage in birds. The 

frequency with which systems are serviced or replaced, 

whilst having an optimum compatible with maximum fitness, 

may possibly be reduced with no very serious or irreversible 

effects on livelihood, in response to a decrease in food 

availability. Variation in heat production at energy balance 

may reflect variation in rate of protein turnover which could 

be interpreted as reflecting changes in the rate of plant 

maintenance. The rate of plant maintenance or quantity of 

plant to be maintained may explain the changes in the relation- 

ship of beat production to bodyweight that have been called 

luxuskonsumption. (Miller & Mumford, 1973) and the work of 

growth (Taylor, 1970)- 

The important question of the optimum rate of metabolism 

for maintenance remains. Recently Roe (1981) has drawn 

attention to the decreased longevity and high incidence of 

malignant cancer in laboratory mice fed ad libitum compared 

with those maintained on restricted intakes, and the health 

hazards associated with obesity in man have been widely 

studied (Bray, 1975)- Converselyq existence on very low 

planes of nutrition is typically associated with a decreased 

ability to withstand stress and a predisposition to infectious 

diseases. At present there is very little information on 

what represents an optimum feeding level between ad libitum 

and minimum MLm for any animal including man. 
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This discussion also highlights the danger of extra- 

polating energy requirement data obtained from animals fed 

ad libitum in the laboratory to estimate the maintenance 

component of the energy budgets of that species in the 

field. Maintenance metabolism in the field may be lower than 

that when fed ad libitum. 
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Chapter 7 The energy requirement of the young free- 

flying kestrel 

7.1 lntroduction 

Analyses of pellets have provided a good picture of 

the variety and relative importance of the prey items taken 

by the, kestrel in Great Britain (Ellis, 1946; Fox, 1960; 

Fiuczinski, 1960; Davis, 1960; Fairley & Maclean, 1965; 

Fairley, 1973; Davis, 1975; Yalden & 'Warburton, 1979; 

Village, 1980). Very few estimates of the amount of food 

required are however available for this species (Village, 

1980), and this reflects the technical difficulties of 

measuring the requirements of free-flying animals. 

Various methods have been used in birds of prey; extra- 

polation from data on captive birds (Craighead & Craighead, 

1956); direct field observations of hunting and feeding 

(Fitch et al', 1946); prediction from activity budgets 

(Sylven, 1974; Tarboton, 1978; WaLkeleY, 1978; Village, 1980); 

pellet analysis (Graber, 1962; Marti, 1973; Village, 1980); 

and heart-rate telemetry (Gessaman, 1980b). Some results are 

18 
shown in Table 7.5. Recently the D2C technique has been 

used with success in hirundines (Hails, 1979). 

None of the methods used so far in raptors are without 

their drawbacks, and there is therefore more than a small 

element of doubt over even the reasonable estimates. The 

aim of the study reported here was to determine the daily 

energy requirement of free-flying, recently-fledged birds, 

by measuring their consumption of a diet of known energetic 

quality. In a follow-up study, an attempt was made to 

measure the daily activity of a hestrel under a similar 

system of managenjentj using radio-tracking equipment. 
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7.2 Methods 

7.2.1 Management and measurement of food consumption 

Four kestrels, two of each sex, which had been hand- 

reared from hatching, and close-ringed for identification, 

were placed in an aviary with a window cut in its side, one 

week prior to fledging. They were fed twice daily to 

appetite. From fledging, at 30-34 days of age, until the 

birds were 56 days old (June 17th - July 4th 1978), the 

kestrels were kept at "tame-hack", a management system 

under which the birds were free but recalled twice daily 

for feeding by whistling. Before each meal they were 

weighed to 1g. The daily food consumption of the diet of 

day-old chicks was measured by weighing the food offered 

and subtracting the weight of the remains. The remains 

were fed at the next meal, so that all parts of the diet 

were eaten. 

Bodyweight and food consumption data during the period 

39-56 days of age were analysed. Prior to this the kestrels 

were not strong flyers and spent a lot of time at rest, and 

after 56 days they started to catch their own prey. Growth 

was almost complete, but the primary feathers and tail 

feathers were not fully developed until the birds were about 

50 days old (see section 8-3-3.2). 

Activity measurement 

Two male kestrels, reared in an aviary until 20 days 

of age, were placed in an oPen-fronted "hack-box". They 

were provided with mice ad 1.1bitum and made their first 

ys age. At 42 days old one was flights at about -59 
da.,, of , 

trapped and fitted with a 4g transmittor package (SMI type) 
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and antenna (supplied by Biotrack, Huntingdon) using the 

mothod of Kenurard (1978). The transmittor produced a 

pulsed signal on the 173-200 MHz waveband. The bird was 

weighed prior to release. 

Subsequent tracking and location was carried out using 

hand-held Yagi tripole antenna with a Mariner AVM 

receiver and headphones (Amlaner & Macdonald, 1980). The 

radio equipment was used for initial location of the bird 

at the start of each observation period. When in view the 

bird was observed from a distance with binoculars and its 

behaviour recorded. 

The time spent performing each of the following was 

noted: resting, preeningv still-hunting (from a perch), 

direct flight, soaring, hovering and playing (sparing with 

twigs, etc. ). The amount of time the bird was out of sight 

was also recorded. 

Observations were carried out over two periods; 24-27 

June and 8-11 July, 1980, when the bird was 42-45 and 54-57 

days old respectively. At these times the bird was recalled 

for feeding (about 309 mouse/d) at 18.00. 

7.3 Results 

7.3.1 Food consumption and MEm 

During the experimental period the bodyweights of the 

birds fluctuated from day to day, owing largely to variation 

in the gut content at the time of weighing. Only in the 

males was body-weight significantly related to age, falling 

during the period of observation (Table 7-1)- Only in one 

bird did food Consumption vary systematically with age; 

female No. 4 reduced her intake by an average of 1-7 g/d. 
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The weights and food intakes of the birds are shown in 

Table 7.1. The mean temperature during the study was 14-50C 

(the mean of the average daily maxima and minima of 21 & 80C). 

Pellets collected on days 47 and 50 post hatching 

contained only day-old cockerel remains and a few small 

beetle elytra. This finding, together with the regularity 

with which the birds returned for food and the fact that 

their crops always appeared empty on return, was taken as 

evidence that wild-caught food items were not making a 

significant contribution to energy intake. 

The changes in bodyweight and food consumption were 

small, and it appeared therefore that 57-62g of day-old 

cockerel per day represented a maintenance diet for these 

birds. Since the ME value of the diet is 1.07 Kcal/g 

(section 4.3-1), this represents an MEm of 61-66 Kcal/d. 

7.3.2 Activity 

The tracked bird was kept in view for about half of 

the observation period in both the June and July watches. 

The amount of time spent in flight increased with age, as 

did the time spent still hunting, though in neither case 

were the increases statistically significant (Table 7.2 & 

7-3)- A breakdown of total flying time into directional, 

hovering and soaring flight in shown in Table 7-4- 

7.4 Discussion 

The ME 
-intake of the free-flying kestrels in the first 

part of this study, was about 60 Kcal/d, 50',, u more than that 

required for maintenance reported in section 4.3-22. Kirkwood 

(1980a) considered that the cost of activity probably con- 
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Table 7.1 Bodyweight and food consumption in free- 
flying kestrels mean and SD 

Bird Sex Weight (g) 

1 m 205 + 6.0 
2 m 217 + 7.8 

3 F 233 + 6.1 

4 F 243 + 5-9 

The time spent in flight by a kestrel at hack 
(means of 4 days) 

'Weight change 
(g/d)* 

-o. 8 

-1.0 
0 

0 

These figures are the slope values calculated by linear 
regression of bodyweight on age. Zero values have been 
entered where weight was not significantly related to age. 

Table 7.2 

Date 

24-27 June 

8-11 July 

Table 7.3 

Date 

24-27 June 

8-11 July 

Total observation time 
(h) 

14.86 

18.48 

Food consumption 
(g/d) 

57 + 16.8 
61 + 19.1 
62 + 18.8 
62 + 15.8 

7.53 
8.72 

time in flight 
as % of t 

in view 

3-2 + 1-72(4) 

14.8 +11.62(/*) 

Behaviour of a kestrel at hack whilst not 
in flight 

Total time % % 
% still % 

not flying 
(h) rest preening 

hunting & 
feeding play 

7-32 91.8 + 6-7 + 1-3 + 0-3'+ 
3-526ý) 5-1(4) 2.1(ý; ) 0.40T4) 

7-94 80.9 + 7.6 + 11-5 + 0 
12.8(ý) 3-9(4) 10.9 (4) 

time in view 
(h) 
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Table 7.4 

Date 

24-27 June 

8-11 July 

Behaviour of a kestrel at "hack" whilst 
in flight 

Total 
flying time 

(h) 

0.21 

0-78 

direct 
flight 

87-3+15.1 (4) 

60.6+36.1(4) 

soaring 

13.8+13.9(4) 

19.1+20.3(4) 

hovering 

9.6+11.0(4) 

20.3+43.7(4) 
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tributed largely to the increased requirement. However, 

in the light of later findings on ad libitum intake in 

captive kestrels (sections 4-3.9,6-3-5 and 9-3.8) it cannot 

be concluded that this was so. Furthermore, the subsequent 

radio-tracking study revealed that the flying activity of 

kestrels at hack could be low, for example about half an 

hour a day at 42-45 days of age. Estimates of the free- 
I 

living energy requirements of various raptors in relation 

to SMR are show-n in Table 7-5- 

Tame kestrels kept at hack probably have comparable 

energy expenditures to their wild counterparts, since the 

latter normally remain dependent on their parents for at 

least a month (Cramp & Simmons, 1980), and, in the early 

stages after fledging remain in the vicinity of the nest 

and wait for the parents to bring food to them (Tinbergen, 

1940). The food consumption results may well therefore be 

comparable with those of recently fledged wild kestrels. 

The gross energy value of voles, mice and shrews, vary 

according to species and season (Gorecki, 1965; Hansson & 

Grodzinski, 1970), but are close to 1.5 Kcal/g fresb. It 

is likely that the metabolisability of this diet is about 

75% (section 3-4-1) so that ME value is probably about 1.1 

Kcal/g fresh. To obtain 65 Kcal ME/d, young kestrels would 

need to ingest 599 of small mammals. This is about 2-7 

short-tailed voles, 3.2 wood mice or 7-1 common shrews, 

calculated using the average prey weights suggested by 

Yalden (1977). However it is likely that they could survive 

on less than this (section 6.4.2). 

Village (1980) measured the activity of wild kestrels 

and found that the time spent in flight 
throughout the year 

varied from 1.7 h/d in December to 10.7 h/d in males in June. 



156 

m 
S-4 
0 

(4-4 

14-4 
0 

E 
4) 

0) 

4 
E04 

Lrý 

e 
_e cyll 

Co 
r- 
C> 

Co 
r- e Co cli N 

Z 0- lö T. 4 CN "-i C\ q-. q (> 

a) 
02 Z C» S. 4 a- &w wý 

0 
P-4 C Q) it -, -i Q) H 9) _PS JD 4) 
JM 

Z u Co > --4 
F. 4 
--1 

+) 0 
(Z 
&. 4 

4. ) 0 
0 = 

-e-) $. f 

10 
0 m 

9 
m Q 9 

4) 
+) Z 

< z. 

Lr\ 
N Ln t- Co C) 

CC) 
CD 

cýI 
LO 

teý 

cý cý o 
C\] T-4 

ýI: m cq ci 

C: D 
n 
(7, 0 N cla 

C) 
CD 
-t 

N 
U-ý 
N 

CD 
(D 
_e e 

0 
.,. 4 

C) 
0 

v 
Lý 

10 

P-4 
:1 

0) 

2 
u 
(0 

-2 
cz 

m 
:1 

-m 

Z 
St 
lw 

x 

1: 3 

f. 4 

-+i 1 
Ic 

P-4 

sw 
-41 
rn 

= 

X 

j. 
M 

X 

Ici 
(1) 
it 

Z 
0 

= 

= 

mi 

0 
10 

Z) 
ý« 
w 

LW 

Z 

x 

C 

cý 

1 

cö 

x 

a) 
r. 
zw 

M 

(t 

0 
4-4 

CH 

�Z ci 0 
c311 2 

cli 

0 
0 

4.4 
0 

0 > Ici 

Co 

Co r. 10 

Z" r. 
0 Z 

CD 
CD Co 12 ;. q a) 

frý 10 c ^ 

0 
> 

., ( C) 
41 
L) 

< _IM Z 

m 
9 



157 

4ssuming the cost of flight to be 12 and 17 times SMI? for 

directional and hunting flight respectively, he estimated 

the extremes of energy expenditure at 88 Kcal and 256 Kcal/d. 

The latter is about 10 times SMR. Kendeigh et al (1977) 

report the maximum potential metabolism of the house 

sparrow (as measured as the maximum ME intake the bird can 

sustain in response to the stress of cold temperature) to 

be 34-5 Kcal/d, which is just 3.8 times BMR. The limit 

appears to be of the same order about 4-5 times FM in all 

high producing animals (see Table 9.1). The maximum ME 

intakes recorded for kestrels during this study under any 

circumstances was 100-120 Kcal/d in growing birds. It 

seems unlikely that sustained energy expenditures of the 

magnitude suggested by Village (1980) are possible, and it 

follows that the energy cost of flight may be less than 

that predicted by Tucker (1974) on whose estimates Village 

based his assumptions. Hails (1979) has shown that flight 

costs of birds of similar size can vary a great deal 

according to morphology and flight behaviour, and in some 

species can be as low as 3 times SMR. 
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Chapter Weight, Linear Dimensionsý and Body Composition 
during growth of the kestrel 

8.1 Introduction 

Growth curves for wild kestrels are available in the 

literature (Cave"', 1968; Kespaik et. al, 1978; Korpimaki 

et al, 1979). From a hatch weight of 14-18g (Brown, 1976), 

feniales grow to a peak weight of about 280g and males to 

about 250g in 22 days. Weight then falls prior to fledging 

at 28-32 days. Weight recession is a common feature of 

nestlings of aerial feeding species of birds (Ricklefs, 

1968). Grow-th data are available for a number of other 

falconiforms (Fowler, 1934; Sumner, 1933; Roest, 1957; Hagen, 

1969; Olendorff, 1974; Scharf & Balfour, 1971; Fitch, 1974; 

Kemp, 197-5; Mader, 1975; Stinson, 1977; Fentzloff, 1978; 

Newton, 1978; Olsen & Olsen, 1980) and for a wide range of 

birds of other orders (Ricklefs, 1968,1973)- 

Sumner (1929,1933) recorded the plumage development 

in various raptors, and Olendorff (1971) compared the 

development of three species of buzzard from external measure- 

ments, but there appears to be no data on the pattern of 

development of internal organs and body composition in 

falconiforms. This information is however available for a 

variety of species from other orders (e. g* Wilson, 1952, 

1954,1956; Dunn, 1975; Brisbin & Tally, 1973; O'Connor, 

1977, Ricklefst 1967b, 19751 1979; Bryant & Gardinert 1979)- 

O'Connor (1977) interpreted patterns of development in 

three species of passerines in terms of adaptation to their 

changing immediate requirements and their req,, uirements for 

the futuret and Ricklefs (1979) compared the development of 

an altriciall a semi-aJtricial and a precocial species in 
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an attempt to account for their differences in grourth rate. 

advanced the hypothesis that growth rate of an organism 

is limited by the most slowly growing component and that 

growth rate can be increased by increasing the proportion 

of growth of organs that are functionally mature at hatching, 

that takes place within the egg. 

