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ABSTRACT

The D20 ™ technique is used to examine the daily energy

expenditure of adult House Martins (Delichon urbica) raising broods

of different size in order to extend the knowledge of the energetics

of reproduction and to use energy expenditure as an estimate of the

parental costs involved in reproduction.

The Average Daily Metabolic Rate (ADMR) of House Martins

rearing young, ranges from 2.22 - 5.27 x SMR, which is a similar

level to that found in many other homeotherms. In the aerial

feeding House Martin morphological and behavioural adaptations for
flight help to reduce the costs of foraging and thereby help to

minimise daily energy expenditure.

The ADMR of male birds is positively correlated with nestling

mass: this is probably a result of the rate at which food is

delivered to the brood. Although the rate at which females feed

the brood increased slightly with increasing nestling mass this is

not reflected in their measured ADMR, which shows no correlation

with brood mass. Experiments with artifically enlarged broods

highlight the importance of the males® role in the fledging success

of the brood.

The energy expended by both parents is higher during second

brood rearing than during first, and the possible proximate factors

bringing about the increase are discussed. This increase is also

discussed in the context of reproductive strategies: increased
reproductive effort at a time of decreased residual reproductive

value may increase fitness and be the ultimate factor responsible

4M



for the higher energy expenditure during second brood rearing.

Parental energy invested in reproduction is examined and it

is shown that male and female House Martins invest equal amounts

of energy in rearing the mean brood size. It is suggested that

this is a result of the monogamous co-operative breeding system
found in this species and the attempt by each parent to minimise

the cost of reproduction by reducing their own energy investment

to a minimum level compatible with successful reproduction.
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INTRODUCTION

The cause of changes in animal numbers has been the subject of

much discussion over the past two decades (Andrewartha & Birch 1954;

Wynne-Edwards 1962; Watson 1969; Lack 1954, 1966), with the emphasis

in recent years on illuminating population processes by identifying
the stage at which (Varly & Gradwell 1960, 1965; Cole 1954) and

mechanisms by which populations are limited (Morris 1959; Slobodkin
IS _ling 1963; 1964; den Boer & Gradwell 1971). One such

population process is that of natality; and the examination of variation

in breeding success amongst birds has played an important role in

formulating some basic theories of population regulation (Wynne-Edwards

1962; Lack 1954; 1966). This thesis is concerned with the problem

of why differences in natality may occur within a population, since

even stable populations may show wide differences in the reproductive

rates of its members (Snow 1958; Perrins 1965; Von Haartman 1967a,

1967b; Klomp 1970).

One approach to understanding the limits to reproductive output

has been to examine the cost to the parent of a reproductive attempt,
and this has formed the basis of much recent life-history theory

(Williams 1966; Cody 1966; Schaffer 1971; Charnov & Krebs 1974).

Variation in the cost which a parent organism incurs during reproduction
may not only influence the success of the current reproductive attempt
(Cody 1966) but also its future reproductive output by having an

effect upon an organisms residual reproductive value (Fisher 1930;

Williams 1966).

The approach to assessing the costs of reproduction has been to

examine the ways in which the costs manifest themselves, mainly

either as greater mortality or weight loss in breeding organisms



when compared to non-breeding organisms (see reviews by Cody 1971,
Ricklefs 1974, Stearns 1976). Although both of these approaches
have identified a cost associated with breeding there are

disadvantages to using either of them. Estimates of mortality

require large samples of organisms to be monitored over a number of
generations in order to place confidence in the results, which for
vertebrate studies may take many years. Furthermore in many free-

living organisms mortality occurs mainly over winter and it is often

difficult to link this with previous reproductive effort. If measure-

ments of weight loss are to be used they need to be positively
identified as being a result of reproductive effort and separated from

weight changes which might have occurred anyway (e.g- loss of migratory

fat, gonadal recrudescence etc.).

In order to more fully understand factors affecting natality
it is necessary to distinguish not only between breeding and non-
breeding organisms, but also between those with a high or low reproduc-
tive commitment. Only a few studies to date have been able to
identify differential costs associated with different levels of
reproduction. Lack (1966) presents data for the Pied Flycatcher
i-LriMB. hvpoleuca) in which females raising large broods had a higher

mortality in 5 out of 7 years. Hussel (1972) showed that female Snow

Buntirgs (Plectrophenax nivalis) raising broods of 7 were 8% lighter

at the end of the nestling period than those rearing broods of 4.

Kluyver (in den Boer & Gradwell 1971) showed that the survival of adult

Great Tits (Parus m. major) decreased steadily with increase in the

number of young reared in one season.

These three studies all show the ways in which the extra work

done, or energy expended, in rearing larger broods manifests itself.



Williams (1966) suggests that reproductive effort (Fisher 1930) could be

quantified by measures such as gonadal mass produced, degree of

sexual dimorphism of plumage or elaborateness of nest architecture,

all of which are again estimates of energy expended in different

activities, which may affect the reproductive process. Ricklefs

(1974) stated that energetics can be related to evolutionary Tfitness

by the influence of patterns of energy use on fecundity and survivor-

ship, and that in time it will probably be possible to find suitable

conversion factors to equate energy and fitness. In this thesis the

approach will be that energy expenditure itself is a cost, and if

quantified would serve as a method of estimating the costs of repro-

duction.
The energetics of the reproductive cycle in birds from gonadal

development to nestling growth has been the subject of two very search-

ing reviews (King 1973; Ricklefs 1974). Adequate information is

available on the energy expended by the parents on gonadal development,

egg formation and laying, incubation and the energetics of nestling

growth; however there is very little data available on the energy

expended by adult birds feeding and rearing nestlings. In nidioolous species

it is likely that the nestling stage of the cycle will be the most

costly for the adults, since in raising a brood of 5 or 6 young a

parent bird may be required to provide food for a nestling mass

equivalent to several times its own body weight, in addition to its

own personal maintenance costs. The paucity of data during this

stage results from the practical difficulties in measuring the

energetics of foraging activity in free-living birds. Indirect

estimates have been made using time budget techniques (Verner 1965;

Schartz & Zimmerman 1971), but the only direct estimate of energy

expenditure in a free-living bird is for a study of the Purple Martin



frnane subis) (Utter 1971) and no attempt was made to correlate it

with the level of reproduction.

The purpose of the present study was to make direct measurements

of energy expenditure in adult birds during the nestling stage of the

reproductive cycle of a nidicolous species. The ultimate aims were

to (i) expand the present state of knowledge of the energetics of

reproduction; (i) investigate the role of energetic efficiency in

predicting average reproductive output, and (iii) use energy expendi-
ture as an approach to estimating parental costs associated with

different levels of reproductive effort.

The species chosen for study was the House Martin (Qelichon urbica);
several features of the biology of this species made it apparently
suitable for this type of studys-

i The species nests in colonies, can be encouraged to use nest

boxes and can be handled regularly without desertion. This
simplified data collection and the application of a direct

technique to measure energy metabolism.

Since House Martins are aerial feeding birds the costs of

foraging, especially when feeding nestlings, were initially

considered likely to be higher than in other species, and

therefore have a greater potential for exerting a limiting effect

Much of the breeding biology and foraging strategy of the House
Martin had previously been described both in Britain (Bryant
1973; 1975a, 1975b) and elsewhere (Lind 1960; Rheinwald 6
Gutscher 1969), which meant that time could be devoted
largely to the development and application of a technique

with which to measure energy expenditure in a free-living

bird.






2.1 SELECTION OF TECHNIQUE

The selection of a technique which would provide reliable
estimates of free-living metabolism on a routine basis was of para-
mount importance iIn this study. Classical techniques involving

calorimetric apparatus (Brody 1945) are completely unsuitable for

measurements on unrestrained animals. As a guide to the approach of

this problem those techniques which were initially considered as
being suitable for the present problem are outlined in Appendix 1,
for a fuller description and for other techniques the reader is

referred to Gessamen (1973).

18
The technique chosen for use in this study was the D20

(doubly-labelled water) method of estimating CO2 production.