Data on the growth of the protein and fat components 

and on total energy contents of the kestrels were required 

in this study to provide a check on the accuracy of the 

energy and nitrogen retention predicted from the balance 

measurements described in chapter 9. The more detailed 

study of the development of the organs and organ systems was 

undertal-cen to provide data of bearing in the interpretation 

of the heat production data (the relative amounts of tissues 

of different metabolic activity such as liver vs. muscle and 

the role of plumage development in thermoregulation)and to 

determine the age at which maturity is attained. 

8.2 Methods 

The rearing techniques and the methods employed in 

the dissections and analyses have been described in chapter 2. 

Gro-w-th curves were constructed using the first pre-meal 

weight of the day. These data were fitted to the logistic 

equation: 

e -B (t -M) ) 

where, W is weight in gi C and A are the upper and lower 

asymptotes, t is age in days from hatching (day of hatching 

is day 0), and M is the age at the inflexion point of the 

curve. 

The curves were computer fitted using a maximum likeli- 

7.1 

hood programme and this was undertaken to facilitate 
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comparisons between sexes and between birds on the two diets. 

Data for each day upto and including one day after the 

attainment of pea-k weight, were included, except for birds 

16 and 20 for which data was not available after 24 days of 

age. 

Notes were kept on behavioural development. 

The results of body composition measurements for 

kestrels other than those hand-reared in the growth study 

are included. One of these (C) was a captive bird that had 

been fed ad libitum and which died of a haemopericardium. 

The other two were wild birds found dead, one of which (A) 

appeared to have died of starvation. 

8.3 Results 

8.3.1 Growth curves 

The mean hatch weight of the 13 hand-reared kestrels 

was 15.24 + 0.219g and there was no significant differences 

in the hatch weights between sexes. The mean weights of the 

MC fed birds (excluding No. 10) from hatching to 50 days of 

age are shown in Fig. 8.1. 

The constants of the logistic curves fitted to the 

growth data for all the birds are shown in Table 8.1. 

These computer-fitted curves matched the data points very 

closely upto peak weight in mrst. cases, but predicted asymp- 

totes (A + C) were overestimates of measured peak weights. 

Analysis of the parameters shown in Table 8.1 for birds 

whose sex was considered positively identified, on the basis 

of plumage colour particularly of the tail and upper tail 

coverts (Cramp & Simmons, 1980), revealed no significant 
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Fig. 8.1 The growth of kestrels hand-reared on a diet of mouse and chick ( ! mean +/- 1 se ) 
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differences between the sexes. 

reach higher peak weights. 

Females, however, tended to 

Comparison of the birds in each diet group revealed that 

only in the growth rate, parameter B, was there a significant 

difference. B was greater in the mouse-fed birds at 0.320 + 

0.0130 (5), than in those fed on the mixed diet 0.265 + 0.0069 

(8). The reason for this steeper rate of growth at the 

inflexion point of the curve may be that the mouse-fed birds 

were compensating for slow initial growth due to sub-optimal 

feeding management (see methods). The result was that both 

diet groups reached 98% of asymptotic weights at about the 

same time (the overall mean was 25-9 + 0-70 days (13) inspite 

of the difference in early growth. The mean curves for both 

diet groups are shown in Fig. 8.2. The measured age at the 

attainment of peak weight was less than that predicted as 

98% Of the asymptote of the fitted curves, at 24.6 + 0.79 days 

(13)o 

After reaching a peak at about 24 days, weight fell 

in all birds. The mean loss between 24 and 50 days of age 

was 20.4 + 1-359 (5) in the M fed group and 25-0 + 1-1-39 (8) 

in the MC fed group. This weight recession was due to water 

loss (Table 8-5), and the same conclusion was reached by 

Ricklefs (1967,1968b) as to the cause of weight recession 

in nestling red-linged blackbirds and other speci-es. The 

water content of the plumage of the kestrels fell by 20g 

between 24 and 50 days of age (Table 8.2). 

8.3.2 The growth of the tarsometatarsus 

Fig. 8-3 shows the growth of the tarsometatarsus from 

an initial length of 15-1 + 0.169 mm (13) at hatching to 

49-52 mm. Growth of this part of the leg appeared to be 
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Fig. 8.3 Growth of the tarsometatarsus of the kestrel 
( data from 14 birds ) 
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complete about 17-2.0 days after hatchinag about the time 

that the birds started to stand and walk (Fig. 8.9). 

8.3.3 The growth and development of the down coats and 
plumage 

8.3-3.1 The downs and body feathers 

At hatching the kestrels were covered in a sparse coat 

of white down. The plumules were about 10mm long and did 

not appear to grow (Fig. 8.4). At 6-7 days of age the 

second down coat started to emerge as off-white tufts between 

the first down plumules. This coat grew to a maximum length 

of about 25mm by about 20 days of age and was shed from day 

24 to 30. Contour feathers grew from the follicles of the 

first down, pushing it out on their tips. These feathers 

started to grow at about 8-9 days after hatching but did not 

overtake and appear through the st ill -lengthening second down 

until 15-20 days of age. At this time the appearance of the 

birds changed rapidly from downy to feathered. The dorsal 

contour feathers reached a maximum length of about 45mm at 

30-35 days (Fig. 8.4). After the second down was shed, the 

third down started to grow and reached a maximum length of 

about 12mm at 45 days of age. It was considered that the 

body plumage had reached maturity at about this time. 

The vascular parts of the growing feathers were, to a 

large extent, covered by the second down layer, whose growth 

preceeded that of the feathers by a few days (Fig. 8.5). 

The sheathed parts of the growing feathers reached a maximum 

length of about 13mm (10-28) at day 20, then the sheath 

gradually pealed off ard had disappeared by 30-35 days after 

" f7 

I 

hatching. 
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complete about 1-, -210 days after hatching, about the time 

that the birds started to stand and walk (Fig. 8.9). 

8.3.3 The growth and development of the down coats and 
plumage 

8.3-3-1 The downs and body feathers 

At hatching the kestrels were covered in a sparse coat 

of white doum. The plumules were about 10mm long and did 

not appear to grow (Fig. 8.4). At 6-7 days of age the 

second down coat started to emerge as off-white tufts between 

the first down plumules. This coat grew to a maximum length 

of about 25mm by about 20 days of age and was shed from day 

24 to 30- Contour feathers grew from the follicles of the 

first down, pushing it out on their tips. These feathers 

started to grow at about 8-9 days after hatching but did not 

overtake and appear through the still-lengthening second down 

until 15-20 days of age. At this time the appearance of the 

birds changed rapidly from downy to feathered. The dorsal 

contour feathers reached a maximum length of about 45mm at 

30-35 days (Fig. 8.4). After the second down was shed, the 

third down started to grow and reached a maximum length of 

about 12mm at 45 days of age. It was considered that the 

body plumage had reached maturity at about this time. 

The vascular parts of the growing feathers were, to a 

large extent, covered by the second down layer, whose growth 

preceeded that of the feathers by a few days (Fig. 8-5)- 

The sheathed parts of the growing feathers reached a maximum 

length of about 13mm (10-28) at day 20, then the sheath 
I 

gradually pealed off ard had disappeared by 30-35 days after 

hatching. 
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Fig. 8.5 Depth of the second down coat in relation to total and sheathed lengths 
of dorsal contour feathers during growth of the kestrel 
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Fig. 8.6 The pattern of growth of the central tail feathers and ninth primary feathers of the kestrel 
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The develolment of the body insulation was thus quite 

complex. The fully developed second down coat may provide 

as good an insulation as the mature plumage but it is a 

form of insulation that the bird is unable to control by 

adjustment of its depth. 

8.3-3.2 The flight feathers 

The penultimate primary (No. 9) started to protrude 

through the skin about 2 days before tI-)e central tail feathers 

and 8-9 days after hatching. These feathers grew at similar 

rates (Fi. g . 
8.6) and reached full length about 5Q days after 

hatching, at which time the red vascular pulp was no longer 

visible at the base of the quills. At the time of normal 

fledging (c 30 days old) these flight feathers were only 65% 

groum. At this age kestrels kept at 'hack' (Chapter 6) could 

fly short distances but landed clumsily and had difficulty 

climbing in the air. 

8.3-3.3 The chemical development of the plumage 

The changes -in the total weight and the weights of the 

water, fat, AFLD (ash-free lean dry) and ash components of 

the whole plumage are shown in Table 8.2. At 24 days old, 

the age of peak weight, the plumage weighed almost twice that 

of an adult and this was due to the water content. The fat, 

ash and AFLD contents ef the plumage of 24 day old birds and 

of adult birds were very similar. At 214 days old a consider- 

able proportion of the AFLD component derives from living 

protein, whereas in the mature plumage almost all the AFLD 

is dead keratin. 
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B-3.4 The development of other organs and systems 

The wet weights of various organs and organ systems are 

shown in Table 8.3 and the relationships of these to total 

bodyweight are shown in Fig. 8-7- Heart weight is almost 

a constant proportion of bodyweight throughout at 1.21 

0-08Vý, (11) of bodyweight. The liver and gut reached peak- 

weights in relation to the rest of bodyweight early in growth 

and the gut weight of the 16 day old bird was higher than 

that of birds of any other age. Liver weight was also very 

high at this age, and about twice that of the 54 and 56 day- 

old birds. The weight of the pectoral muscles increased 

considerably after 24 days of age, but that of the leg muscles 

did not. The patterns of development of heart, liver and 

digestive s-Ystem are typical of altricial birds (Dunn, 1975)- 

8.3.5 The major body components; water, fat, AFLD and ash 

The composition of the plucked bodies of growing and 

adult kestrels are shown in Table 8.4. The mean energy 

value of the LD samples corrected for ash content was 5.305 

O-C33 Kcal/g AFLD (7) for birds uPtO 56 days old and 5.641 

Kcal/g AFLD (2) in the mature birds (Nos. A and B) - These 

values are within the range found for animal protein (Znaniecka, 

1969; Ricklefs, 1974; Kleiber, 1975). The energy content 

of the extracted fat was 9.125 Kcal/g (2) which is also 

within the range normally found for birds of 9.0-9.4 

(Johnson, 1970), and lower than that usually assumed for 

mammals (9-5 Kcal/g, Kleiber, 1975)- From the data in Tables 

7.2 and 7-4 the composition of the whole bodies and their 

gross energy contents and densities were calculated using the 

AFLD and Fat energy values reported above. The results are 

shown in Table 8-5o 
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Fig. 8.7 Changes in organ weights relative to whole-body during growth of the kestrel 
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Fig. 8.8 Changes in the ratio of water to protein ( AFLD ) in the body 
and plumage of the growing kestrel 
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Ash appeared to have reached a plateau level by 224 days 

of age at 8-87 * 0-346 g/bird (7). Total AFLD also appeared 

to be similar in 24 day-old nestlings and in ad libitum fed 

adults (Nos. 11 and 15), but fat content increased consider- 

ably after 24 days of age, and this resulted in the greater 

energy density and content of the older birds. 

The plumage AFLD represented 31-38/u of the whole-body 

AFLD in birds of 24 days old or more, thus the adult birds 

had about 30-50g of living AFLD depending partly ýon their 

states of nutrition. 

The water content expressed as a fraction of the AFLD 

(protein) component of the body dropped after hatching 

(Fig. 8.8) until, in 50 days and older birds, for each gram 

of AFLD present in the body (excluding plumage) there was 

about 39 of water. Conversely the fat content, as a fraction 

of the AFLD component increased with age in ad libitum fed 

birds. 

8.3.6 The behavioural. development of the kestrels 

The ages at which certain behaviour patterns were 

first noted are shown in Fig. 8.9. 

8.3.7 The body composition of a starved wild bird 

The data for this bird (A) was included in the Tables 

8.2 - 8-5 for comparison with the ad libitum fed birds. 

Liver, gut, pectoral and leg muscle weights were all lower 

than those of ad libitum fed birds, and total body fat 

content amounted to just 1-51g. Body AFLD and water were also 

low, but remained in the same proportion to one another f. r 

starved lapwings and oystercatchers 
(Marcstrom & Mascher, 1979) 

and coots (Visser, 1979)- 
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Fig. 8.9 Some notes on the behavioural development 

of the kestrel 

Age Behaviour 

0 Eyes open at hatching or soon after. Wings used 
for support of body in sitting position whilst 
gaping for food. Gaping response can be elicited 
by clicking tip of tongue against roof of mouth. 
Food call of chicks is a thin whining whistle. 
When too cold or too hot chicks make a discomfort 
call, a barking cheep. Huddle when cold, sprawl 
out when hot. 

2-3 No longer using wings for support when feeding. 
Gaping accompanied by wing shaking. 

4 Preening down on breast back and wings. First 
pellets regurgitated. 

5 Scratching head with foot. Following movement of 
a hand held 0-5m away. 

6 Following movement of a hand held 2m away. 

Excreta ejected away from centre of 'nest' with 
some force. 

12 Head-bobbing whilst watching moving objects, e. g. 
flies. 

16 Standing up. 

17 Unsteady walking and unco-ordinated wing-shaking. 

19 Sparring with pieces of paper, etc. 

21 Able to feed without help, holding food between 

medial talons and tearing pieces off. 

22 Standing on one leg whilst simultaneously stretching 
the other leg and one wing. Co-ordinated wing- 
flapping. 

29 Standing on one leg with other raised into plumage 
in adult fashion. Jump/flying about 1-5m- Vigorous 

wing-flapping often accompanied by excited kee-kee-kee 

calls. 

31 First real flights, about 50m- Unable to take wing 
from the ground. 

33 Wings and tail appear short and rounded but flight 

quite strong. 

42 Hovering (possible before this). 

See chapter 6 for data on behaviour whilst at 'hack' upto 56 

days old. 
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8.4 Discussion 

In this study curve fitting'was undertaken to facilitate 

comparisons between birds. The logistic curve was chosen 

because it gave a good fit. Statistical improvernents of the 

fit that might have been obtained by fitting other forms of 

growth functions (Wilson, 1977) would have been small, and 

it was considered that they would not have outweighed the 

advantage of the simplicity of the logistic curve. The para- 

meter values obtained do not reflect biological properties 

of the kestrels very closely because of the arbitrary nature 

both of the selection of the curve used (which fixes the 

inflexion point at the time when growth is half complete) and 

of the data selection near to peak weight. There are no 

simple curves that can be fitted to growth data which show 

weight recession, and the use of asymptotic curves are of 

limited value under these circumstances. The validity of 

the differences and similarities in the mean parameter 

values obtained by curve fitting were supported by visual 

inspection of the raw curves and by comparisons of eye- 

fitted estimates of peak weight, age when half peak weight 

was attained, age when peak weight was attained, and the 

slope at inflexion. 

8.4.2 Hand-reared vs wild kestrels 

The hand-reared kestrels appeared to follow quite 

closely the mean pattern of weight increase seen in wild 

nestlings (Cave, 1968), but, at least in some individualsq 

growth in the first day or two wa, z- slow due to management 

problems. The peak weights achieved closely matched those 

found for wild kestrels in good vole years (Cave, 1968; 

peak weights cited 1-ýv Korfimak-i et ajq 1979 were lower) and 
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there is no reason that the body composition of the hand- 

reared 24 day-old birds should differ very much from that 

of wild nestlings. The fat content of the nestlings at 

this time was high (about 0.8 fat : 1.0 AFLD) and comparable 

to that reported for house martins and other hirundines 

(O'Connor, 1977; Bryant & Gardiner, 1979). A high fat 

content is probably an adaptation conferring resistance to 

temporary food shortage. 

In chapter 3 it was found that the mean weights of 

first year kestrels (those upto 6-7 months old) were 186g 

and 199g for males and females respectively. The very high 

weights of the 50 day old hand-reared birds in this study 

(males 231.8 + 6.159 (5) & females 253.2 + 10-09g (5) ) no 

doubt resulted from the ad libitum feeding regime, and were 

probably due to the large aniounts of body fat. Fat formed 

18% of total body-weight in the 54- and 56 day-old birds. 

Ad libitum fed kestrels kept at hack did not maintain such 

high weights (chapter 6). No data are available at present 

on the fat content of adult Falco tinnunculus, but Gessaman, 

(1980a) found it to vary between 3 and 79/6' in Falco sparverius 

which is a close relative with a similar lifestyle. The high 

weights found here may also have been due, in part, to 

reserves of labile protein in the pectoral muscles (Kendall 

et al, 1973)- Pectoral muscle size varies in wild kestrels, 

according to season (Village, 1980) probably as a result of 

changes in nutritional status. 

8.4.3 Development 

Precocial birds and mammals must be sufficiently 

developed at hatching or birth to be ableg in many cases, to 

forage and feed themselves. Their initial morphology and 
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pj)ysiojogý. must therefore he such as to fit thenj for existence 

in the face of similar environmental pressures to those 

experienced by the parents. During development, precocial 

species, as might be expected, tend therefore to resemble 

scaled down versions of adults. 

The environmental pressures experienced by growing 

altricial. birds are quite different from those of adults 

and it is not surprising that they differ considerably in 

morphology and physiology. The pattern of development of 

the kestrel can be interpreted, as did O'Connor (1973,1977) 

for other altricial birds, as reflecting adaptation to the 

nest environment but with regard to the needs for the future. 

The newly hatched kestrel has no use for functional legs or 

wings and their development is postponed relative to that 

of the organs of digestion and assimilation. The developmefital 

strategy appears to be consistent with minimising energy 

expenditure. Locomotion is restricted by the delayed 

functional maturity of the limbs and growth of an insulating 

plumage is delayed until the development of the capacity to 

thermoregulate is necessary to permit the mother to stop 

brooding and assist the male with foraging. 

The prey taken by the kestrel is difficult to catch and 

successful hunting must depend quite heavily on adequate 

powers of flight. The nature of feathers is such that, once 

grown, they cannot be remodelled to alter wing area in 

response to changes in bodyweight. Since full powers of 

flight must depend on the correct bodyweight to wing-area 

rat io, it seems likely that until fully grown and fully 

developed a kestrel could not survive unless supported by 

its parents. Predatory mammals, because they can scale 

their orqans of locomotion as appropriate, can become self- 
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sufficient before reaching mature size. In view of the fact 

that rearing young must be stressful to the parents, tile 

pressure to reduce the time taken to mature in species which 

require full powers of flight for independent existence is 

likely to be large. This may be a reason why birds have 

taken the altricial mode of development and reduction in 

the time taken to mature, to extremes not seen among mammals. 

Altricial mammals usually leave the nest well before reaching 

mature weight in contrast to the situation in birds. 

8.4.4 Maturity 

Peak- weight is attained by kestrels 21-25 days after 

hatching, and at this time skeletal growth appears complete; 

ash content of the body has reached a plateau and the tarso- 

metatarsus is fully grown. However, although the AFLD content 

of the body and plumage appears to change little in quantity 

after attainment of peak weight in birds fed ad libitum, it 

is redistributed. In the plumage, at 24 days old, much of 

the AFLD component is associated with water and represents 

living proteing but bY 50 days old the AFLD mainly represents 

dead keratin. In the body, after 24 days of age liver weight 

decreases but the pectoral muscle mass increases. A decrease 

in the amount of water associated with the fat-free component 

of the body with age seems to be a universal finding in 

studies of the composition of growing animals (e. g. altricial 

birds: Ricklefs, 1967b, 1975,1979; Brisbin, 1969; Bilby & 

Widdowson, 1971; O'Connor, 1977; Dunn, 1975a; Blem, 1975; 

Bryant & Gardiner, 1979; precocial birds: Brisbin & Tall)', 

1973; and mammals: Bailey et a!, 1960), and this has been 

taken to reflect the increasing maturity of tissues or of 
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the whole organism (Ricklefs, 196,, 7). Ir the kestrel, the 

water content of the plumage drops considerably, but only a 

slight decrease in the ratio of water to AFLD occurs in the 

plucked body. 

Full functional maturity is not achi. eved until the 

flight feathers are fully developed at 50 days of age, and 

the young kestrels are probably dependent on their parents 

for at least some of their food requirements, to this age. 

There have been few studies of the growth of altricial birds 

that have extended beyond the nestling period because of the 

difficulties of obtaining data under field conditions. 

However, in the fiscal shrike (Cooper, 1971) in the hirundines 

(Turner & Bryant, 1979) and in a number of owls and falconi- 

forms reared in captivity (Jones, 1977), plumage development 

is not completed until some time after attainment of peak 

weight and fledging. 

In the kestrel, fed ad libitum, fat deposition occurs 

after attainment of peak weight, but fat levels vary greatly 

in animals according to nutritional status and in some 

species fat deposition continues long after lean growth has 

ceased (Blaxterý 1976; see also Laird, 1966). Fat status 

in birds on attaining peak weight varies between species and 

according to nutritional status (O'Connor, 1977) and is of no 

value as an index of maturity. It follows that the same is 

true of energy density. 

'Chemical maturity' has been defined as the age beyond 

which the concentration of water, protein and mineral content 

of the fat-free body becomes practically constant (Moulton, 

cited in Shehaita et al, 1977), Bailey et al (1960), proposed 
I- 

that the ratio of protein to water would serve a!:; an indicator 

of 'physiological age', maturity being attained when the 
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ratio became constant. The results presentod in this chapter 

demonstrate the problems of defining the point at which 

maturity is reached in the kestrel. Dy the definitions given 

here, the age at which chemical or physiological maturity is 

achieved is sometime between 24 and 50 days. Net protein 

and mineral accretion appear to have almost ceased by 24 

days old, but water content and water to AFLD ratio in the 

whole body probably does not reach a constant state until 

the plumage development is complete at about 50 days old. 

The nitrogen balance of the hand-reared kestrels is examined 

in more detail in the following chapter. 
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Chapter 9 Energy and Nitrogen Exchanges during growth 

9.1 Introduction 

In the previous chapter it was shown that the kestrel 

reached a peak weight of about 2609 24 days after hatching. 

Assuming conception occurs at the start of the 28 day incuba- 

tion period, the kestrel reaches peak weight in about, 75 

metabolic days (Taylor, 1965; see Section 1.3.1), compared 

with the mean of over 400 days for mammals. Peak weight 

does not, however, coincide with developmental maturity in 

this species, and in this chapter nitrogen balance is 

examined to determine the age at which protein deposition 

ceases. The latter is a more fundamental definition of 

maturity. 

Taking the time taken to mature to be at the upper 

limit of 50 days after hatching this still represents 

comparatively rapid growth to maturity at 115 metabolic days. 

The factors influencing the rate of energy retention (growth) 

have been discussed in Section 1.3.4 and in this chapter the 

intake and partition of energy in the kestrel are examined 

to reveal the strategy adopted by this altricial bird for 

rapid growth. 

9.2 Methods 

Fourteen kestrels were hand-reared from hatching to 

various stages of maturity. Numbers 1-5 were fed two starter 

diets; first pieces of minced whole mouse dipped in warm 

water (Ml), then when 2-4 days old, selected pieces not dipped 

in water (M2). Subsequently they were given the wý,, ole-minced 

s 81 91 10, ill 
mou-se diet (M) The others; nurnl)er 

16,19 and 20, were started on selected pieces of minced 
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sk, inned day-old chick (CI) prior to 901119 oil to the whole 

minced day-old chick and mouse mixture (MC) at 3-4 days old. 

Details on the preparation of the diets and on the feeding 

and management of the young kestrels are given in sections 

"I ". 2.41 2-3 and 2.4.1. 

The food consumption and the dry weights of pellets 

and excreta produced by each chick were recorded daily, and 

down and dust from the developing feathers was also collected 

as accurately as possible (section ', -2.6.1). The collections 

of dry excreta and pellets were stored, and subsequently 

those from birds aged 4,81 16,24,36,48 and 50+ days old 

were analysed for energy and nitrogen content as described 

in sections 2.11.3 and 2.11.4. When one dayts excreta was 

insufficient for the determinat ions, it was supplemented 

from the following day's collection. 

Measurements of heat production were carried out on 9 

birds from hatching to 56 days of age. Five of these birds 

were on the M diet and four (9,10,11 and 15) were on the 

MC diet. The measurements were carried out as described in 

section 2.10.2, at water bath temperatures of 350,30 0 
and 

29 0 C, the temperatures in the brooders and the rearing house. 

Measurements on each bird at each temperature were made as 

frequently as time permitted. Measurements at 350C ceased 

at 30-40 days of age. The RQ was measured to provide a 

check that the calorimeter was running properly and so that 

heat product &on H could be calculated from the oxygen 

consumption data (Appendix 1). The relationship of oxygen 

consuMpLion to age and weight was examined in birds from 

both diet groups in order to develop a model of heat produc- 

tior, during growth to enable the accurate prediction of beat 
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production at ages and weights for which data was not 

able. So that, with the ME intake known, daily energy 

reterition RE could be calculated. 

RE = ME -H (equation 1.4) 

Bird number 10 failed to grow well during its first 

week. It was very light at hatching, 12.9g, and weak. For 

this reason, the H and ME results for this bird were excluded 

from the analyses unless otherwise specified. 

The methods used in the measurement of body and nest 

temperature have been described in section 1.8. Specific 

insulation (Kleiber, 1975) was calculated from the data for 

the mouse fed birds using the equation; 

A (T 
BTA 

q 

where q= heat flow (Kcal/d), A= cross sectional area in 

M2 (in this case surface area), TB":: body temperature (0 0', 

TA- Ambient temperature (OC), and r, specific insulation 

the thickness of the insulating layer divided by its heat 

conductivity (OC. Mýd/Kcal). Since, in animals, surface area 

9.1 

-an be approximated as a constant function of W 
o. 66 (Kleiber, 

1975; Drent & Stonehouset 1971) and, in birds, A= 0-095Kg 
o. 66 

2 
(Misch, 1960) where A is in M. hus 

95Kg 
oa 66 

TA-TB 

q 

02 in C. m . d/Mcal. 

9-3 Results 

9.3.1 The composition of the diets 

The composition of the diets used are shown in Tubles 

9.2 

9.1,9.2 and 9-3. The mair diets M and MC differed in water 
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Table 9.1 The composition of the starter diets 

mi 

DMN 2.5.98+(). 219 (5) 

i . 
)m 

DM 

sl .M 

GE Kcal/gDM 

9.15 (2) 

M2 

32-53+0-121 (5) 

8.82 (2) 

cl 

23-72+0-388 (4) 

9-97 

5.514+0.074 (3) 5.579+0.046 (3) 6. ooo+o. ilo (3) 

5-55+0.0416 (6) 

For description of diets Ml, M2 and Cl see text, section 9.2. 

Table 9.2 

DM96 

Fat % DIM 

N% DM 

Ash % DM 

Ca % DM 

P% DM 

GE Kcal/gDM 

Table 9-3 

The composition of the mice and chicks used for 
rearing the kestrels 

Mice 

33-19 + 0.288 (20) 

26-73 + 0-449 (10) 

8-52 + 0.081 (10) 

11-38 + 0.298 (10) 

2-59 + 0.198 (10) 

1.61 + 0.108 (10) 

5-91 
-+ 

0-060 (16) 

Chicks 

24-95 + o. o86 (10) 

23-59 + 1.142 (10) 

lo. 06 + 0.200 (10) 

7.46 + 0.282 (10) 

1.54 + 0.177 (10) 

o. 96 + o. 083 ( 9) 

6.06 + 0.056 (10) 

Nutrient content of the diets used in the 

growth study expressed on a fresh-weight basis. 

mi M2 cl m 

Water fresh wt) 74-02 67-47 76.28 70-93 

Fat it 8-87 

N of 2.38 2.87 2.36 2.83 

3-78 
Ash it 

o. 86 
Ca it 

p ti 0-53 

GE (Kcal/g 11 1.44 1.81 1.42 1.96 

CP (N x 6.2550 14.88 17-94 14-75 17.69 

N: GE (gN/KcalGE) 0.0165 0.0159 o. 0166 0.0144 

mc 

66.81 

7.31 

2-70 

2.74 

o. 60 

0- 37 

1.74 

16.88 

0.0155 
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content considerably and the difference was highly significarlt. 

There were also small but significant differences in ash and 

nitrogen concentrations. The results of the analyses agreed 

quite closely with those of Bird & Ho (1976). 

Apart from the problem of mild gizzard impaction due to 

feeding fur to very young birds (this only affected the mouse- 

fed group, see section 2-3), the rapid growth and good health 

of the hand-reared birds provided good evidence that the diets 

were adequate and well balanced. The weight increase and 

development of the birds has already been described in chapter 

8. 

9.3.2 Pellet energy and nitrogen density 

The first pellets were cast (regurgitated) between 4 

and 7 days of age. There was no significant between-bird 

variation in dry pellet energy density within each diet group. 