2.2 doubly-laretgfd WATER TECHNIQUE
2.2.1 Rationale of the Technique

Fundamental to the technique is the finding by Lifson et al
(1949) that the Oxygen of body water is in isotopic equilibrium with
the Oxygen of expired CO02. The Oxygen of body water is also lost as
water, both evaporated and excreted, whilst the Hydrogen is only lost
as water. If the individual turnover rates of the two elements in
body water can be measured, their difference will yield that amount
of Oxygen which is lost as Carbon Dioxide. The two elements are
conveniently labelled with the stable isotopes Deuterium and Oxygen-18
and their turnover rates measured by examining the difference in
isotopic enrichments of samples of body water at the start and the

end of an experimental period.

Thus the organism to be studied is enriched with the two isotopes

either by being given labelled water to drink or by injection. After



a suitable period for absorption and equilibration of the isotopes a
sample of body water is taken, commonly blood but theoretically any
water sample would serve. This first sample is analysed for the
initial concentration of isotopes. After a pre-determined experi-
mental period further body water samples are taken for analysis of
the final level of isotopes. From the difference in isotopicenrich-
ment in the initial and final body water samples the turnover rates
of the elements of body water can be calculated. When these are

embodied iIn an appropriate equation the total respiratory G2

produced during the experiment can be calculated.

2.2.2 Development and Previous Use

The D2°18 technique has its origins In an investigation into
intermediary metabolism and the fate of inspired Oxygen. Day S
Sheel (1938) had inferred that inspired 02 is expired as C02 and does
not take part in the oxidative metabolism of carbon compounds.
Lifson, Gordon, Visscher and Nier (1949) investigated the situation
using 018 as a tracer for respiratory Oxygen, their results showed
that: -

(@ the 02 of respired CO,, is in exchange equilibrium with

the 02 of body water;
() that utilized respiratory Oxygen is incorporated into

body water.

After these findings the theory of a metabolism measuring
technique was formulated and in 1955 Lifson, Gordon and McClintock
labelled laboratory mice with Djﬁ18 and compared isotopic C02
production rates with classical methods of measuring the same.

Their results were very favourable and they reported a mean absolute

difference of 7% between the two methods. As a further test the



method was then applied to a strain of hereditarily obese mice having
a lowered metabolic rate, the results confirmed those that had been
previously obtained (McClintock & Lifson 1957), The next test of
the technique was carried out using rats (McClintock & Lifson 1958a)
and the mean absolute difference between the D2018 and the van Slyke
method of estimating 02 production was 3%. When tested under con-
ditions of isotope re-entry using mice a 3% difference was again

reported (McClintock and Lifson 1958b)e

By analysing the dietary components of rats Lee and Lifson
(1960) used the D2°18 technique to estimate both total energy and
material balance. A theoretical R.Q. was Jdrived for the diet and
by dividing this into the estimated CO02 production a value for 02
consumption was calculated. Food intake was estimated using C02
output and dietary composition, and water intake from the Deuterium
turnover rate and mean body water content. By measuring each of
these parameters during the course of the experiment, agreements of
4% for CO , 8% for O_, 9% for water output and 4% for food intake
were obtained. To eliminate one of the variables the experiment
was repeated using fasting mice, again comparing isotopic with other
measures mean absolute errors were 4% for C02, 5% for 02, and 3% for

water.

The close correspondence between the results of the DjO18 method
and classical methods, demonstrated in these studies, provided a
sound basis for applying the technique to a field study, and Lefebvre
(1964) used it to measure the energy expended during flight in racing
pigeons (Columbia livia). The technique had not previously been
applied to birds and in his validation studies Lefebvre found an

average difference of 8% compared with the Van Slyke method of

estimating CO2 production.



A full descriptionof the theory of the technique and its applica-

tions has been written by Lifson and McClintock (1966).

The emphasis in recent years has been the field application of
the technique with Otter and Lefebvre (1970) measuring the energetics
for free flight in the Purple Martin (Progne subis). Utter (1971)
then proceeded to measure daily energy expenditures of Purple Martins
and Mocking Birds Mimus polyglottos) and compare the results with
time-budget estimates; agreement between the two methods was within

10«.

The first field study involving mammals was carried out by
Mullen (1970) on the heteromyid rodent Perognathus forroosus. In
validation studies prior to the field work, agreement with classical
studies was reported as 6%. Further mammalian field studies were
carried out on Dipodomys merriani(Mullen & Chew 1973), D. microps

(Mullen 1971a) and Peromyscus crinilus (Mullen 1971b).

Most recently Little & Lifson (1975) carried out validation
studies on two eastern chipmunks ( amais striatus) and found agree-
ment at 1% and 8%. The small sample size indicated the constrain-

ing effect of isotope cost in heavier organisms.

A variation of the technique using Tritium instead of Deuterium
was employed by Nagy & Shoemaker (1975) in a study of the free-living
lizard Sauromalus obesus. Although no validation studies were
carried out, field metabolism measured in this way was within 11*

of estimates involving dietary measures.



2.2.3 Simplifying Assumptions

Before the equation linking isotopic turnover rate to CO2
production can be derived certain simplifying assumptions have to be
made:
1 The first assumption is that the proportion of body water in
the organism remains constant throughout the experimental period.
Lee and Lifson (1960) derived equations to calculate C02 production
when body water changes either linearly or exponentially with time,
however before either can be applied it is necessary to determine the
shape of the water-change curve. In the short experimental period
used In this study (36-48 hours) body water changes were small as the
animal was not deprived in any way. The average weight change of
the birds sampled was +0.42g, and assuming this change to be entirely
water, the maximum induced error would be -2.3%. However it is
extremely unlikely that all the weight change was due to change in

water content of the body.

The body water content of four adult House Martins (two males
and two females) was measured by freeze-drying to constant weight
the whole carcass. The mean water content was 64.% (* 4.6 s.d.),
which compares with the Purple Martins (Progne subis) measured by

Utter (1971) at 65.18%.

2) It is assumed that the concentration of D and 018 in water, and
02 lost from the organism, 1is the same as that attained in the body
water. As it stands this assumption is invalid due to fractionation
effects attributable to differences in the physical characteristics
of the heavy isotopes. When any change of state occurs, e.g. from
liquid to gas, the heavier isotopes tend to change state more slowly

than the lighter isotopes and thus their concentration in each phase
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differs. The important fractionations in the current context Bret-

on (gas) £, D20 (liquid); D2°18 as) i=* H2°18 (litluid)!

C0218 (gas) f=; h2°18 -

The fractionation factors for each of these relationships are 0.93,
0.99, and 1.04 (Lifson et al 1955). When the concentration of the
heavy isotopes in each phase aure corrected using these fractionation
factors they have been shown to be the same (Lifson et al 1949) .
These fractionation factors are therefore incorporated into the

equation for the calculation of 032 production.

3 It is assumed that the introduced D and 018 enter all compart-
ments of body water equally and at the same concentration. However
it has been found (Lifson et al 1955; Lefebvre 1962) that the body
water volume measured by dilution of the isotopes exceeds that

volume measured by dessication. This is likely to be due to exchange
of the isotopes with Hydrogen and Oxygen other than that in body
water. Lifson et al (1955) measured the proportion of H2018

dilution : dessication volume as 1.06 and D20 : dessication volume as
1.02 in mice, Lefebvre (1962) measured the former as 1.07 in pigeons.
Lifson et al (1955) proposed that if this is ignored a 3% error in
final CO2 production occurs. However Lefebvre (1962) incorporated
correction factors into his calculations and found no greater error
in the results than in those which were uncorrected for true body
water volume. Thus a correction factor for equilibration of isotopes
other than with body water is not deemed necessary in the G2 calcula-

tion.