Regressing energy density on age revealed a significant age 

effect in the mouse-fed group (see Fig. 9.1)t 

Pellet Kcal/g = 5-199 - 0-007t + 0.246 9.3 

(t = age in days) 

but pellet energy was not significantly related to age in 

the MC fed birds and the overall mean was 5.235 + 0.052 Kcal/g 

(30). The higher energy density of pellets from the IMC 

diet agreed with previous findings on adult birds (Tables 

4.1 and 4.4). 

The nitrogen content of the pellets did not alter with 

age in either diet group and the overall means were 11.32 

0.162% (30) and 12-50 + 0-130 % (30) for the M and MC aroups 

respectively (Fig. 9.2). 
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Fig. 9.1 The energy content of kestrel pellets and excreta ( dry matter during growth 
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Fig. 9.2 The nitrogen content of kestrel pellets and excreta ( dry matter during growth 
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9-3.3 Excreta energy and nitrogen densIty 

In birds from both diet proups excreta energy density 
I 

was markedly higher in very young birds (upto 4 days old) 

than in older ones (Fig. 9-1) as found by Blem (1973) for 

various nestling passerines. In neither diet group were 

there significant between-bird differences, and excluding 

the results from birds of younger than 7 days, excreta energy 

density did not change with age. The overall means for 

birds older than 7 days were 2,575 + 0.019 Kcal/g (30) and 

3-011 + 0.007 Kcal/g (30) for diet groups M and MC 

respectively. The between group difference was highly 

significant and, again, matches that found for adults 

(Tables 4.1 and 4.4). 

The energy density of the excreta of birds prior to 

days of age was estimated by extrapolation from the mean 

value for older birds back through the mean value for excreta 

at 4 days old to yield the equations: 

Excreta Kcal/g = 3.13 - 0.069t for diet group M 

Excreta Kcal/g = 5-03 - 0.252t for diet group MC 

Inaccuracies resulting from this extrapolation outside the 

range for which data was available (less than 4 days old) 

would have been small since the quantity of excreta produced 

at that time was very small. 

The nitrogen content of the excreta of birds on the MC 

diet did not vary significantly between birds or with age 

and the overall mean was 18.96 + 0.216% (35)- In the M fed 

birds age had a significant effect on excreta nitrogen 

density. However excluding the data for 4 day-old birdsq 

the relationship with age was no longer significant and for 

9.4 

9.5 

birds of 8 days and over the overall mcan was 18.96 -4- C). '-102"/'v 

(30)- The values prior to this age were calculated ýack- 
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through the 4 day-old bird mean as was done to calculate 

energy density, and the resulting relationship was (Fig. 

9.2): 

N% = 12 4 ID-87t 

9.3.4 GE intake and diet metabolisability 

The daily GE intake was ýcalculated by multiplying the 

fresh weight of the food eaten by its GE value (Table 9-3). 

The energy lost as excreta and pellets was calculated by 

multiplying daily dry-weights by the energy values given in 

the above sections 9-3,2 and 9-3-3. 

The metabolisability of the diets fell steadily during 

growth (Fig, 9-3). This was due, in part, to a larger 

proportion of the ingested nitrogen being retained in the 

early stages of growth (see section 4.4.1). Corrected for 

nitrogen retention, metabolisability appeared to be highest 

9.6 

in birds aged between about 10 and 20 days of age and dropped 

thereafter. Values for Q in the young birds (less t6n 5 

days) were not strictly comparable to those for older birds 

since the diets differed. The metabolisability of the M 

diet levelled out at about 77% and that of the MC diet at 

about 72x. Pellets contained a constant proportion of the 

daily nitrogen intake throughout growth, at 11.2 + 0.28, o/ (46) 

and 11-5 + 0-38A (45) for M and MC fed birds respectively. 

The proportion of the nitrogen retained dropped steadily 

during growth from initial levels of about 70% (Fig. 9.4). 

9.3.5 The energy and nitrogen content of down and 

plumage dust 

The energy content of the air-dried down and quill 

dust was 5.0 Kcal/g (1). Tile nitrogen content of the plumage 
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Fig. 9.3 Changes in diet metabolisability, ( digestive efficiency ) during growth in the kestrel 
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Fig. 9.4 Changes in the efficiency of nitrogen retention during growth 
of the kestrel 

M 90 

ch 

70 
0 

50 

m 
30 

; Z, 

10 
CL) w 

-10 

;Z 90 
"0 
Q) 

70 
0 
a) 
an cc 

30 

10 

-10 

A: 4 

Mouse and chick diet 

N lost in pellets as a percentage of ingested N 

Aw 
I, 
S 

V 
10 20 

Age ( days 
30 

0 OF V It* 



dust and down was 14-83 + O-Arl, 99'/. (7), and since the DM 

content of air-dried down and Plumage dust was 93.2 4 J. oj, -, t, 
(3), the nitrogen content of the air dried material was 

13-85o. 

The mean weight of the air-dried down and plumaae dust 

collected each day rose to a peak at about 0-3 g/bird/d 

around 25 days of age then gradually fell. In addition to 

that collected from the birds individually, a total of 32.89 

was collected from the floor of the rearing room. This 

represented a further 0-15 9/bird/d from days 20-39 inclusive. 

The estimated daily losses of nitrogen and energy in growing 

kestrels are shown in Fig. 9-5- 

9.3.6 Nitrogen Balance 

The changes in daily nitrogen retention with age, 

calculated from the nitrogen input and output results are 

shown in Fig. 9.6. peak rates of retention at around 0-5g/d 

occurred between 10 and 15 days of age. Cumulative retained 

nitrogen data for the M fed birds were computer f itted to 

the logistic, generalised logistic and gompertz forms of 

growth curves. The two logistic equations gave the best 

fits and statistically the generalised gave a slightly better 

fit than the traditional one. For example, the logistic 

curve fitted to the data for bird number I explained 99.48ý 

the total variation in nitrogen content and the generalised 

logistic 99.49%- The choice of curve made little difference 

to the predicted age at which 98% of the asymptote was reached; 

33.62 + 1.913 (5) using the logistic and 34.27, + 2.97 

using the generalised logistic- In view of these facts, the 

logistic curve, because of its simplicity and adequacy, was 
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Fig. 9.5 Estimated nitrogen and energy losses in down and quill-dust 
during growth of the kestrel 
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Fig. 9.6 The rate of nitrogen retention during growth of the kestrel 
( mean +/- 1 se ) 
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chosen for use in the analysis of nitrogen retention. The 

constants of the logistic equation fitted to the cumulated 

nitrogen retention data for birds of both diet groups are 

shown in Table 9.4. 

The common curves for each diet group predict that 98% 

of peak body nitrogen content is achieved at 34.06 and 

39.60 days after hatching in the M and MC fed birds 

respectively, and the overall mean for birds for which full 

data was available was 36-7 + 2.20 (10). These curves were 

fitted to data that did not take into account the nitrogen 

losses from the integument. The effects of these losses had 

on the mean nitrogen growth curve of the W fed group are 

shown in Fig. 9-7. Total nitrogen losses from the integu- 

ment uPto 50 days amount to about 1.2 g/bird. 

The accuracy of the nitrogen balance data was checked 

by comparison with the body composition data. The nitrogen 

content of the lean dry plumage of the birds was 15.46 

0-04VIIý, (32 samples from 8 birds) and did not vary consistently 

with age and the nitrogen content of the lean dry fraction 

of the plucked body was 11.98 + 0.114% (22 samples from 11 

birds). Total body nitrogen content was calculated using 

this data from the lean dry weights of plumage and plucked- 

bodies in Tables 8.2 and 8.4, and compared witb the N content 

of body calculated by nitrogen balance, corrected for nitrogen 

losses from the integument, and the nitrogen content at 

hatching of 0,26g (2). The correlation of the two estimates 

in the seven birds for which both balance and body composi- 

tion data were available was very close, r=+0.965, 

(Fig. 9.8). 
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Table 9.4 Logistic curve parameters for nitrogen 
growth in kestrels 

Bird Sex B M A+C t 98% 

1 F 0-195 12-786 8-315 33.02 
2 F 0.250 12,275 8-383 27-99 
3 F 0.228 14-563 8.127 31.66 
L, M o. 183 17-581 9- 030 39.06 
5 F o. 185 14.929 8.887 36-39 

1-5* 0-197 14-302 8-556 34.06 

9* F? 0.2o6 12-307 10-592 31.62 

10 M o. 161 20-554 8.820 45 -00 
11 M 0.112 12-374 9.997 49-53 

13 M 0.220 11.682 9.366 29-70 

15 F 0-158 16.166 10-979 4-1 . 22 

16* F? 0.177 11.810 9.671 34.41* 

19 M 0.208 14.182 8.1*46 33.28 

20* N? 0-313 17-033 6.033 29-37 

others 0-152 13-998 9.503 39.60 

data only available upto 24 days of age, parameters 
therefore represent predictions outside the range 
of dat a. 

common cur ve. 

Mean t98% for all birds for which full data are 

available =3 6.68 + 2.1 99 (10) 
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Fig. 9.7 Growth of body nitrogen in kestrels fed on a mouse and chick diet 
( sample size as in Fig. 8.1 ) 
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Fig 9.8 The accuracy of nitrogen retention estimation from balance measurements and of of heat production measurement by indirect calDrimetry in growing kestrels 
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Fig. 9.9 Variation in respiratory quotient ( RQ ) during growth in kestrels 
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9.3.7 OxygEl-li consumption and heat production during growth 

9-3-7-1 RQ 

The RQ did not differ significantly between diet groups, 

temperatures, or with age. The overall mean was 0.70 + 0.0004 

(226) and the scatter of the points is shown in Fig. 9,9. 

This was within the range predicted for carnivorous birds 

(Appendix 1) but slightly lower than that found in two 

adult kestrels (Chapter 6) for unknown reasons. 

9.3-7.2 Metabolic Intensity 

The relationship of metabolic intensity MI, the oxygen 

consumption per gram of tissue per hour (O'Connor, 1975) to 

age and ambient temperature is shown in Fig. 9.10. In these 

graphs the data for birds in both diet groups are included. 

Computer fitting of the data for the two diet groups, at 

250C UPto 30 days of age, to a double exponential curve of 

the form: 

Y=A+ BR 
t+ CS t (R = e-k't, S=e -kllt ) 

and subsequent parallel curve analysis, revealed that the 

curves did not differ in shape but did so in location. 

9.7 

For M group, 250C, upto 30 days old; 

mi = o. 619 - o. 866 x 10 -4 (o. 864)t + 0.865 x 10-4(o. 864) t 9.8 

For MC group, 250C, upto 30 days; 

MI = 1.048 - 721.85(0.872) 
t+ 721-28(0.873) 

t 

Metabolic intensity was dependent on temperature in 

0- the 25 - 35 '- range until about 30 days of age. Initially, 

at 25 0 Ct MI was lower than that at 350C, but after about 

four days of age metabolic intensity at 25 0C 
exceeded that 

at 350C as the birds started to show a metabolic thermo- 

9.9 

200 

regulatory response. 
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Fig. 9.10 Changes in metabolic intensity with age in the kestrel 
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Peak MI occurred at about 8 days of age when mean 

weight was around 85g. lt rose steeply to this Point from 

hatching then tailed off gradually to a constant level after 

30 days of age. MI did not differ between diet groups nor 

altered with age after 30 days of age. The overall mean MI 

at 250C for birds over 30 days of age was 1.626 + 0.0191 (52) 

w/o 2 
/g/h, which did not differ significantly from the mean of 

1-561 + 0.0324 m/0 2 
/g/h for 30OC- 

9.3-7.3 The relationship of oxygen consumption with age 

The oxygen consumption data for both groups plotted 

against age are shown in Fig. 9.11. Oxygen consumption 

showed considerable variation at each age, and the form of 

the relationship did not lend itself to computer curve 

fitting to produce a model of heat production and age for 

use in the subsequent analysis of energy balance. However 

display of the results in this form was useful in demonstrat- 

ing the peak in oxygen consumption rate occurred at about 

20 days of age. After 30 days of age there were no 

significant changes in oxygen consumption with age and the 

overall mean was then 6-75 + 0.109 mi/min (52)- 

9.3-7.4 The relationship of oxygen consumption with 

weight 

Oxygen consumption correlated very closely with body 

weight in birds upto 24 days of age (peak weight)q and the 

data were computer fitted to simple exponential curves of 

the form: 

Y=A+ Be -kW 

Examination of Fig. 9.12 shows how accurately oxygen con- 

9.10 

sumption can be predicted from weighti compared with predic- 
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Fig. 9.11 The relationship of oxygen consumption to age in growing 
kestrels 
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tion from age (Fig. 

Curx, e fitting and parallel curve analysis revealed 

that the relationship of oxygen consulliption to weiqht did 

not differ significantly between the diet groups. The 

differences in the location of the MI curves (section 

9- 3- 7-, Qj 2) were therefore a reflection of the differences in 

patterns of growth between the groups (section 8.3-1). 

The fitted equation-s for the combined data for both 

diet groups at three ambient temperatures were: 

at 35 0- 
ml/min 0w 

2 "ý 12-9414 - 13-314(o. 996) F= 1796(55) 

at 30 0C ml/min 02 `ý lo. 488 - 11,421(0-993)'ýi F= 440(21) 

at 29 0C 
ml/min 02ý 9-864 - 11-978(0-989)W Fz 2384(40) 

(where W= weight in grammes). 

These curves explained 97.2,96.1 and 98-5ý of the 

total variation in oxygen consumption respectively and 

were thus of powerful predictive value. They are displayed 

for vi-sual comparison in Fig. 9.13. Parallel curve analysis 

revealed that these curves differed both in shape and 

position. The high asymptote of the 35 0C 
curve reflected 

some high oxygen consumption rate measurements at this 

temperature at around peak- weight, when panting was noted 

in some 11-drds. For more accurate prediction of the oxygen 

consumption of birds up to 1509 in weight at 35 0 C, data 

from birds heavier than this were excluded in the derivation 

of the equation: 

xW F=3166 w <150gg 35 0C mi/min 0, = 9.983-10-418(0-994) 

(3,2) 

Data from birds over 24 days old were excluded froa, these 

arialyses because the effect of tile weight recession made 

9.11 

9.12 

9.13 

9.14 

t in,,; t weiqj, t curv the oxygen Consumption aga e- urn down and 
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Fig. 9.13 Comparison of the effect of ambient temperature on the relationship 
of rate of oMen consumption to weight in kestrels upto 24 days old 
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back after peak weight was reached. 

After 30 days old, oxygen consumption did not alter 

with age. The plot of oxygen consumption against weight 

in birds over 30 days of age (Fig. 9.14) revealed that 

weight accounted for some of the variation in the data. 

The relationship was described by the linear regression: 

at 250C ml/min 02=0.246 + 0.026W 1 0-582 

Sb = 0.004 F= 42-73 (52) 

This regression was highly significant but accounted for 

only 46,,, i of the total variation in oxygen consumption. 