18
) A fourth assunption is that the only loss of D and O from the

body occurs via ~0 and C02* In assumption 3) it was shown that
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isotopes are incorporated in body substances otber than water.
However if they become incorporated In excretory products then
elimination in a form other than water or CO02 would occur. However
if the incorporation occurred in the ratio of two D atoms : one O18
atom it would have no effect on the final CO02 calculation only increase
the apparent H.,0 turnover rate. For example uric acid contains
four "H" atoms and three "0 atoms, if all the H atoms were exchanged
with D,and two of the 0 atoms, the result would be the apparent loss
of two extra water molecules. Lifson et al (1955) corrected for
urinary and fibre loss in mice and found only 1% difference with
uncorrected values, Lefebvre (1964) did a similar correction and found
no significant difference. The fact that exchange does not occur to
any appreciable extent can be seen in the agreements within 9%, 3% and

8% between isotopic and direct measures of water intake and food

intake respectively as cited in the last section.

5 A final assumption is that no D or O18 isotopes enter the animals
body other than those initially introduced. In a free-living animal
or one in a gas train where respiratory gases are removed this is
quite valid. However Pinson and Langham (1957) have shown that
tritiated water exchange occurs across both the respiratory and skin
surfaces of laboratory rats at about equal rates. Thus any animal
labelled with isotopes and in a confined space will experience some
isotope re-entry in the form of water. Re-entry from (:0218 will not
occur, and isotopes re-entering as water will not affect the C02
calculation, merely decrease the apparent body water turnover rate.
McClintock & Lifson (1958 a & b) found no greater error induced in

mice where isotope re-entry occurred.

In summarising these assumptions Lifson et al (1955) came to the
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conclusion that those errors introduced by body water changes,
incomplete equilibration and isotope losses other than by H20 and

C02 have a self-cancelling effect (assumptions 1, 3 and 4). Assump-
tion 5) whilst not completely valid has little effect upon the final
02 calculation. Errors introduced by assumption 2) can be minimized
by 1incorporating the appropriate fractionation factors into the

calculation of CC2 production.

Having dealt with the simplifying assumptions and identified a
need for incorporation of fractionation correction factors it is now

possible to derive an equation to calculate 032 production.

2.2.4 Derivation of CO, Production Equation

On the basis of the foregoing assumptions the rate of water loss
from an organism is equal to the fractional turnover rate of the
Deuterium isotope multiplied by the total body water :-

rH20 = ~ N

where rH20 = rate of body water loss

fractional deuterium turnover rate
es

and N body water content (m\) .

Similarly the rate of water plus C02 loss is given by the frac-
tional turnover rate of the 018 isotope multiplied by total body water:-
rH20 + 2rC02 - Kgq N (&)

where rC02 « vrate of (&2 loss

KO = 018 fractional turnover rate,

The factor 2 is incorporated into equation (2) because each mole

of carbon dioxide contains the oxygen equivalent of two moles of water.
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Subtracting (@ from (@ and solving for G2 yields:

r co2 = 2 (KO-V ®

The components and in equations (@) - (@ are the fractional
turnover rates of the isotopes 018 and D respectively, they represent
the decrease in isotope concentration in the body water during the

experimental period and may be calculated according to the equation.—

In(Si - St)
4
K ©, D At @
_ _ 18
where K(o P fractional turnover rate of O or D
and 31 = initial isotope concentration
¢ = Tfinal isotope concentration
s
At = experimental time period (hours)
In = natural logarithm.

The unit for S,I and S{ is that of the specific activity of the
isotopes and is their excess in the body water above natural abundance.
When dealing with stable isotopes the measure commonly used is Atom
Percent Excess (APE) which is the percentage enrichment above natural
abundance:-

APE = Enriched Abundance %) - Natural Abundance ®)

In the discussion of the simplifying assumptions the need for
incorporation of fractionation correction factors was identified.

The important fractionations along with fractionation values are:-

D20 (gas) «wg D23 (liquid) fl - 0.93
H2018 (gas) _7 H2018 (liquid) 2 - 0.99
C0218 (gas) --_7 H2018 (liquid) f3 - 1.04
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3 \ 3

-1
where rg = rate of evaporative water loss (mM h ).

When the numerical values are substituted for the fractionations,

equation (7) becomes
©®

In previous studies using birds, the evaporative water loss has
been estimated at 50% of the total water-loss or 0.5 KAN (Lefebvre
1962T Utter 1971). This was the value derived for mammals by Lifson
et al (1955), Lefebvre (1962) discusses the possibility of evaporative
losses in birds deviating from 50% of the total loss. However even
if rg were estimated as the total loss I™N, the magnitude of the error
involved is less than 3%. In the absence of any better estimate of
evaporative water loss in birds 0.5 KMN was used here and the final

equation used to calculate C02 production was:-

> =% 08 (ﬁ) - KD) - 0.015 KDN (@)

For a more detailed discussion of the above derivation and
simplifying assumptions the reader is referred to Lifson and McLintock

(1966) .

Before equation (7) can be used to calculate C02 production,
the turnover rate of the two isotopes has to be accurately measured.
The analytical techniques employed in the present study are somewhat
different from those previously used, they are also adaptations of
techniques more commonly used iIn a geological context. For these
reasons there now follows a detailed discussion of the analysis of

each of the isotopes.
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2.2.5 Isotopic Analysis

The samples of body water used for analysis were taken as blood
and sealed in glass capillaries, each sample was approximately 0.01 -
0. 05 ml. (see section 2.3). The procedures followed during analysis
of both isotopes were in principle the same, pure gas samples of the
isotopes in question were prepared on a vacuum line and these gas

samples were analysed using a mass-spectrometer.

1. Processing of Deuterium samples

Blood samples to be used for the analysis of the Deuterium
isotope were converted to a mixture of H/D gases by distilling the
water from the blood sample and reducing it. The high vacuum

apparatus used to carry out this procedure is shown in Figure 2.1.

The capillary containing the blood sample was placed between the
two forks of the capillary breaker at A. The capillary breaker was
then opened to the vacuum manifold and evacuated whilst keeping the
rest of the vacuum line isolated, the neck of the breaker was sparked
with a high-frequency Tesla coil to aid removal of adsorbed gases.
Care was taken to keep the spark away from the capillary to reduce the
possibility of isotopic fractionation. When the pressure inside the
line was lower then 10-4 mm.Hg, as measured by the thermocouple gauge
at B, the vacuum manifold was isolated and the breaker opened to trap
C whilst keeping the Uranium furnace isolated. This trap was surroun-
ded by liquid Nitrogen (-160°C) and the tap of the breaker turned to
break the capillary. In order to ensure complete evaporation of the
water from the blood, the broken capillary and the breaker were heated

to approximately 60-80°C with a hand held hot-air blower.

The distillation stage is extremely critical; if the distillation






is not complete, large isotopic fractionations occur, the light H
isotopes evaporating more readily than the heavier D isotopes.
Initially it was often found that the end of the broken capillary
would become sealed with dried blood and careful heating and cooling
could reveal free liquid still moving inside. In order to overcome
this problem the broken pieces were pounded by the metal slug inside
the breaker using a magnet on the outside. The metal slug was made
of iron which was tinned to avoid rusting and possible contamination
of the sample by rust water. It was found that the most satisfactory
method of breaking a capillary was to heat and expand the small amount
of gas trapped at the end of the intact capillary. The consequent
increase in pressure tended to blow the blood out of the capillary

when it was broken.

The broken capillary was allowed to sit open to the first trap
for approximately 10-15 minutes to ensure complete distillation.
The water evaporated from the blood was frozen inside trap C, the
process of evaporation and freezing could be followed using the thermo-
couple gauge B which would very nearly return to its original value
when all the water vapour was frozen down. Any remaining increase in
pressure was due to the non-condensible gases which were trapped in
the capillary when it was sealed. By keeping the liquid Nitrogen in
place these could be pumped away without losing any of the frozen
water. The liquid Nitrogen was now removed from C and transferred
to trap D, at the same time liquid Nitrogen was also placed around
the charcoal collecting vessel at E. Trap C was isolated from the
capillary breaker and was opened to the furnace, trap D and through
to the charcoal vessel. As trap C slowly warmed to room temperature

the water re-evaporated and passed through the furnace which contained
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5-6g Uranium heated to 700°C. Here the Uranium reacted with the

water

U+ h2o = U0 + n2

to produce hydrogen which was then absorbed by the charcoal at liquid
nitrogen temperatures (-160°C). Any water which passed through the
furnace unconverted, was frozen in trap D and converted by a second
passage through the furnace. As a rule 90-100% of the water was
converted after the first passage. If large amounts of water needed
a second passage this indicated that a relatively large blood sample
had been taken or that most of the Uranium in the furnace had become
oxidised, in which case it was replaced (generally after approximately
90 extractions). It was found that whilst one sample was passing
through the furnace the next could be loaded and pumped out, and
whilst this was being broken a new collecting vessel placed on the
other end. Using this technique a sample of gas could be prepared
in approximately 35-40 minutes. Once the sample was completely
collected in the charcoal, the tube was isolated and removed to be

fitted onto the mass-spectrometer inlet manifold.

The Deuterium samples were generally at two levels of concentra-
tion, (i) those representing the first blood sample taken after
injection and equilibration were the most concentrated at 0.0692 #*
0.01 A.P.E.; (ii) those representing the second blood sample, taken
at the end of the experimental period which were the least concentra-
ted, at 0.0242 + 0.05 A.P.E.. The difference between the samples
gave rise to problems concerning "memory" effects in the vacuum line,
mostly attributable to the Uranium furnace. Memory is a phenomenon

often experienced in mass-spectrometry where contamination from one

sample carries over to the next. Thus the most concentrated (or



18

"heavy") samples may be made artificially ~light" if a less concentrated
sample had passed through the vacuum line before it, and vice-versa.

The memory experienced in the mass-spectrometer was negligible compared
to the memory occurring in the vacuum line. To overcome the problem
distilled water standards of the appropriate enrichment were used to
prime the vacuum line and uranium furnace before blood samples were
passed through. When changing from “heavy®" to “light" gases on the

mass-spectrometer a saitple of normal abundance gas was flushed through.

The Hydrogen/Deuterium gas samples were taken from the vacuum
line in the charcoal-filled collecting tube and transferred to the

mass-spectrometer for analysis.

2. Processing of 018 samples.

The O18 blood samples were contained in capillaries prepared in
exactly the same way as those used for Deuterium analysis. The
vacuum line apparatus used for the processing of the O18 samples is
shown in Fig. 2.2. The isotope was analysed as a 0C2 gas sample by

reacting the blood water with BrF™ to release 02 which was converted

to 2 by passage over a heated carbon rod.

The capillary was placed in the capillary breaker at A and
evacuated as described for the analysis of the Deuterium isotope.
The BrF_ reservoir was opened to the expansion vessel B and the gas
allowed to fill the vessel. The reservoir was closed and then with
the rest of the vacuum line isolated the expansion vessel was opened
to the nickel reaction vessel and the BrF”~ vapour was frozen down into
the base by immersing the bottom 3 cm in liquid nitrogen. A period
of 5-10 minutes was allowed for full condensation and then the liquid

nitrogen bath raised to within 6 cm of the top of the vessel. The
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expansion vessel was closed and the capillary breaker opened to the
nickel vessel, the capillary was broken as previously described and
the water vapour frozen down at the top of the reaction vessel. When
all the water had frozen over, the liquid nitrogen trap was raised
further and any non-condensible gases pumped away. The reaction
vessel was now sealed and flamed with a hand-held gas flame to
approximately 100°C. During the heating process the water reacted

with the BrF5 to release oxygen:-

2 H-0 + 2 BrF = 2 BrF, + 4HF + O,
2 D A z

After heating, the reaction was allowed 15 minutes for completion
and cooling and then a liquid nitrogen bath was again placed round
the vessel to freeze down the fluorinatedby-products. The vessel was
opened and the gas exposed to the metal trap C where any uncondensed
waste was trapped, the trap D also served this purpose. The carbon
rod was heated to 300-400°C by passing an electric current through it,
and the vessel containing it was immersed in liquid nitrogen. The
oxygen was allowed to diffuse over the carbon rod where it was conver-
ted to CO™ which was immediately frozen onto the vessel walls by the
liquid nitrogen. The liquid nitrogen trap E prevented back-diffusion
of CON- When the process was complete (it could be followed using
the thermocouple gauge) trap E and the carbon rod were isolated from
the rest of the line, opened to the collecting vessel and allowed to
warm to room temperature. The sublimated CO™ could then be frozen
down into the collecting vessel. Waste products were removed via the
waste line where they were passed over KBr which converted the waste

HF to HBr which, along with the BrF" was frozen down in the waste trap.

It was found that when processing samples successionally a new
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capillary could be loaded whilst the previous one was reacting, at the
same time yet another could be passed from the carbon rod to the
collecting vessel. Using this method a sample could be processed in
approximately 50 minutes. Memory problems experienced in the H/D
line were negligible, but between samples the carbon rod was heated
to red heat and opened to the vacuum pump, and more reagent was let
into the reaction vessel which was re-heated. These two actions
probably aided in eliminating any between-sample memory problems.

The CO™ samples were generally prepared in batches of six and then
loaded onto the mass-spectrometer inlet manifold which held six

sample tubes.

3. Analysis on the Mass-Spectrometer

The principles involved in analysing the two isotopes on the
mass-spectrometer are very nearly identical. Since the analysis of
hydrogen isotopes shows some irregularities it will be used by way of

an example and the irregularities discussed.

The principle of operation of the mass-spectrometer is as follows,
electrons emitted by a hot filament are accelerated by an electro-
magnetic field through one or more defining slits to form an electron
beam. The electron beam is directed through a chamber containing
the gas to be analysed at low pressure (ca- 10_4 mm Hg) and as a
result there 1is produced within the beam a variety of ions. In the
case of the analysis of Carbon Dioxide CO2+ ions are formed, and for
hydrogen a variety of monatomic, diatomic and triatomic hydrogen ions
are formed. These ions are drawn out in a direction perpendicular to
the election beam by a small negative potential. The ions then pass

through a series of collimating slits and the portion that remain are

«

«



21

accelerated by an electric field to produce a ribbon of ions of

very nearly constant energy. By directing the ribbon of ions through
a magnetic field they are dispersed into an ionic spectrum, the place
of each ion in the spectrum being dependent upon its mass, since the
ions are of virtually constant energy, this spectrum is known as the
mass spectrum. The mass spectrum falls upon the collector which
consists of a narrow collimating slit with a collector plate behind,
by which the current generated by ions of a particular mass can be
detected and measured. By altering the ionic accelerating voltage
the arc of curvature of the mass spectrum can be altered so that all
the masses iIn the spectrum can be scanned individually if desired.

The number of ions of a particular mass and charge formed at a fixed
electron-beam intensity is a function of both the number of parent
molecules in the unionized gas and their ionization efficiencies. IT
their ionization efficiencies differ corrections can be made and thus
the current generated on the collector plate by the ions of a particu-
lar mass can be related to the number of molecules containing the

ion in the parent gas.

In the case of hydrogen gas with low deuterium content (the type
of gas important here) it is important to compare the mass 2 and mass 3
signals. In order to do this with minimum error the mass-spectrometer
was equipped with double collecting plates so that both could be
collected simultaneously. The mass 2 beam is primarily due to the
H2+ ion with negligible contribution from the D+ 1ion, the mass 3 beam
is due to HD+ ions and some H3+ ions. When analysing for the
deuterium content of the gas it is only the HD+ contribution to mass 3
which is of interest. It is assumed that the H3+ ion is formed by
electron collision with H2 or H which again collides with a neutral

molecule. Thus the concentration of H3 1ions iIn the ribbon is
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proportional to the square of the pressure of the parent molecules,
whereas the concentration of HD+ ions is proportional to the pressure

itself.

Thus it can be written that:-

I (mass 2) = a P
I (mass 3) = a}iD?) + a}TA?)Z
where: I = induced current on collector plate,
a = number of parent molecules.
p = pressure of gas in ionizing chamber.

Given the above relationships if 1I/p is plotted against p the
current due to HD+ ions only can be found by extrapolation to zero.
In practice this is done by plotting the mass 2/mass 3 ratio against
the pressure as measured by the ion signal, which is itself

directly proportional to pressure.