The equation was derived from the pooled data from both 

diet groups since separate regressions differed neither in 

slope nor elevation. Further variation was probably due, 

in part, to variation in activity which increased after 

about day 20 when the birds were able to walk and flap 

their wings (Fig. 8.9). The mean oxygen consumption rate 

in birds between 25 and 29 days old (inclusive) was 8.36 

0.192 (7) rnl/min- 

9.3-7.5 Heat production during growth 

The equivalent of 4-72 Kcal heat produced per litre 

of oxygen consumed was used in the estimation of heat 

production (Appendix 1 ), and the daily heat production 

of each bird was calculated from its morning pre-feeding 

weight using the equations derived above. UPto 7 days old 

heat production was calculated using equation 9.1ý, from 

10 days old using equation 9.12, and from 11 to 24 

days old using equation 9.13, From 25-29 days of age the 

mean heat production of 96.8 Kcal/day was used, since there 

was insufficient data to derive an expression relating heat 

9.15 

production to weight or 'age at t))js time. Equation 9-15 
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was used to calculate heat production of birds older than 

29 days at -95 
0 C. The heat production of the birds of each 

diet group calculated in this way are shown in Fig. 9-15- 

9.3-7.6 The accuracy of the heat production estimates 

The accuracy of the heat productiol) figures calculated 

in the manner described above were checked by plotting 

cumulated heat production measured in this way, against 

that calculated: 

ME - RE (equation 1-3) 

for seven birds in which RE was measured by analysis of 

body composition (Table 7-5), RE was corrected for plumage 

losses and energy content at hatching. The correlation was 

high (r =+0.9997 (7)) and the results are shown in Fig. 

9.8. The differences in the estimates of heat production 

amounted to OnlY UPto 5% of the cumulated GE intake, and, in 

most cases, less. 

There was, therefore, good evidence that the predictions 

of heat production from bodyweight were accurate. This 

implied that the rates of oxygen consumption measured over 

relatively short periods (2-3 hours) adequately reflected 

the rate for the whole day. Diurnal variation in metabolic 

rate in ad libitum fed adult kestrels was found to be small 

(section 6-3.6) and Blew (1975) found no diurnal variation 

in the metabolic rates of fed nestling house sparrows. Upto 

20 days of age activity was low and was unlikely to have 

differed in and out of the calorimeter box. Subsequentlyt 

the smaller size of the calorimeter box compared with the 

rearing cages might have restricted activity dýý-irirg the 

oxygen consumption measurements, but there. is no evidence 

that heat production was underestirrated ý, v very much. 



I13 
9.3.8 Energy balance during growth 

The ME intake increased from about 5 Kcal/d at hatching 

to 100 Kcal/d between days 10 and 20 (Fig. 9.15). It then 

fell to a low point at about the time when fledging normally 

occurs (28-32 days) and subsequently remained more or less 

constant at a level of 50-60 Kcal/d. The pattern was very 

similar in the two diet groups. 

RE was calculated by subtracting H from ME. Maximum 

rates of energy retention of 40-50 Kcal/d occurred between 

10 and 20 days of age. Subsequently the rate fell but 

energy balance was still positive (5-15 Kcal/d) upto 50 days 

of age, the time when measurements ceased. This was probably 

due to the deposition of fat (which was considerable between 

24 and 50 days, section 8-3-5) since no further nitrogen 

retention occurred after 30-35 days of age (section 9-3.6.1)o 

The ME efficiency of growth (RE/ME %) was initially 

high, at about 60.6%, and did not fall below 30% until 

around 20 days after hatching (Fig. 9.16). 

9.3.9 Body temperature in growing kestrels 

In Fig. 9-17 the relationship of bodytemperature TB with 

age is shown in birds after exposure to ambient temperatures 

of 25 0,30 0 
and 35 0 C. From this it is clear that young 

kestrels are able to maintain body temperature at close to 

400C (within adult range) at about 5,8 and 11 days of age 

respectively. Bird number 10 deviated markedly from the rest, 

failing to maintain TB near 1*0 C at an ambient temperature 

of 25 0C until about 16 days of age. Plotting T. against 

weiqht brought this bird more closely into line witIl the 

at at an ambient temperature of 250C 
others, and showed th I 
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Fig 9.16 The efficiency of retention of W during growth of the kestrel 
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body temperature could be maintained at close to 4C)()C 

having achieved a bodyweight of about loog (Fig. 

Body temperature in chicks reared in the aviaries bv 

their parents increased from a mean of 37-OOC at one day 

old to 39.8 0C 
at 8 days old. The coefficient Of variation 

(standard deviation as a percentage of the mean) in TB 

dropped from 7.0% at one day old to 1.6,,, at 6 days old 

reflecting the greater thermal stability conferred by the 

increasing body mass azid improving thermoregulatory capacity 

of the brood. 

The temperature of the brood patcli of incubating 

females was found to be 40.7 + 0.50-48), that of the nest cup 

(the surface of the nest-scrape substrate) was 34-7 + 0.37 0C 

(4-1), and that of the nest box was highly variable depending 

on weather conditions usually equal or almost equal to 

ambient temperatures (during the day T 
nest box was 18-5 

0.460C (47)). Although brooding behaviour was not studied 

closely, it was clear that brooding was carried out almost 

continuously by the hen for ten days after hatching then 

gradually decreased, and this is the pattern seen in wild 

birds (Cramp & Simmons, 1980). 

Regressions of TB on age of hand-reared birds over 20 

days old at ambients of 25 0 
and 30 0C were not significant. 

The mean TB Is did not differ significantly between these 

two ambient temperatures and were 40.39 + 0.053 0C (38) and 

40-51 + 0-040 0C (34) at 250 and 300C respectively. During 

the 12 to 20 day old age range TB Is were almost all slirihtly 

below these means. At an ambient of 35 0C body temperature 

was consistently higher in 12-220 day old birds than at 25 

and 30 0C (at about 40.80C), and particularly high tempera- 

tures were recorded in '20-26 day old birds at 350C. TI-. is 
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peak coincides with the second coat of down reaching maximum 
depth, and thermolysis may have been a Particular proLlem 

at this time since the depth of this down coat could not be 

altered by pilomotor control. 

Aviary reared nestlings consistently showed an increase 

in TB after leaving the nest box at about 30 days old. This 

was not apparently due to an increase in level of activity 

and the cause is unknown (Fig. 

9.3-10 Specific lnsulation 

Specific insulation at 25 0C increased linearly from 
02-1 

about 7 C-M . d. Mcal at 3 days, to a plateau of about 

140C. 'm 
2. -1 d. Mcal at 35 days, the age at which body feather 

growth was complete (section 8.3-3-1). At 350C it increased 

02 only slightly with age and was close to 5 C-m . d. Mcal 

throughout the period studied (Fig. 9.19). 

The birds were able to alter their specific insulation 

in response to varying ambient temperature from an early 

age (about 3 days)q and metabolism at 25 0C 
exceeded that at 

300 and 350C until about 25-30 days of age (Figs. 9.10 and 

This implied that after ! >O days of age thermo- 

regulation in the 25-30 0C 
range could be achieved by adjust- 

merit of insulation alone. The finding that specific 

insulation reaches a plateau at around 30-35 days ties in 

with this. Prior to 30 days of age maximising insulation 

was insufficient for thermoregulation at 25 0C 
and after 30 

days further increases in insulation, although probably 

possible, were presumably unnecessary at this temperature. 

In section 4.3.8 the ýE requirement for weiql"t maintenance 

0 
of two 190g birds at an ambient. temperature of IC %va, 
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Fig. 9.19 Specific insulation of the growing kestrel at ambient temperatures of 
25 and 350C 
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-1 almost 50 Kcal/d. This suggests t1lat specific insulatic)rj 

in the adult kestrel can be upto about 350C. m 
2. 

d/Kcal. 

9.4 Discussion 

9.4.1 The metabolisability of the diets during growth 

Decreases in diet metabolisability (ME/GE%) during the 

Course of growth in birds have been found by Sugden & 

Harris (1972), Westerterp (1973) and Kushlan (19'717), but 

otl-lers have found it to increase (Blem, 1973 & 1975; Dunn, 

1975; Cain, 1976)- Sugden & Harris (1972) found that after 

correcting for nitrogen retentiong metabolisability remained 

constant during growth in the lesser scaup. From the 

results of this study, correction of metabolisability for 

nitrogen retention does not appear to account for the 

deviatioii from adult level entirely. Qn was highest in 

birds aged 10 to 20 days, at the time when the organs of 

digestion and assimilation (gut and liver) were relatively 

large compared with those in captive adults (section 8-3.4), 

and it is possible that at this time digestion was actually 

more efficient. The effects of such an improvement in 

digestive ability on energy balance would however be small, 

Qn is only about 2% higher at the most in growing birds 

compared with adults. 

9.4.2 Protein deposition 
% 

The good agreement of the body nitrogen content 

estimates by carcase analysis and by nitrogen L""ance show 

that the balance technique, although laborious, car, be 

accurate. The fact that, using tflis techriqueg protein 

deposition can be monitored : Ln an individual throug-hotit 
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altricial birds. 

The efficiency of nitrogen retention (N retained/N 

intake% falls throughout grourth as an increasing proport J ion 

of the protein ingested is oxidised and excreted. Snow 

(1902, cited in Ricklefs, 1976) found that the body protein 

content of the nestling oilbird, a bird reared on oily fruits 

containing just 3% protein per in the DM, corresponded to 

the total protein intake during the growth period. That is 

protein retention appeared to about 1000, v/ during growth. 

The kestrells diet is protein rich and mucli of the dietary 

protein appears to be oxidised as an energy source both 

in adults and in growing young. 

Peak nitrogen retention (about 0-5-0.6g/d at 12 days 

old) represents about 2.7g/KgO. 75 /d, considerably greater 

than the I. LO/KgO-75/d found by Chwalibog & Henckel (1976) 

in the broiler chicken and the 1.3g/Kg 0.75 /d in the pig 

(Fuller et, al, 1976), as would be expected in a comparison 

between an altricial bird and other homeotherms, in view of 

the difference in growth rate. 

The growth curve of nitrogen in the body lags behind 

that for weight, and 98% of asymptotic nitrogen content 

wa, ý- reached about 35 days after hatching, at a metabolic 

age of about 92 metabolic davs(assuming adult weight is 

0.24 Kg, and age from conception 63 days). The metabolic 

age when development was complete was about 119 metabolIc 

days, similar to the age at which mature weight is reached 

in some precocial birds (Fig. 

Fisher (1980) fitted Gompertz curv-es to protein growth 

data from var: inus studies of growth in domestic fowl. 

From the constants given in his paper, tý, e metal-olic age 
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zit which 98% of as-vtnptotic Protein growth is reachod 

C) 7 (defined as Op = t. Ap- I, where t is a, ie in days from 

start of incubation and Ap is asymptotic protein content in 

Kg) varies from 142 to 266 metabolic days in domestic fourl 

(181 + 17.3 (8)). The kestrel appears to reach 989ý of 

asymptote of protein grourth in 134 metabolic days (Op). 

The wide range in @p to maturity in domestic fowl may be 

partly due to differences in nutrition between studies 

(Fisher,, 1981), but the accuracy of the estimates are 

highly dependent on the accuracy of the estimates of Ap. 

In one study (Wilson, unpublished cited in Fisher, 1981), the 

estimates of Ap agreed well with adult protein content and 

in this study Op at 98% protein, maturity was 144 in males 

and 142 in females. Thus scaled for differences in size, the 

time taken to reach adult protein content in the broiler 

appears close to that in the kestrel. 

9.4-3 ME intake of captive versus wild kestrel. chicks 

There is very little data available on the food con- 

sumption of wild kestrel nestlings. Cav4 (1968) estimated 

from direct observations of prey items delivered to the nest 

that each 10C)g of nestlings required 45-54g/day of common 

vole (Microtus arvalis) to promote a 15g/day increase in 

weigbt. Tinbergen (1940) estimated that a mean of 13.3 

voles were consumed by a brood of three and the hen parent 

during the period 10-20 days post hatching. This must 

represent an intake of about 85 KcalýE per bird (see section 

7.4) which is not much less t1han the ad libitum intakes of 

the hand-reared birds in this stildy. The of the 

grow-th curves of the hand-reared birds and those puLlished 
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by Cavi5 (1968) sumle-st that the growth of these wild nestlinos 

was not limited b-,, food availability. This may not always 

be the case however since the nestling kestrels studied by 

Korpimaki et al (1979) peaked at lower weights than those in 

this study. 

It can be estimated that the number of voles required to 

match the ME intakes of the hand-reared birds rises to about 

per bird per day using the logic applied in section 7.4. 

Op For a brood of 6 young wbich is not uncommon (Cave*, 1968), 

the parents may therefore have to provide upto 24 voles per 

day or the equivalent in other prey items, to young aged 10 - 

20 days. 

The compositions of the diets used in this study were 

probably close to that eaten by wild kestrels. The adult 

vole (Microtus arvalis) has uP to 50% fat in the drv body 

(16Q/o liveweight), that is a fat index (fat/LD) of upto 1.0 

(Drodz et al, cited by Jagosz et al, 1979)- Dry matter 

energy values found by Gorecki (1965) of 5.1 - 5.4 Kcal/g 

suggest that fat indices are generally lower than this. 

Caldwell & Connel (1968) report fat indices in the old-field 

mouse ranging from 0-05 to over 0.6, but mostly around 0.3. 

The diets used in this study had fat indices of 0-36 and 0.34 

for M and MC diets respectively. Brisbin (1970) found fat 

indices in laboratory mice were age dependent and averaged 

0.9 in mice of 4g or over. This illustrates the fact that 

large differences in body comPos't'on can occur between 

laboratory strains. 
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9.4.4 Thermoregulation. during growtil 

The development of the ability to Maintain body tempera- 

ture at above ambient levels is associated with decreasing 

volume to surface ratio, increasing insulation due to down 

and feathers, and to increasing capacity for thermogenesis 

(King & Farner, 1961). The "age of homeothermy" is defined 

by E. K. Dunn (1975) as ".. the age at which individual 

nestlings can keep their body temperatures at least 75% as 

high above an ambient temperature of 200C as an adult after 

some period of exposure". In fact if ambients of 150 or 

250C are chosen this makes a difference of only upto one 

day (E. K. Dunn, 1975). In the kestrel the age of homeo- 

thermy would appear, by this definition, to be about 6 days 

old, which is relatively early compared with other species 

reviewed by E. K. Dunn (1975) and it seems that non- 

passerines may show a metabolic response to cold relatively 

earlier than passerines (Marsh, 1979). Effective homeothermy 

may be attained before this in broods (rather than in 

individuals to which measurements in this study refer) due 

to huddling behaviour. The nest temperature measurements 

and the body temperature of the parent-brooded young 

suggested that their net thermal environment was similar to 

that in the artificial brooder at ambient temperatures of 

30-350c - O'Connor (1975d) found that the nestlings of several 

passerines would in order ta maintain body temperatures 

at below adult levels in the early part of growth, so the 

low body temperatures seen in the kestrels prior to davI 

may not imply a failure to be able to achieve adii)t tci--; ýE-rature, 

but a different set-poirt. 
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Wild nc,! ztlinqs are brooded more or les-S continuousiv 

by the female for 7-10 days. Subsequently they are able to 

maintain homeother-mv ajjj cari be left unattended thus releasing 

the female to assist the male in foraging (Brown, 1976; Cramp 

& Simmons, 1980). At 6 days of age, growth of the second 

down coat has only just started so that homeotherrriy must 

depend on the increased size (and therefore decreased surface 

area to volume ratio) and on improved thermogenesis, although 

there mav also be an ability to reduce the conductivity of 

the surface tissues by vaso-constriction. Thermogenesis in 

response to cold is achieved by shivering and must develop 

in parallel with developing mu-sculature (O'Connor, 1975a), 

and by 8 days of age the pectoral and leg muscles have 

increased in weight by 6-8 times their weight at hatching 

(Table 8-3)- 

Specific insulation at 25 0C increased gradually to a 

plateau at about 35 days of age, and did not show any rapid 

changes that could be attributed to development of the 

plumage. The thick down coat of 20-30 day old birds covered 

the vascular parts of the growing quills, and as shown in 

Fig. 8-5 the vascular parts of the growing quills never 

protrude through the down, which grows ahead of them, and 

must act to prevent heat loss from this source. Eyasses 

of 20-30 days old were noted to pant after short bouts of 

exercise (for example after struggling when handled) and 

it seemed that the inability to reduce the thickness of the 

down coat by pilomotor control in the way an adult can smooth 

down its plumage, required that the birds resort to panting 

for thermolysis. 
0 

The constancy of specific insulation at 35 C throughotit 

growth provided good indication that this ambient temperature 



wcts, within the thermoneutral range. At arour,, d peak weigil-it 

(24 days) 35 0C 
may even have been slightly above thermo- 

neutral (section 9-3-7.4). The cost of thermoregulation at 

25 0C 
and 300C in birds below 25 days in age at anNr weight 

can be calculated from equations 9.11,9.12 and 9-13. Thus 

the cost of thermoregulation at 25 0C for a bird of weight W 

is: 

Hth": 90.47(0.996) w- 81-43(0.989)w - 20.93 

where W is in grammes, H 
th 

is cost of thermoregulation in 

Kcal/d, and where heat production in Kcal/d has been 

calculated by multiplying the rate of oxygen consumption in 

ml/min by 6-797- 

Using this expression the estimated cost of therwo- 

regulation in the MC fed birds was calculated from the mean 

bodyweight for each day during growth and is shown in Fig. 

9.15. The estimated total cost of thermoregulation during 

growth uPto 30 days of age in these birds was 171 Kcal, 

which was 8-3% of the ME intake (NIE intake uPto 30 days was 

2050 + 169 Kcal (5)). 

To what extent this resembles the thermoregulatory 

costs of wild nestlings is unknown, although there is 

evidence (cited above) that at least upto 8-10 days of age, 

parent reared birds are in a net thermal environment 

0 
comparable to artificial brooding at 35 C and may therefore 

9.16 

be within the thermoneutral range. After this, when brooding 

stops, huddling may reduce thermoregulatory costs, so that 

0 
even at amLient temperatures below 25 C which probably 

predominate in field conditions, the costs of thermonenesis 

may be small. 

222 
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Whether ad libitum ME intake could increascý in response 

to lower ambient temperatures than those used here in order 

to maintain the same rate of growth remains to be seen. The 

possibility that there is an interspecies limit to ME intake 

and that these birds may have been eating at that limit is 

discussed later. 

9.4.5 Predicted Basal Metabolism 

Mature kestrels fed on mice were found to utilise ME 

with an efficiency of 0.83 following a change in the plane 

of nutrition (section 6.3-4); that is, the heat increment of 

feeding was 17% of the ME intake. Taking 0.83 to be the best 

available estimate of Kf and Km, the basal metabolism during 

grow-th was calculated. First H at th, err-loneutral ambient 

temperature (35 0C upto, 24 days of age and 25 0C subsequently) w 

was calculated, for each day during growth, from the mean 

weight. data for the MC fed birds from equations 9.11 and 

9-13- Subtraction of H from the mean ME intake then gave 

estimates of RE at thermoneutrality. 

Predicted basal metabolism was calculated: 

F1 = 0.83 (ME - RE/0.83) (after equation 6-5) 9-17 

F1 rose steeply from about 3 Kcal/d in birds of less than 

days of age to a peak- at about 44 Kcal/d at 24 days of age, 

after which it fell to 35 Kcal/d. and remained more or less 

constant (Fig. 9.20). 

F1 was found to correlate closely with weight through- 

out growth upto 50 days and the relationshiP was adequately 

described by the linear regression: 

(44) 0-779 + 0-149 w 
-+ 

1*"03 

Sb = 0.003, F= 2417 (W in g) 
g. 18 
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Fig. 9.20 The relationship of predicted basal metabolism (FI) to age in 
kestrels hand-reared on a diet of mouse and day-old chick 
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The curvilinear pattern of the relationship of H to 

weight could thus, be interpreted as due to changes in IIIF 

associated with changes in ME intake duriiig grourth added 

to the bas-al comporient of metabolism of about 0-15 Kcal/g/d 

(Fig. 9.21). This is equivalent to a constant basal 

metabolic intensity of about 1-35 ml oxygen consumed per 

gramme per hour. The hump in metabolic intensity demonstrated 

in Fig. 9.10 can be attributed to the heat increment of 

feeding and to metabolic thermoregulation. 

Since the predicted basal metabolism was apparently 

a constant function of W 
1.0 

1 

(Log Fl = -0-8383 + 1.0098 Log W, Sb = 0.018 9.19 

and therefore; Fl = 0-145 w 1.01 ) 9.20 

the relationship of RE to ME was investigated by plotting 

these parameters against one anotber after scaling for 

differences in bodysize by dividing by W 
1.0 

rather than 

by W 
0.75 

as proposed by Lofareen & Garrett (1968, and see 

section 1.2.2-5). The relationship found was: 

RE = 0-79ME - 0-14 + 0.019 (45) 

Sb = 0.012, ) F= 4711 9.21 

The efficiency of utilisation of ME then appeared to be 0-79 

and predicted basal metabolism (when ME = 0) was 0.14 Kcal/g 

bodyweight/d (Fig. 9.22). 

It is interesting that true maintenance metabolism in 

immature cattle has also been found to be related to W 
1.0 

(Taylor, 1970), although to what extent this result in 

1.0 
cattle corresponds to the linear relationship of P to 

found here for kestrels, is open to speculation. It must 

be remembered tl-Lat F1 is a concept which has no clear 

physs. io logical basis arid its magnitude depends upon the 

values assumed for thc constants used in its calculation. 
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Fig. 9.22 The relationship of ME intake per gramme of bodyweight to retained energy per gramme of bodyweight during growth of the kestrel 
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Fig. 9.23 The relationship of ME intake per unit of metabolic weight ( Kg 0.75 ) 
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kestrel 
300 - 

UIN rl- C1, de 
0 

. 01 

200 
CO 00 U #4 

do 

011(5 
49 Cn 100 y=0.75x - 43.7 1-7 days old o 

11 -24 days old 9y=0.90x - 131.1 
Ole 

04 "io 

100 200 300 400 500 
CL) 0.75 A) Ce ME intake ( Kcal/Kg 

( in Figs 9.22 and 9.23 retained energy is estimated for thermoneutral 

conditions; see Section 9.4.5 ) 



227 
At 50 days post-hatching the mean weight of four MC fed 

kestrels was 240g. Mhm for raptors of this weight is 
typically 42 Kcal/d (110 Kg 0.68 

I; equation 4.4), and if Km 
0-83 then FMR is likely to be 35 Kcal/d. This is almost 

exactly equal to the value of F, calculated from the energy 
balance data (Fig. 9.20). At 50 days of age the quantity 

FI/0.83 accurately reflects MEm on an ad libitum diet. 

Whether F'/0-83 gives an accurate estimate of true mainten- 

ance heat production at earlier stages of maturity in 

inunature kestrels is not known. Broadly, F1 is associated 

with changes in live protein content of the body. Both 

reach a peak at around 24 days after hatching then decline. 

The live protein content of the body (that associated with 

water) falls as that in the plumage is converted to dead, 

dry keratin (Table 8.2). 

A further point of interest is that, expressed per unit 

of metabolic weight (Kg 0-75 ), F1 shows a marked increase 

from about 6o Kcal/]KgO-75 /"d to about 100 Kcal/K90-75 /d 

between 7 to 10 days after hatching. This may reflect a 

fundamental change in metabolism associated with the develop- 

ment of endothermy. 

As described in section 1.2.2-5, FMR in cattle during 

growth is found to be related to weight in a curvilinear 

fashion, whilst the relationship of Fmin (basal metabolism 

under true maintenance conditions) to weight is linear. The 

magnitude of the work of growth, FMR - Fmin (Taylor, 1970; 

Webster, 1978) is related to the degree of maturity. When 

basal metabolism of the growing kestrel is predicted as 

described above, it does not show any clear work of grourt. 1, 

component. F1 a- a function of bodyweight did not alter 

with stage of maturity and at 50 daY5; of age was cor-parable 



228 
with th, )t of adults in energy balance on an ad libitum diet. 

However, during growth, F' did rise above adult level reaching 

a peak at about 24 days of age. This was in Parallel with 

the increase in bodyweight above adult level and, as mentioned 

aboveg associated with above adult levels of live protein. 

Liver weight, in particular, was markedly above adult level 

at this time (Table B-3). The rise in basal metabolism 

relative to bodýweight that a relatively large metabolically 

active organ such as the liver might be expected to have 

caused may have been masked by the concurrent high body- 

weight due to above-adult water content (Fig. 8.8). 

Ricklefs' (1974) observation that BNR in altricial birds 

reaches a peak above normal adult level (section 1.3-5) mav, 

be due to a general condition in altricial birds of a 

relatively large live-protein content shortly before fledging 

when, although peak weight has been attained, plumage develop- 

ment and protein growth may still be continuing. Higher-than- 

adult BMR and bodyweight can be interpreted as manifestations 

that the organism is working for growth. 

Regardless of the physiological significance of F', the 

finding that it is related to weight enables formulation of 

a simple predictive model of heat production in the growing 

kestrel: 

H=0.155 W+0.27 ME (w in grammes) 

Furthermore, knowing growth rate and the energy density of 

tissue deposition, a model of the ME requirements for normal 

growth can be developed (see Appendix 

9.4.6 The efficiency of tissile deposition 

In the abo,,,, e calculatic)" of F1 a value of O. R3 was 

21 

assumed for Kf, since this figure descl-ibed the efficle"cY 
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of utili-sation of Mh ahove maintenance in adtjltý'. In the 

adult energy is predominantly retained as fat but in the 

young animal a large proportion is retained as protein. 

The efficiency of protein deposition is generally accepted 

to be lower than that of fat. Can any conclusions be 

deduced from the data about the efficiency of utilisation 

of ME above maintenance in growing kestrels? 

In a growing animal MEm and Kf are artificial concepts 

but are, neverthelessi useful descriptive terms enabling t1je 

comparison of the energetic efficiency of groiý; -th between 

animals. MEm cannot be estimated from energy balance data 

unless a value for Kf is assumed and vice-versa. To 

estimate the cost of tissue deposition for comparison with 

other animals, the energy balance data were examined in 

two ways. First the cost of tissue deposition was calculated 

and MEm estimated by subtracting this from the RL intake 

, 1974 used this method to estimate MEm). Secondly, (Ricklefs, 

MEm was assumed to be a constant function of Wo-75 and 

RE/Kgo- 
75 /d was plotted and regressed against INE/Kg 

0.75 
Ild 

to estimate the magnitude of MEm and to examine the relation- 

ship of RE to IME above maintenance. 

The efficiency of protein deposition has been calculated 

in a number of studies at between 0.85 and 0.34 (Buttery & 

Boorman, -1976; Kielanowski, 1976). There is less variation 

in the published estimates of the efficiency of fat deposition, 

with values ranging from 0.83 to 0.63 (Buttery & Boormant 

1976). The energy deposited as protein was calculated from 

the daily nitrogen retention data (Fig. 8-5), and subtracting 

this from the total RE (RE = ME-H) gave tho energy deposited 

as fat. The cost of the tissue deposition in the growing 

kestrel was then calculated using the finures of Pullar &- 



Webster (1977) of 0-74 arid 0.44 for the efficiel, cies of 
deposition of fat and protein respectively: 

cost of tissue deposition = RE 
P 

/0-44 + RF-f/(). 74 9.23 

Estimated in this way, the cost Of tissue deposition in the 

first 7 days would have exceeded the ME intake. These 

figures for the efficiency of deposition must therefore be 

00 1 ow. 

The theoretical efficiencies of protein and fat synthesis 

from dietary protein arid fat are 0.85 and 0.99 respectively 

(Millward et al, 1976a). The minimum possible cost-s of 

tissue synthesis were estimated as above using these figures: 

cost of tissue synthesis = RE 
p 

/0-85 + REf/0.99 9.24 

This estimate of the cost of tissue synthesis was then 

subtracted from ME intake to obtain an estimate of MEm 

assuming, for the time, that these efficiencies of synthesis 

reflected actual costs: of deposition. The costs of thermo- 

regulation, calculated as described in section 9.4.4, were 

subtracted from the estimate of NIEm to yield PIEm at thermo- 

neutrality. Thus; 

MEm = I& -H th - (RE 
p 

/0-85 + RE/0-99) 9.25 

Calculated in this way, IMEm must represent the upper limit 

possible with maximum efficiencies of synthesis and neglig- 

ible costs of deposition. This estimate of IMEm was found to 

0.75 
be an almost constant 145 Kcal/Kg /d from 7 to 26 days 

after hatching. 

This estimate of MEm was almost exactly the same as 

that derived using the method of LADfgreen 8- Garrett (1968), 

of plottirig RE against ME, both scaled to metabolic weigl7t. 

Estimates of RE at thermoneutrality regressed on mean ME 

intakes of birds aged 11 to 3(,, days vielded the e,,, i-jatjon 

(see Fig. 9.23): 
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RE (Kcal/KgC)-75 /d) ý: 0-901 ME - 131 4 8.44 (14), 

Sb = 0.0351t F= 659. 

for the MC fed group. Y'Em, the ýT, value when RE = 0, was 

145 Kcal/Kg 0-75 /d and the efficiency of utilisation of ME 

(the slope of the line) was 0.90. 

There is therefore a case that the efficiencies of fat 

and protein deposition in the kestrel are high, certainly 

higher than those found by Pullar & Webster (1977) in lean 

and fatty Zucker rats, and the traditionally accepted values 

(Kielanowski, 1976). Even when ýEm was estimated in this 

way from energy balance data, assuming maximum efficiencies 

of tissue synthesis and negligible costs of deposition, it 

was still lower per unit metabolic weight during the initial 

period of ectothermy than normal for adults. 