The analysis of the 018 isotope was done as G2 gas,in this case
the masses 44/46 were compared on a double collecting machine. The
two masses are predominantly C12016016 and C12016018: the contribution
of 017 is negligible and a C13 correction was applied to the machine

results.

Since there are certain errors concerning discrimination and
memory inherent in the operation of mass spectrometers, analysis was
always done by comparing the signals of the unknown gas with those of

a standard gas of known isotopic concentration.



2.3 FIELD TECHNIQUES
2.3.1 Location of House Martin Colonies

With future requirements in mind a survey was carried out of the
Stirling region and the location of all the main House Martin colonies
were mapped. The sites chosen for experimental purposes fulfilled

most if not all of the following requirements:-

i. Colonies to be of reasonable size (& 8 nests).

Nests to be easily accessible and replaceable with nest

boxes.

The siting of nests and flight paths of the adult birds to
facilitate the operation of an efficient catching

technique.

iv. Disturbance to nests and interference with associated

apparatus to be negligible.

The sites chosen as a result of the survey were:-

a) Kippenross Home Farm, Dunblane, Perthshire, a mixed arable,
beef and sheep farm situated 423 feet above sea level (map ref.
NN794004) (approximately nine pairs decreasing to four in final

year).

b) Cauldhame, Sherrifmuir, Perthshire, a large private house with
associated fields and woodland, situated 997 feet above sea level
(NN825011) (approximately nine pairs accessible, twenty

inaccessible).
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©) Naemoor Farm, Yetts of Muckart, Perthshire, a mixed dairy, arable
farm situated 550 feet above sea level (N0O016014) (approximately

twenty-eight pairs, all accessible).

At Kippenross and Cauldhame natural House Martin nests were
removed before the first season of the study, in their place removable
nest boxes of a cement/sawdust composition were substituted. Naemoor
had already been established as a study colony by D. M. Bryant, birds
had been encouraged to nest in boxes from 1971 onwards. The nest
boxes, when removed, had an open top to allow examination of the nest
contents. Whenever birds built a natural nest they were left until
lined and then removed, the lining transferred to a nest box and this
fastened in exactly the same spot.

2.3.2 D,,O18 Field Protocol
(1) Capture of Adult Birds

The technique was only operated at Kippenross and Naemoor
and at these study sites, nests were chosen where the adult bird
returned to the nest by flying through an arch or opening. In
practice this consisted of those nests situated underneath bridges or
inside open fronted sheds. In both cases dropnet systems were devised
to cover the archway, these nets were controlled by cords leading to
a hide. From this hide the experimental nest and the flight path of
the parents could be easily observed. When a parent bird returned to
the nest the net was dropped over the entrance of the shed, (Figs.

2.3 and 2.4) .

Between catches the nets were hoisted clear of the flight paths
in order not to impede the bird"s approach to the nest. Plastic

(""Netlon'™) netting of the type used by gardners proved to be the most



FIG. 2.3 The yard at Naemoor Farm showing the open-fronted
sheds inside which the House Martins nested. The
birds were caught by dropping the nets which are

suspended above the opening.
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suitable type. It was cheaper and more readily available than mist
netting and was more durable and involved less risk of injury to the
birds. The net was left hoisted until the target bird was inside

the nest, or perched at the entrance busily feeding young, the net was
then dropped and the birds could seldom reach the entrance before it
was completely covered. Using this method approximately 80% of the

drops were successful in catching a bird.

(if) Handling and Processing the Birds

Immediately after capture the bird was colour marked for identi-
fication purposes, the bird was weighed and sexed. Although there
is no sexual dimorphism in the plumage of the House Martin the sexes
can be discriminated in the breeding season by the development of the
brood patch; that of the females extends high up over the rib cage
and is devoid of feathers, whilst the male brood patch only covers
the belly and lower rib cage. The male’s brood patch is never
completely devoid of feathers and it is often less heavily vascularised

than that of the females (Bryant 1975b).

The volumes of 018 and D administered were calculated to bring the
isotopic concentration in the birds to approximately 0.065 APE D and
0.18 APE 018. The amounts required to do this were read from a
calibration curve after weighing the bird. Isotopes were introduced

18
as separate injections of aqueous solutions of 9.99% D20 and 15.0% H20

A 17.06g bird (mean weight of birds injected) received 0.07 cm3 of the
D20 solution and 0.14 cm3 of the H2018 solution, a total of 0.21 cm3
representing 1.92% of the total body water content of the bird. The
sites of the injections, which were intraperitoneal are shown in

Fig. 2.5. Since the amount of liquid injected was so small it was

unnecessary to introduce it as a saline. The bird was then placed in



FIG. 2.5a An adult female House Martin during the breeding
season, the feathers have been swabbed with alcohol
to expose the brood patch. The isotopes were
introduced by intraperitoneal injection at the

sites marked with a cross &)
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a quiet darkened cage for approximately one hour. Preliminary
experiments using budgerigars and canaries had shown that equilibration
of the isotopes took approximately 45 minutes (see section 2.5.1).
Lefebvre (1964) reported that in pigeons complete equilibration occurred
within 60 minutes regardless of the method of injection (intravenous,
intramuscular or intraperitoneal). Mullen (1970) found 2-2.5 hours

was necessary for Perognathus formosus, whilst 30-40 minuteswas

found to be sufficient for Purple Martins (Utter & Lefebvre 1970).

Once isotopic equilibration had occurred the bird was removed from
the cage and the initial blood samples were obtained. These were
taken from a leg vein which runs close to the surface of the skin to
the 1inside of the extensor muscle overlying the tarso-metatarsus.

The vein was punctured using a 25 gauge needle and the drop of blood
which welled to the surface was drawn inside a glass capillary. These
capillaries had been prepared by drawing out a piece of 5 mm diameter
pyrex tubing, they were then filled with heparin solution and oven
dried, each one held approximately .01 - .05 cm3. When the capillary
was over half full it was removed from the drop of blood and shaken so
that the blood droplet was held mid-way between the capillary ends.

The end that had been in contact with the blood droplet was broken off
and both ends were sealed by melting the glass in a very small, blue,
oxy-propane flame. Sealing was instantaneous and great care was taken
not to heat the blood inside as the evaporation and consequent
condensation would have caused the isotopes to fractionate and induce
errors in the final results. Six blood samples were taken in this

fashion, allowing a maximum of three analyses of each isotope.

The flow of blood from the small wound could easily be stemmed
by direct pressure, however, in the few cases where it appeared that

bleeding might continue an alginate spray was used to promote clotting.



Before the bird was released the sexes were colour marked to aid
identification in flight for the recapture. The second blood samples
were taken in the same manner between 36 and 48 hours later, when the
adult had a further six blood samples taken from it, was weighed and

then released.

2.4 FIELD STUDIES
2.4.1 Breeding Biology Studies

A detailed account of the breeding biology of the House Martin
in Britain has been given by Bryant (1975a). Studies of egg-laying,
hatching, chick growth and fledging success were carried out during
1974. The results of these provided a basis for future application
of the D"O18 technique. The sites used were Kippenross and Cauldhame
where nests were visited, on average, every second evening throughout

the summer. Nest contents were recorded and young birds were weighed.

2.4.2 Average Daily Metabolic Rate (ADMR) Measurements

Since analysis time and expense are the limiting factors in the
D2018 technique a very specific sampling regime had to be devised for
the study. In total 26 adult birds rearing natural sized broods
ranging from two to five nestlings were sampled; 1in addition the
parents of three artificially enlarged broods, one of six and two of
seven young were also measured. Measurements covered both first and
second broods with the exception of those which had been experimentally

enlarged which were all first broods.

Successful ADMR measurements were also carried out on three
Swallows (Hirundo rustica) all females, rearing first broods of four

and five nestlings and one second brood of three nestlings. The
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catching and processing of Swallows was carried out in exactly the
same way as for House Martins. The body water content of H. rustica

was not measured, but assumed the same as the House Martin.