The apparently highly efficient deposition of tissue 

in the kestrel may be due to the nature of its diet. First, 

the biological value of animal protein is high and it is 

9.26 

probable that it can be used efficiently for grow-th. Secondly, 

the efficiency of synthesis of fat from dietary fat is greater 

than from dietary carbohydrate (Millward et al, 1976a), and, 

Of 
compared with the diet sA more commonly studied laboratory 

animals, the kestrells, food contains very little carbohydrate. 

9.4 . '7 The energetics of rapid growth 

In Fig. 9.24 the ME intakes and beat production per 

unit metabolic weight (Kgo' 75 ) of a number of species of 

birds and mammals are plotted against degree of maturity 

(weight/adult weight). Weight is a poor index of maturity 

in some birds and it would be unwise to read too much into 

the relationships of ýE irtaRe or H to specific stages of 
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Fig. 9.24 Changes in metabOlisable energy intake and heat Production per unit metabolic *eight ( kqO- 75) during the course of growth in some homeatherms 
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maturity in these diagrams. In this, section I'm[: intak,, 
-ý" end 

"heat production" indicate ýE and H per KgO-75. 

It is clear that rate of ME intake is not linked to 

growth rate in a straightforward way. The house martin and 

starling both have low ME intakes but are rapidly growing 

altricial birds -ohereas the black-bellied tree duck and the 

lesser scaup have a precocial mode of development and grow 

more slowly and yet have higher ME intakes. The major 

energetic factor determining rate of growth is, of course, 

the amount by which ME intake exceeds heat production, and 

rapid growth is possible over a wide range of ME intakes so 

long as heat production is considerably lower than ME intake. 

There is a fairly clear tendency for altricial birds 

to have lovký rates of heat production, particularly in the 

early stages of growth, whereas in precocial birds and 

mammals heat production is relatively high initially and 

either reirtains constant or falls during growth. As with ME 

intake, absolute rates of beat production vary from species 

to species. 

Mayer (1948) showed that gross efficiency of growth 

(RE/GE %) was, for a variety of animals, about 35% at the 

start of growth, and referred to this as "Kleiber's Law". 

If Q is tvpicallY 75; - then in mammals RE/ME is about 47, o, 

In altricial birds gross efficiency is initially greater 

than this due to the high ME intake relative to heat produc- 

tion (Fig. 9.25)- 

The ME intakes of the kestrels in this study are among 

the highest found in any animals, and it appe., rs that there 

may be an interspecies lit'llit tO ýL intake at about 400 

Kcal/Kg 
0.75/d (see Tal)le 905). The kestrel arid some of the 
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Fig 9.25 The efficiency of utilisation of &f for growth in some homeatherms 
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other species shown in Fig. 9-03 May therefore he il)gestinq 

eriergy at a rate close to the maximum physiologically possible. 

T! -, e low rates of heat production seen in altricial birds 

can be ascribed to initial ectothermy4 low costs of thermo- 

regulation and activity andq at least in the kestrel, low 

HIF. Predicted basal metabolism during growth in the kestrel, 

as estimated in Section 9.4.5, is initially very low, and is 

shown, expressed per unit metabolic weight, in comparison 

with F1 in two strains of cattle in Fig. 9.226 (see also 

Fig. 1.2). 

It appears that the ability to keep heat production to 

very low levels is thus a major factor enabling rE%ipid growth 

in altricial birds and that, in achieving this, some species 

are able to grow rapidly even on relatively low intakes. 

The house martin is the most striking example. 

Dunn (1980) examined energy budgets for five species 

of birds during growth and concluded that energy intake, 

standardised by dividing by BNR, was variable and that 

partition of the fraction, ME-BMR, differed widely even 

between species of the sa-me developmental mode. The findings 

in this study suggest that the magnitude of BMR is also 

subject to adaptive variation and that this is an important 

factor in variation in growth rate. 

Case (1978) found that the evolution of endothermy was 

a major factor in allowing the development of rapid growth 

rates in terrestrial vertebrates. It appears that further 

increments in growth rate have been achieved in altricial 

birds by the subsequent e. volution of initial ectotherry. 

Young altricial birds are capable of ingesting energy at a 

rate typical of endotherms wi, ilst ý, eeping hPat prPdUction 
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Fig. 9.26 A comparison of predicted basal metabolism during growth in the 
kestrel and two strains of cattle 
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lower than that tv ical for 
.I 

parental brooding behaviour 

nests has enabled young alt 

temperatures close to those 

production. 

endotherms. The evolution of 

and Of building well-insulated 

ricial. birds to maintain bo(j,, r 

of adults inspite of low heat 

Why precocial birds should grow more rapidly than 

mammals is less clear since there appears to be no striking 

difference in the patterns and levels of ME and H during 

growth between these groups. It may be that some of the 

apparent difference in time taken to mature is due to 

inadequate definition of the age of maturity. Taylor (1965) 

defined the age of maturity in manunals as that point when 

98% of asymptote of a curve fitted to weight data was achieved. 

Some mamjjjals, for example rats and sheep (Blaxter, 1976), when 

fed ad libitum, appear to continue increasing in weight after 

the initial sigmOid growth phase is complete. The values 
Of 

found for asymptote and the time taken to reach 9NA asymp- 

tote therefore depend on the selection of the data to w1hich 

the growth equation is fitted. A more fundamental index of 

maturity than weight relative to adult weight is certainly 

required for comparisons between altricial birds many of 

which show weight recession in the later stages of grourth. 

An index based on protein growth might prove more suitable 

but the measurement of protein growth to maturity is a time 

consuming and laborious task. Until a better index of 

maturity is availableg apparent differences in time taken to 

mature based on weight data should be treated with some 

caution. 

The wide variety of ME intake and heat prodiction levels 

which apparently occur in nimals (Fig. 9.24) L suo t"I"t 

both MI-1, and H are genetically kariable, within limits, oid 

.4 
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are not rigidly related to mode of development and rate of 

growth. It appears that each species adopts an appropriate 

energy intake and output strategy in order to provide energy 

for growth at the required rate, and that this rate is not 

wholly limited by energetic constraints (though in some cases 

it may be) but by some other underlying mechanism. 

9.4.8 Growth rate, metabolic rate, bodyweight and mode 
of development 

Ricklefs (1968 & 1973) considered that the similarity 

of the exponents relating adult body size to grourth rate and 

SMR suggested a link between growth rate and metabolism, but 

was unable to provide an explanation. Case (1978) also felt 

that the reason why growth rate and metabolic rate vary with 

body size at roughly the same rate was "not at all obvious". 

An explanation is advanced here. 

The time tl taken to reach a given percentage of mature 

weight is proportional to the 0.27th power of adult weight A 

(Taylor, 1965; Ricklefs, 1968); 

t' = c. A 
0.27 9--27 

The growth rate constant B of equations fitted to growth 

data is inversely proportional to t', so that; 

B=c,. A-0-27 
9.28 

Absolute growth rate (g/d) is proportional to BA; 

g/d = x. BA 
9.29 

where the value of x depends on the stage of maturity u 

(W/A) Sujstit. utij-ýg for B; 

g/d = x'* AO . 
73 (where xI deperds on u) 0.30 

Absolute growth rate is therefore proportional to the 

0. '., '3 power of adult weiqhto 
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Scaling the rate of ME intake durinq grouth by di,,! -jd7, -Ig 

by the 0-75 power of weight (or WO-773 which is practically 

the same) appears to adequately account for differences in 

intake due to adult size Variation between species (and 

expressed in this way the mean ME intake is around 300 

Kcal/Kg 
0-75/d 

when u=0.51 Fig. 9.24). This suggests that 

ME intake at a given stage of maturity is in fact a function 

of the 0-75 power of weight. 

The initial efficiency of retention of MF in mammals 

is independent of body size and is more or less constant 

I- species (Mayer, 1948; Kleiber, 1975). Another wav 

of looking at this is that maximum rate of energy intake 

is a more or less constant function of BMR, BMR thus being 

an index of the capacity for work (Ricklefs, 1974). if 

then RE is a constant proportion of ME intake at a given 

stage of maturity, then the rate of energy retention must 

also be a function of W 
0.75; 

thus initially, RE may 

approximately equal 100 Kcal/Kg 
0-75 /d. if the energy 

density of tissue growth is 2 Kcal/g then initial grow-th 

rate will be; 

g/d = 50 W 0.75 

or, generally; 

g/d = k. W 0.75 

if tiiis is so, then; 

g/d = W. A 0.75 

(W in Kg) 

(for a qiven value of u) 

(for a given value of u). 

Ignoring the slight difference in the value of the 

exponent of adult weightl this theoreticzjIly derived 

expression (equation 9.33) is identical to that found in 

practice (equation 9.30)- Thus, if '41h intake and heat 

production are roughly constant fuý, jctj, -)jjs of A 
0.73 

at each 

9.31 

9.32 

9.33 
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Stage of' maturity (aýs- are when u then growth 

73 rate must also be a function of AO' iI and the time taken 
0. to mature must be a flinction of A 

An illustration of the wav in which metabolism cind 

growth rate vary in parallel with a function of bodyweight 

has been provided in a recent paper by Drent & Daan (1980). 

ME intake was found to be linearly related to growth rate 

(g/d) in half-grourn altricial birds; 

g/d = 0-17 ME (ME in Kcal/d) 

This relationship is an inevitable consequence of both ME 

and MEm being more or less constant functions of metabolic 

weight. 

Although considerable va-riation in groi-,, th rates is seen 

within the groups; altricial birds, precocial birds and 

mammals, generally altricial birds grow fastest, mamý, -Ials 

slowest, and precocial birds at an intermediate rate. At 

a given stage of maturity we should expect that RE is a more 

or less constant function of metabolic weight within, but 

differing between these groups. it is interesting that 

whilst this quantity, which is ME - Hq is expected to be a 

roughly constant function of metabolic weight at a given 

stage of maturity within these groups, ME intake is clearly 

not (Fig. 9.24). . ', Itricial growth rates occur in some birds 

Ingesting about 400 Kcal/K_q 
0-75 /d and in others ingesting 

about half that amount. Obir-iouF-ly a greater proportion of 

the intake is utilised for maintenance in those with high 

intakes than in those with low. it appears that ME intaLke 

75 
is adjustable (upto a limit of about 400 Kcal/hIc 

0. /d) sr, 

that growth proceeds at tM- rate dictated by developm, --, nt, ý: l 

9.34 

mode inspite Of t"' of thr- viaintenance 
I- 



24 
(),, 75 However, although 400 KcF-1/1,9 ' /d may bu ar, ultilmc, ýe 

limit to ME int. ake, if the capacity to do work- i.,, dependent 

on the metabolic "tuning" of the animal, of which basal 

metabolic rate is an index (i. e. if sustained ME intake is 

about four times MR; e. g. Kleiber, 1975; Drent & Dean, 

1980), then birds with low rates of basal metabolism may 

lack the capacity to inetabolise intakes as great as 400 

Kcal/Kg 
0.75 /d. In some small growing altricial birds the 

relatively low rates of ýE intake and basal heat production 

(the latter being implied by their low rates of beat 

production when fed, Fig. 9.24) may reflect that metabolism 

is relatively tuned down. 

It is hypothesised that within the possible limits 

outlined above, ME intake largely reflects the combined 

"pull" of maintenance and growth, the demands of the latter 

being dictated independently by genetic constitution which 

in turn reflects adaptation to enviroi-unental pressures. 

If rapid growth was always an advantage and was con- 

strained by the limits of ME intake and maintenance costs 

then we would expect ME, intakes to be maximised in all 

species and that the difference in growth rate between 

altricial. birds, precocial birds and maimnals would be 

reflected in clear and consistent differences in ME intake 

and maintenance costs. This is not what is found (Fig. 9.24). 

Those mammals and birds with low maintenance costs fail to 

maximise ME intake and thus exceed the growth rates typiCal 

of their developmental mode. In cases where animals have 

been persuaded to increase their food intake the result has 

been an increase in fat deposition vi th little cliange to 

rate of protein groiNth. It appears th, -, t rate of energy 

intake is not the u-, ain limit to growti, ratc* 



Altricial birds have low rates of hcat production 

during growth and rapid growth rates. It may be that these 

are reflections of an underlying metabolic phenomenon that 

affects both. For example, if the rate of protein breakdown 

was relatively low in' growing altricial birds compared with 

other homeotherms, then since beat production is apparently 

related to the rate of protein sýrnthesis (Millward et a], 

1-976a; Waterlow & Jackson, 1981), maintenance heat production 

(when rate of synthesis equals rate of breakdown) would be 

reduced and net protein synthesis rate would be potentially 

greater. 
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10. Sumnliary 

1. Sexual dimorphism in weight in wild kestrels outside 

the breeding season was small; mean weights were 202g for 

males and 206g for females. Prior to egg-laying females 

increase in weight. The rate of weight loss during starva- 

tion in the kestrel arid other raptors can be estir., iated at 

26g/Kg 
0.73 

//d. 

2. The metabolisabilities of diets of mouse, day-old chick 

and locust fed to kestrels were 77.8 - 80.1%, 71-3'/, ') and 

77-5',, respectively. Metabolisability did not alter 

significantly with level ol -2 MEm. The ' ME intake from 0-5 

maintenance requirement of kestrels was close to the mean for 

all raptors for which data is available at 109 Kcal ME/Kg 
o. 68 /d. 

There was no significant difference in MEm between sexes after 

accounting for differences in size. Ad libitum intake was 

observed to be higher than that required for weight mairýtenance 

at weights close to the means found for wild birds. 

The heat increment of feeding in adult kestrels uras 

found to be about 1796 of 1'aý intake above and below maintenance 

during a period of 5-7 days following a change in level of 

intake. The energy content of tissue gain or loss was 

estimated to be about 6-7 Kcal/g. Heat production in adults 

at energy balance was vari able depending on bodyweigI t and 

previous nutritional history. 
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4. Yourn free-fl-ving kestrels (39-5ý, days of age) had a 

mean IME intake of about 60 Kcal/d whilst weiqht remained 

almost constant. The time sijerit in flight by a kestrel rýf 

the same age and under siwilar conditions varied from --. -I to 

14.8', '. in two extended periods of observation. 

5. The pattern of weight increase of hand-reared kestrels 

fed ad libitum was close to that of wild birds. Peak weight 

of about 2960g was achieved 21-25 days after hatching then 

fell but remained fairly constant at around 240g from 3ý1, to 

50 days of age. Protein accretion ceased at about 35 days 

after hatching, but flight feathers continued to grow until 

about 50 days of ace. Fat deposition also continued after 

peak weight had been achieved. Gut and liver weights during 

growth exceeded those of adults, and these organs developed 

relatively early. Skeletal growth appeared complete at 

about 24 days of age. The pattern of development was 

consistent with a strategy permittin, 7 a high rate of food 

intake with low energy expenditure. 

After allowing for differences in size, the kestrel 

was found to attain maturity considerably sooner than the 

domestic mammals. Peak weight, nitrogen balance and plumage 

maturity were achieved at aoes of 75,93 and 115 r-. ietabol-Ic 

days respectively, compared to over 400 metabolic days to 
I- 

reach 98% mature weight in domestic mammals (metabolic aq-e 

t.. ý-0.27 , where t is age in days from concertion a, ýd A is 

adult weight in FnI, Taylor, 19,9PC)/, 



2L6 
At ari ýkiil)lellt temperature of 25cCl kestrels were found 

to be capable of Inaintaining adult body temperature levels 

when a! )out 8 days old. Endothermy was achieved with the 

development of a metabolic thermoregulatory respon. oze and the 

9rowth of a second down coat. 

8. Energy and nitrogen retention during growth were 

estimated I-, alance techniques and the results found to 

correspond closely with body composition analyses. 

During growth, digestive efficiency, as indicated by 

diet metabolisability, was close to that in adults. 

Assuming the heat increment of feeding to be IT, of ME intake, 

basal metabolism was estimated and found to be closely 

relatecl- to body-weight to the power of 1.0, from hatching to 

50 days of age, at about 155 Kcal/Kg/d. Prior to attainment 

of endothermy this represented about 60 Kcal/Kg 
0-75 /d and 

subsequently about 100 Kcal/Kg 
00 75 

d. 

10. During growth ME intake reached a peak at about 400 

Kcal/Kg 
0.75 /d. This appears to be a maximum intake rate 

among homeotherms. Compared to mammals and precocial birds, 

beat production scaled to metabolic size, was low so that 

a large proportion of irgested energy was available for 

growth. Jrterspecies comparison of INI" intake and beat 

production durin, -, growth suggested that the evolution of' 

the physiological changes that a low rate of heat produc- 

tion reflects may have been of major it-iiportance in enalýling 

rapid growth. 
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Proposed further work 

The strikin- feature of the energetics of growth of 

altricial birds is their relatively low rates of heat 

production and thus efficient use of ingested enerav for 

growth compared with other homeotherms. The partition of 

energy for thermoregulatory heat production and activity 

in a nestling is generally low, but the same is true for 

many slower growing domestic animals reared in intensive 

systems. Heat production is related to rate of whole-body 

protein synthesis (Waterlow et al, 1978) and it may be that 

altricial birds have lower rates of protein synthesis 

relative to bodyweight than slower growing animals. Since 

protein deposition relative to bodysize proceeds at a greater 

rate than in most domestic livestock, this would imply a 

marked difference in the ratio of protein synthesis to breal,, - 

down, that is, in turnover rate. Steps are being taken in 

this laboratory to develop a technique for measuring the 

rate of whole-body protein turnover in birds. 
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Appendix 1. The calculation of heat production by 

indirect calorimetry in birds 

Protein catabolism differs in mammals and birds. In 

birds nitrogen is mainly excreted as uric acidl which has a 

higher carbon content than urea. As a result the RQ of 

protein catabolism is much lower than the 0-83 for mammals 

(Kleiber, 1975), and the best estimate available is 0.73 

(Ricklefs, 1974). 

Romijn and Lockhorst (1961) recommended the formula: 

Heat production = 3.871 02 + 1.194 co, - 0-380 P Al 

(where P is urinary crude protein excretion in g and heat 

production is in Kcal/d). In practice the measurement of 

urinary protein excretion is not easy in birds and Romijn and 

Lockhorst, on the basis of findings reported in their paper, 

suggested that, for the domestic fowl, errors in estimation 

of heat production incurred in ignoring the protein correc- 

tion were insignificant. 

Each day an adult kestrel on a maintenance diet of 

mouse,, consumes about 6.4 litres of oxygen, produces about 

4-5 litres of CO 
2. and is likely to have a urinary protein 

excretion of about 4.8g assuming dietary protein digestibi- 

lity is 00%. If the Protein correction is ignored, the 

estimate of beat production from equation Al is 6.4% greater 

than if the protein excretion is accounted for. Unless data 

is available on urinary nitrogen excretiong the shortened 

form of equation Al cannot therefore be used with confidence 

for carnivorous birds. 

In 1957, King, reviewing Published data on indirect 

as an 
calorimetry in birds, found that there w absence of 

critical and sufficient evidence on the calorific equivalents 
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of 02 in avian energy metabolism.. 11, and it appears that this 

is still true. Figures chosen in recent years have been in 

the 4-7 to 4.8 Kcal/litre 02 range (e. g. Marsh, 1979; Blem, 

1978; Johnson, 1975; Westerterp, 1973; Gessaman, 1972; 

Lasiewski & Dawson, 1967; Graber, 1962). Some are based on 

equation Al, some on Kleiber's recommendations for mammals 

(1975), and others give no indication of the derivation of 

the chosen energy equivalent. 

An expression relating 02 consumption and CC 
2 production 

in carnivorous birds metabolising fat and protein was 

derived using the method of Kleiber (1975, page 375) and 

assuming a ME value for protein of 4-3 Kcal/g, that 4.11 litres 

of CO 
2 are produced per gram of N excreted, and that the RQ 

for pure protein catabolism is 0-73 (Ricklefs, 1974)- 

The derivation of the expression is as follows (after 

Kleiber, 1975)- 

If Cf and Cp are the atom fractions of Carbon from fat and 

protein per mol CO 
2, 

then, Cf + Cp =I mol CO 
2 produced, 

and since RQ for protein in birds is 0.73 (Ricklefs, 1974)t 

and that for fat is 0-707: 

Cf/0-707 + CP/0-73 = mol 02 produced. 

Thus , 

RQ = 
Cf + Cp I 

Cf/0-707 + Cp/0-73 Cf/0-707 + cp/0-73 

I 
Cf/0-707 + Cp/0-73 

RQ 

Since Cp = I-Cf, Cf/7-07+ (I-Cf)/0-73 = I/RQ 

and thus; Cf(1/0-707 - 1/0-73) = I/RQ - 1/0-73 



269 
therefore, I 

Cf = I/RQ - 1/0.! t73 -I- .ý10.73 1/0-707 - 1/0-73 Ra - 
. 73 I/ 
-ý 1/0-707 7/0 

ý3 1/0 707-1/0-73 
therefore 

Cf 22-4396 - 30-739 and$ since Cp = I-Cf; 
RQ 

CP = 31-739 - 22.1*4/RQ 

If qf and qp are the heats of combustion of fat and protein 

per mol CO 
2 

from fat and protein respectivelyl then heat 

from catabolism is: 

Cf. qf = (22-44/RQ - 30-739)qf and Cp. qp = (31-739 - 22.44/RQ)qp 

the heat produced per mol CO 
2= 

Cf. qf + Cp. qp = HP, and thus 

HP = 150(22.44/RQ - 30.739') + 146.601-739 - 22. /*I+/RQ) 

Because; 

qf = catabolisable energy in 100g fat 950_ 150 Kcal 
Mols CO 

2 produced from 100g fat 6.35 

and qp = catabolisable energy in 100g protein = 4.310'4 146.6 
mols CO 2 produced from 100g protein 2.936** 

* ME value of protein is 4-3 Kcal/9 

** Ig nitrogen excretion is associated with the production 

of 4.11 litres CO 
2 

therefore 100g protein excreted is 

associated with 65-76 litres CO 2 which is 2-936 mols CO 2 

therefore HP = 76-3/RQ + 42.09 Kcal/mol CO 
2 

and HP = 76.3 +42.09/RQ Kcal/mol 02 

in terms of litres of oxygen consumed: 

HP = 3.1*o6 + 1.879 RQ Kcals/litre 02 

Thus, for RQ's of 0-70,0-71,0.72 and 0.73 the heat production 

equivalents per litre of 0 consumed are 4-72,4.74,4.76 and 
2 

4-78 respectively. The RQ of a carnivorous bird should not, 

in theory, fall outside this range. 
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Appendix 2. A comparison of the effects of drying diet samples at 60 0 

and 100 0 
on dry matter and fat content determinations. 

Lofti et al (1976) found energy losses associated with 
oven-drying samples at 100 0 C, but Lepping-ton et al (1978) 

did not. The effect of drying temperature on DM% and Fat% 

of the chick diet was investigated as follows. 

Six samples of minced day-old chick were dried at IOOOC 

and six samples from the same diet batch at 600C. The 

samples were left in the drying ovens for 8 days, the time 

taken for the 60 0C batch to achieve constant weight. 

Results 

r-O 0 ou c 100 c 

N=6 N=6 
Dry matter 25.2710-0596 24-97+0-1045 P 0-05 (t=2.493) 

Fat content 24.34+0.2866 24-26+0-4527 N. S. 

dry matter was calculated as the sum of the weights of 

the dry extracted fat and the lean dry residue, so that the 

result would not be influenced by the residual water in the 

samples dried at 60 0 C. 

Drying at 100 0C did not reduce the fat content of the 

diet samples by causing loss of volatile petroleum-ether 

soluble components. The dry matter contents of samples 

0 than those of dried at 100 C were significantly lower I 

samples dried at 60 0 C, implying that at the lower temperature 

dry matter content was overestimated. For these reasons and 

the greater rate of drying at 100 0 
C, this temperature was 

subsequently used in all analytical procedures. Furtliermore, 



Leppington et al, 1978, found no significant difference in 

energy content between rat carcase samples freeze dried and 

those over dried at 95 0 C. 
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Appendix 3 Fig. I The effects of ambient temperature on food consumption in some captive raptors ( data from Craighead & Craighead# 1956 
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these measurements were made at different 
seasons of the year and may reflect responses 
to factors other than just ambient temperature 
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Appendix 4. Some notes on moult in captive kestrels 

The patterns and duration of moult in the primary and 

tail feathers of two captive kestrels are shourn in Fig. Al. 

These birds were housed in skylight and seclusion aviaries 

and provided with 45.2 Kcal ME/d of day-old chicks in July, 

and 1*8-3 Kcal ME/d in August. The birds weighed 192 and 

27759 (male and female respectively) and the ME intake of the 

female was therefore about 112 Kcal/'W 
0* 68 /d, which is no 

more than that required for maintenance at 140C (section 3-3-2). 

The aviary floors were of turf, but contributions to the diet 

from eating invertebrates from the floor, were probably very 

small. 
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Appendix 4 Fig -I Patterns of moult in the kestrel 
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Appendix 5- Prediction of the ýti, requirements for grouth in the kestrel, (and other falcons-. ). 

Predicted basal metabolism is related to weight: 

(Kcal/d) = 0-155w (W in grammes) 

and if Km = 0-83, maintenance requirement (at therwoneutrality) 

is: 

MEm = 0.155W/0.83 = 0.187w- 

Absolute growth rate can be estimated: 

g/d = B'ýý (I -W/A) 

where A is asymptote and B is the rate constant of the 

logistic equation. The energy density of tissue deposition 

was calculated from daily RE and weight gain data and 

regressed on weight to yield the equation: 

RE/9 = 0.87 + o. ol6w 

The energy density of tissue deposited thus increased 'with 

increasing bodyweight in a way that can be approximated: 

RE/g =I+ 4W/A 

The absolute rate of energy retention can therefore be 

estimated: 

RE (Kcal/d) = BW(I-W/A) (I + 4W/A) 

If the efficiency of deposition, Kfý is 0.83, then the cost 

of growth at weight W is: 

Cost of grourth (Kcal ME/d) = BW(I-'W/A)(i+4W/A) 

0-83 

The total ME requirement for a growing kestrel of weight W 

grammes can therefore be estimated: 

ME (Kcal/d) BW(I-W/A)(L-4W/A) + o. 18716ý 

0-83 
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0.75 0.75 Substituting IOOKg , which is 0-562W 9 for the basal 

metabolism component (section 9.4.6) gives: 

ME (Kcal/d) BW(I-ý/A)(14W/A) + 0.562WO-75 

0-83 0-83 

and this equation may be of value in predicting the ME 

requirements for growth of other falcons during growth. 
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Appendix Latin names of birds and mammals mentioned in this thesis (excluding domestic animals) 

Double-crested cormorant Phalacrocorax pelagicus 

CaLnada goose Branta canadensis 

Blue-winged teal Anas discors 

Black-bellied tree duck Dendrocygna autumnalis 

Lesser scaup Aythya affinis 

Ruppell's griffon vulture Gyps ruepellii 

Bald eagle Haliaeetus leucocephalus 

White-tailed sea eagle Haliaeetus albicilla 

Black-shouldered kite Elanus caeruleus 

Hen harrier Circus cyaneus 

Sharp-shinned hawk Accipiter striatus 

Cooper's hawk Accipiter cooperi 

Sparrowhawk Accipiter nisus 

Goshawk Accipiter gentilis 

Ferruginous hawk Buteo regalis 

Red-shouldered hawk Buteo lineatus 

Broad-winged hawk Buteo platypterus 

Swainson's hawk Buteo swainsoni 

Red-tailed hawk Buteo jamaicensis 

Common buzzard Buteo buteo 

Rough-legged buzzard Buteo lagopus 

Golden eagle Aquila chrysaetos 

Common caracara 
Polyborus plancus 

American kestrel Falco sparverius 

Kestrel 
Falco tinnunculus 

New Zealand falcon Falco novaeseelandiae 

Prairie falcon Falco mexicanus 
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Gyr falcon Falco rusticolus 

Peregrine falcon Falco peregrinus 

Japanese quail Coturnix japonicus 

Ring-necked pheasant Phasianus colchicus 

Japanese green pheasant Phasianus versicolor 

Reeves pheasant Syrmaticus reevesii 

White Ibis Eudocimus albus 

Dunlin Calidris Alpina 

Pigeon guillemot Cepphus columba 

Barn owl Tyto alba 

Screech owl Otus asio 

Whiskered owl Otus trichopsis 

Great-horned owl Bubo virginianus 

Great-grey owl Strix nebulosa 

Barred owl Strix varia. 

Long-eared owl Asio otus 

Short-eared owl Asio flammeus 

Saw-whet owl Aegolius acadicus 

Snowy owl Nyctea scandiaca 

Burrowing owl Speotyto cunicularia 

House martin Delichon. urbica 

Northern jay Cyanocitta cristata 

Fiscal shrike Lanius collaris 

Red-backed shrike 
Lanius collurio 

Sturnus v-ulgaris Starling 

Passer domestiCUS 
House sparrow 

Zonotrichia leucophrys 
White-crowned sparrow 

Fringilla coelobs 
Chaffinch 
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Short-tailed vole 

Field vole 

Wood mouse 

Old-field mouse 

Common shrew 

Grey squirrel 

Microtus agrestis 

Microtus arvalis 

Apodemus sylvaticus 

Peromyscus polionotus 

Sorex araneus 

Sciurus carolinensis 
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