2.4.3 Feeding Observations
Feeding rate observations were carried out on parent birds rearing
broods of different sizes using visual and automatic recording during

first and second brood rearing respectively.

(@ Visual Recording (First Broods)

The foraging rate of aerial feeding birds is dependent upon many
factors, one important one being atmospheric conditions since these
control the aerial food supply (Lack 1951; Bryant 1973). Thus in
order to satisfactorily compare the feeding rate of different birds,
observations should be carried out on each bird under uniform weather
conditions. Similarly since the energy demand of the young changes
as they grow,any record of adult feeding rates must be carried out on
birds rearing broods at the same stage in the food demand curve. It
has been shown that the food demand curve in House Martins reaches a
plateau between nine and twenty days after hatching, after which it

declines (D-M. Bryant, pers. comm.).

Taking these considerations into account, observations were
carried out on broods which were on the plateau of the food demand
curve, and all nests were observed during one day to ensure relatively
constant atmospheric conditions. The nests observed were located in
two separate places at Naemoor farm and all nests in each place were
visible at the same time. The active day was divided into 30 minute
intervals and observations made for this length of time at each place

alternately. The adult birds had previously been colour-marked to
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distinguish the sexes, and the number of visits made by each parent

bird to the nest in each 30 minute period were recorded.

The observations were made in two series:-

1. June 29th - July 2nd, 1976, covering 27.5 hours observations

on six nests.

2. July 19th - July 23rd, 1976, covering 53 hours observations

on twelve nests.

The atmospheric conditions were comparable during both sample
series, both in terms of weather and food supply as measured using
suction-trap catches. As an estimate of the amount of food delivered
to the brood by the adults the faeces produced by the brood during the
observation periods were collected by placing boards below each nest

(Bryant 1972) , they were freeze-dried and then weighed.

(@ Automatic recording (Second broods)

This was done by means of a nest-recording device, based on a
design by Ward (1969) who used Tantalum-182 tags attached to the birds*
legs and a scintillation detector placed six feet from the nest.

Since the regulations controlling the use of radio-active materials in
the field iIn Britain are strict a system had to be devised which

involved a much lower level of radiation.

It was found that lron-59 wire was the most suitable tag for use
in the field, the relatively high emission meant that only small amounts
needed to be used and the half-life of 45 days was of suitable length
for the experimental period. High purity ('specpure™) Ilron wire was
irradiated for 36 hours in a flux of 3 * 1012 n. cm sec in the

nuclear reactor at the Scottish Universities®™ Research Reactor Centre,
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East Kilbride. At this flux F959 attains a specific activity of

54 yCi.g The two sizes of tag used were 50 mg and 100 mg weights
of the irradiated wire, which each gave emissions of 2.7 yCi and

5.4 yCi respectively. The lengths of wire were sheathed in shrink

fit tubing to prevent rusting, they were attached to the birds® leg

by strips of heavy duty self-adhesive tape and then covered in a layer
of polystyrene cement. This assembly was light (< 200 mg), weather-
proof and could be later removed with the least discomfort to the bird.
When in position the tag did not hinder the birds" activities in any

way .

For detection, a Is"™ Nal crystal scintillation detector was placed
20 cm from the nest on an adjacent beam, see Fig. 2.6. This was
connected by 25m of co-axial cable to a ratemeter and pen recorder,
in this way the recording gear could be storedout of sight and sound
of the nest, see Fig 2.7. A typical trace obtained by attaching a
large and small tag to the male and female birds respectively is shown
in Figure 2.8. Using this apparatus the activity of the birds could

be monitored continuously 24 hours a day.

Two pairs of birds were treated in this way. Each pair had its
brood size adjusted from two to five young and two days recordings
were made at each brood size; all the nestlings were of an age

corresponding to the plateau in the food demand curve.



FIG. 2.6 An adult House Martin perching at the entrance to
the nest in order to feed its young. The Nal
crystal and photomultiplier tube of the nest recorder

are contained in the tube to the left of the nest box.






Section of trace from the automrtic nest
recorder. 'M' denotes visit by male
birds, 'F' denotes visit by female. (See

text for explanation).
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2.5 LABORATORY STUDIES
2.5.1 Isotopic Equilibration

Determination of the time taken for isotopic equilib ration was
done by using Canaries (Serinus canarius) maintained in a laboratory
aviary. The birds were injected with the same isotopic solutions
as those used in the Tfield for House Martins, the volumes being
slightly larger in order to arrive at the same concentration of
isotopes in the body water. The birds were kept quiescent in darkened
cages and blood samples were withdrawn 5, 15, 30, 46, 60 and 90 minutes
after injection. After analysis of the samples a curve of isotopic
equilibration in the blood was drawn. Equilibration was shown to

be complete after 45 minutes.

2.5.2 Validation Measures

Although the technique has been well validated in the past on
a wide variety of birds and mammals, a less intensive validation stuay
was carried out to ensure that the technique was being operated
accurately; measurements were also made of Standard Metabolic Rate
(Kendeigh 1970) and R.Q. of House Martins. Validation involves the
measurement of CC™ production using the D2018 technique simultaneously

with one of the more classical methods.

A respirometer was constructed which could simultaneously measure
CON production and 02 uptake (Figure 2.9). The bird was placed in
the respirometer chamber at A, the air was extracted and passed through
a silica-gel drying trap. It was then filtered before passing
through an infra-red gas analyser manufactured by Mine Safety Appliances
(MsA) Ltd., here the percentage C02 concentration was determined and
recorded on a pen recorder. The gas then passed through the circula

ting pump and flow meter into a clinical spirometer, the chamber of
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which contained soda-lime to absorb ,,. The reduction in pressure
resulting from the absorption of 02 by the bird and CO02 by the soda-
lime, was taken up by the spirometer float, the drop of the float
was recorded on a revolving drum and gave a direct measure of 02
consumption. The C02 free air was then returned to the respirometer
chamber. During all runs the atmospheric temperature and pressure

were recorded and all gas volumes corrected to S.T.P.

Using the apparatus four adult birds were monitored in conjunction
with the D2018 technique. A further seven birds were monitored
without isotopic measurements to derive a value for resting metabolism

and R.Q. in House Martins.






33

3.1 BREEDING BIOLOGY
3.1.1 Clutch and Brood Size

Of the studies made at Cauldhame and Kippenross the overall mean
clutch size was 3.53 (20.84 s.d.) for first clutches and 2.75 (x0.96

s.d.) for second clutches. The mean brood size of the two sites was

n=23 n=i3
3.35 (#1.13 s.d.)I for first broods and 2.67 (+0.93 s.d.)1for second

broods. There was no significant difference in the mean clutch or
brood size at either of these sites. Although clutch and brood size
measurements were not carried out at Naemoor in this study the mean
n=U4
brood size averaged from 1970 to 1976 was 3.52 (¥1.00 s.d.)"for first
broods and 2.92 (#0.84 s.d.)1for second broods, (D.M. Bryant, pers.
comm.). The larger sized broods at Naemoor resulting from the
greater number of large clutches laid there. House Martins exhibit
the phenomenon of clutch and brood size recession during the breeding
season (Bryant 1975a); Naemoor was the largest and most well established
of the three colonies and breeding began there earlier each year than

at Cauldhameor Kippenross and thus contained a higher proportion of

the large broods.

3.1.2 Nestling Development

Nestling development was monitored by recording individual
nestling weight, at approximately 1930 hours each evening; by
calculating the mean weight of all nestlings on each day after
hatching a typical growth curve was constructed (Figure 3.1) . Weight
increase was sigmoidal up to the sixteenth day when it reached a
peak and subsequently declined until fledging. The phenomenon of
weight recession has been recorded in other hirundines (Peterson 1955;

Edson 1930), but in few other passerines (Rickl«fs 1968).

to****
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3.1.3 Adult Weights

The mean weight of 17 adult male House Martins was 18.2 + 1.3g
and that of 21 adult females 17.5 + 1.lg, this difference was not
significant (P>0.1); the mean weight of all adults was 17.81g

(h= 38 .

3.2 UNITS

Units wused iIn the presentation of the results and discussion
in this thesis have been designed to allow the reader to make
comparisons with data in the literature as easily as possible. The
measurements of ADMR are presented as volumes of expired C02 (cm3.
g-1.h 1). Since the R.Q. of a free-living bird has never been
satisfactorily measured a correct conversion to an energy value in
calories or joules cannot be made with certainty. However the R.Q.
of a resting House Martin was measured in the laboratory and the
calorific equivalents of o~ and CO2 are given in the text so that

conversions can be made if desired.

In the discussion of flight costs and energy investment the
units used are calories (assuming the R.Q. as measured in this study),
since much of the relevant literature presents the data in this form.
A conversion to joules can be made by multiplying a value in calories

by 4.187.

3.3 VALIDATION STUDIES AND RESPIROMETRY
3.3.1 Validation Studies

The CO2 production of four resting birds was measured using the
D2018 technique and infra-red gas analysis simultaneously. The
mean absolute difference between the two methods was 6.64% and the

total algebraic difference + 3.37» (@Qaseou™ ~ ™ ° toplc %) (Table 3.1).
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Validation figures from eight other studies have been reported in
the literature with mean absolute errors ranging from 3% to 12.4%
(Table 3.2), the mean of these independently derived absolute errors
is 7.07%. Thus it would appear that the D2018 technique as executed

in this study involved a similar error to that previously reported.

3.3.2 R.Q. Measurement

The R.Q. of seven birds in which COproduction and 02 uptake
were monitored simultaneously, ranged from 0.72 - 0.79 with a mean
of 0.75 (Table 3.3). This is a similar range to that obtained by
Melien & Hill (1955) (in Kleiber 1961, p.90) from fasting birds
(also Farner & King, 1974). Since this is not a nitrogen-free
measure (i.e. corrected for protein metabolism) very little can be

stated about the metabolic substrate being utilised.

Caloric equivalent of 0N at this R.Q. 1is 4.729 kcal. litre ,

and for C02 6.319 kcal. litre 1 (Brody 1945).

3.3.3 Resting Metabolism Measurements
The conditions of measuring resting metabolism in this study
followed the definition of standard metabolism (SVMR) as presented

by Kendeigh (1970) i.e. at complete rest in a post-absorptive state.

The values derived for the rate of CO2 production of House Martins
at rest In a respirometer chamber appear to fall into two categories
(Tables 3.1 and 3.3). The CO02 production of two birds was 3.35 and
3.42 cm3.C02.g-1.h_1, with a mean of 3.39 cm3.C02*g" .hﬂl, whilst the
remainder gave results in the range 1.25-2.49 cm .COj.g -h with a

mean of 1.87 cm3.C02.g 1.h-1. From visual observations made at the

time of the measurements it would appear that the two birds with
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032 production of resting House Martins measured using gas analysis

and isotopic 02018) methods and a comparison of the two.

Bird Weight (Q)

A 17.58
B 15.60
C 17.15
D 16.00
TABLE 3.2

Reported differences between D2018

Barometric

Pressure

770.0

775.0

753.7

754.2

production and other methods.

Mean
Reference Absolute

Diff. %
Lefebvre 1962 8
Little S Lifson 1975 8 & 1
Lifson et al 1955 7
Lee and Lifson

1960 4

McLintock et al 1958a 3
McLintock et al 1953d 12.4
Present study 6.64

t°C

23.0

24.0

23.2

26.67

18.75

23.25

16.75

2.28 2.07 2.04

1.95 1.78 2.03

Mean algebraic difference

Mean absolute difference

Algebraic

Diff.

-6

+2

%

+3.37

method of measuring C02

diff.

+ 5.97

- 5.08

- 1.45

+14.04

+ 3.37

6.64

Species (no. of samples)

Columbia livia
Tamais striatus

Mus musculus

ftattus norvegicus
Mus musculus
Perognathus formosus

Delichon urbica

ao
@
€3
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©)
®
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higher resting metabolism did not fall into a completely quiescent
state whilst the measurements were carried out, but remained awake
and alert. The latter group with the lower range of O32 production
adjusted well to the respirometer and were either asleep or sitting

quietly throughout most of the measurements.

Thus it is likely that the value of 1.87 ar” CCh.g "™h ™ as
exhibited by the latter group is the most accurate estimate of the
metabolic level of a House Martin at rest in the nest at night.

The higher estimate of 3.39 cm3.G>Q.g_1.h_1 is probably more useful
as a measure of the metabolic rate of a House Martin perching at the
nest or on wires during the day, where the bird is not flying but

remaining alert.

3.4 FIELD METABOLISM MEASUREMENTS
Factors which may have influenced the Average Daily Metabolic
Rates of the adult free-living House Martins, monitored using the

D20 technique, may be categorized as follows

a. Procedural differences between each measurement.

b. Environmental conditions prevailing at the time of measurement.
C. Reproductive commitment of each bird at the time of measurement.
d. Differences in the physical attributes of each bird.

A more detailed discussion of each of these variables can be

found in Appendix I1.

In this third section the measured ADMR’s will be analysed in
respect of each of the variables; in doing so each sex will be

treated independently where appropriate.
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3.4.1 Analysis of Factors Affecting AMDR1

Although the majority of the birds sampled reared their broods
to successful fledging the pair in nestbox C in 1976 were an
exception. This pair was one of the experimental pairs which had
the brood artificially enlarged from three to seven young and
although the D.,O18 measurements were carried out whilst all seven
young were still alive it was clear they were undernourished and
shortly after the experiments two of the brood died. Since this
pair were an obvious anomaly all the results gathered from them

18

(D207, feeding rates etc.) were excluded from the main analysis and

are considered as a special case in a later section.

1. Procedural Variables

Although the experimental period (At) ranged from 21 to 52 hours
this difference in itself did not influence the results (Fig. 3.2),
the correlation coefficient between ADMR and At was r = -0.12 (p > 0.1).
However as explained earlier, variation in At also resulted in
different proportions of rest and activity being included in the
final ADMR. Since the birds were roosting for the approximate
seven-hour period of darkness each night the ADMR was corrected for
any period of inactivity by assuming a resting metabolic level of
1.87 cc. C02.9_1.h 1 (as measured in the respirometer) during roosting.
The relationship between this "active" metabolic level and ADMR was
very consistent (Fig. 3.3) and the relationship between the two

described by the equation:

ADMR = 0.72 x Active Metabolism + 0.73, r** 0.95 (p< 0.001)

Raw data may be found in Appendix 111
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Since the two metabolism measurements were so closely correlated,
it was considered preferable to retain the data in its original form,

1. e. ADMR comprising both day and night metabolism.

There was no significant effect of variation in timing of the
start of each experiment. The correlation coefficient between

ADMR and time of release of bird was r = 0.069 (p > o.1).

Thus it can be concluded that although differences in procedure
18 - -
for each D20 measurement may have contributed slightly to the
overall variation in the results, no consistent and significant trend

could be identified.

2. Environmental Influences

The approach to analysing data, where several different variables
were being considered, was to initially calculate a correlation
matrix for the variables involved and identify all the individual
inter-relationships. The variables were then included in a multiple-
regression analysis which operated in a step-wise manner, constructing
a series of equations by adding the variables one at a time. At
any step the programme selected that variable which contributed
most to the explanation of the residual variance in the dependent
variable. In this way the programme built up a multiple-regression
equation of those variables which were of greatest significance.

(Significance level chosen was p £ 0.05) .

(@ Relationship Between ADMR of Male Birds and the Environment
Single correlation coefficients between male ADMR and environ-
mental variables suggested that rainfall and day length were two

variables likely to be of some importance (Table 3.4). When all t
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variables were included in a step-wise multiple regression analysis
the most significant variables proved to be rainfall, maximum
temperature and day length (Table 3.5); they accounted for 91.97%

02 X 100) of the variation in the data. The standardised partial
regression coefficients (8 weights) indicated that maximum temperature
was the most important variable followed by day length and rainfall

in that order; all were significant at less than 1%. It is notable
that although food abundance did not form a significant element when
included in the equation it had the highest 8 weight of those

variables not included.

Thus, as maximum temperature and rainfall increase, the ADMR
of male birds increased whereas the relationship with day length was

a negative one; ADMR decreased as day length increased.

(®) Relationship Between ADMR of Female Birds and the Environment.
From preliminary examination of the data, using simple correla-
tion coefficients, it appeared that there were no significant
relationships between female ADMR and environmental variables (Table
3.6). This conclusion was confirmed when the variables were
included in a multiple regression analysis since none of the environ-
mental variables could be used singly or combined to form a signifi-

cant regression describing the ADMR of female birds.

3. Reproductive Commitment Variables
@ Males

There are basically only two reproductive commitment variables
that need to be considered for each sex; brood mass and brood
number (i.e. 1st or 2nd brood). Considering single regression

coefficients with the ADMR of male birds, metabolic brood weight
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TABLE 3.4

Matrix of Correlation coefficients for environmental variables
at the time of measurement of ADMR in male House Martins during
the breeding season.

) 5 = o = =
260 < z% = ) = ~E
T Q Qo o ™= S o > - A~ O %X
' c o Lo 2 = 3 ! v
Q > = > ~ = 5 = ) 4
20T ¢ Q = o >4 o
[~ =g > o — - o Ef
Q@O 3 > - -— 3 ©
sﬁ:l ~+ 'P h
ADMR 0.05 -0.63* -0.39 0.75** 0.25 0.10
Max temp 0.60* 0.46 -0.04 -0.28 0.52
Min temp 0.46 0.22 -0.44 -0.01
Rainfall -0.11 -0.43 -0.48
Wind -0.29 0.08
Day length 0.09
*p <0.05
Sk .
D $0.0i
TABLE 3.5
Multiple regression analysis of the effect of environmental
variables on the ADMR of adult male House Martins during the
breeding season.
Multiple Standardised Cumulative
Regression Partial Coefficient
Coefficient Regression of
Coefficient Determination
Variable b R.wt. r2 x 100 F P
Rainfall 0.718 0.649 57.6% 24.63 <0.01
Max temp 0.296 0.557 68.7% 18.16 <0.01
Day length -0.691 -0.587 91.9% 17.37 <0.01
Constant - 10.80
Multiple r “ 0.95

Multiple regression variance ratios F 22-918 (p < 0.01)



TABLE 3.6

Matrix of Correlation coefficients between environmental
of the time of measuring the ADMR of female House Martins during

the breeding season

ADMR

Max Temp
Min Temp
Rainfall
Wind

Day length

TABLE 3.7
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Multiple regression analysis of the effect of reproductive
commitment variables on the ADMR of male House Martins

Variable

Metabolic brood weight

Brood number

Constant

Multiple r

Multiple regression variation ratio t F = 48.78 (p

= 0.431
=0.96

Multiple Standardised
Regression Partial
Coefficient Regression
Coefficient
b B_Wt.
0.248 0.795
2.323 0.643

Cumulative

Coefficient
of
Determination

r2 x 100

52.4%
93.3%

< 0.001)

variables

(D)
dwal xep

-.29

F P

62.29 <0.001
142.67 <0.001
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shows the strongest relationship with r = 0.72 (p < 0.01) whilst for
brood number, r = 0.55 (p < 0.05). When included in a multiple
regression equation the two accounted for 93.3% of the variation in
the data, with brood weight contributing most to the explanation

(Table 3.7).

Male birds therefore showed an increase in ADMR from first to

second broods and also with increasing brood weight.

b Females

Of the two variables only brood number was significantly
correlated with ADMR of female birds (r = 0.54 : p < 0.05). In the
same way as the male birds, the relationship was a positive one
indicating a higher ADMR at the time of rearing second broods. The
equation relating brood number to ADMR of females accounted for

29.8% of the variation in the data (Table 3.8).

Comparison of responseof male and female to
Reproductive Commitment Variables

Some sexual differences were again apparent when considering
reproductive commitment; the ADMR of male birds showed a positive
relationship with metabolic brood weight, although both shared a

common feature in having a high ADMR at the time of second brood

rearing (Fig. 3.4).

The relationship between ADMR and metabolic brood weight for

males rearing first broods wasi-

ADMR - 0.23 (brood weight)0,66 + 3.01, r = 0.96 (p < 0.001)

and for second broods

ADMR - 0.36 (brood weight)0,66 + 3.64, r - 0.98 (p - 0.06)
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An analysis of covariance indicated that the regression constants
of these equations differed significantly (p > 0.001) whilst the

regression coefficients did not.

The mean ADMR of female birds raising first and second broods

respectively differed significantly (t = 2.42; p < 0.05).

4. Relationship Between Power Requirements for Flight and ADMR
Power required for flight was calculated after Pennycuick (1972)

(see Appendix I11).

@ Males

The single correlation coefficient between ADMR of male birds
and power requirement for flight was not significant at the 5% level
(r =-0.39 :p >0.1). Since there were too few observations (h = 5
to include in a multiple regression analysis it must be concluded

that there was no significant relationship between the two.

®) Females

The single correlation coefficient between ADMR of female birds
and power requirement was r = 0.33 (p > 0.1) (Fig.- 3.5). However
when included in a multiple regression analysis, brood number and
power requirement together accounted for 84.05% of the variation in
female ADMR data, the standardised partial regression coefficients
(6 weights) indicated that power requirements were of lesser importance
than brood number (Table 3.9). Thus it would appear that when the
brood number differences were accounted for, those females with the

largest power requirements for flight had the highest ADMR



TABLE 3.8

Regression equation relating brood number to ADMR

of female House Martins

ADMR = 4.898

+ 2.025 * Brood Number

r = 0.54
F 5.535 (p < 0.05)
r2 x 100 = 29.8%

TABLE 3.9

Multiple regression analysis of the relationship between

brood number and power requi
of female House Martins duri

Multiple
Regression
Coefficients
Variable b
Brood Number 3.249

Power
requirements 15.747

Constant =

Multiple r

1l
o
©
ey

Multiple regression variance

rements for flight and ADMR
ng the breeding season

Standardised Cumulative

Partial Coefficients

Regression of

Coefficients Determination
X 100

55.5%

0.551 84.1%

ratio F = 15.81 (p Kk 0.01)

F

27.42

10.72

<

<
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P

0.01

0.05
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3.4 Relationship between ADMR and metabolic brood weight of adult
House Martins during the breeding season.

Females only; e = First broods; 0 = second broods;
Points in brackets () indicate artificially enlarged broods.

Males only; v = first broods; Y 7 second broods;
Points in brackets () indicate artificially enlarged broods.
The point marked with an asterisk * was excluded from the
regression calculation (see text).

To show lines of best fit for the points shown in 3.4 a) and b)i

a. Relationship for females rearing second broods, the line
was drawn through the mean.

Relationship for females rearing first broods; the line was
drawn through the mean.

Relationship for males rearing second broods, line drawn to
the equation, vy - 0.36x + 3.64, r - 0.98 (p > 0.06).

Relationship for males rearing first broods, line drawn to the
equation, y - 0.23x + 3.01, r - 0.96 (p > 0.001).
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FIG. 3.5 Relationship between ADMR and power required for flight
calculated after Pennycuick (1972) for female House

Martins during the breeding season; partial regression

lines drawn to the equationt-

ADMR - Brood number x 3.25 + Power req. *15.75 - 6.49

m m = Ffirst broods

second broods

0-80



3.4.2 Summary of ADMR Relationships

@ Males

i ADMR increased as maximum temperature and rainfall increased.

ADMR increased as day length decreased.

ADMR of male birds rearing second broods was higher than

that of male birds rearing first broods.

iv During both first and second brood rearing the ADMR of
male birds increased as the metabolic weight of the brood

increased.

b)) Females

i The ADMR of female birds was not significantly correlated

with any environmental variables.

The ADMR of females rearing second broods was higher than

that of females rearing first broods.

Unlike male birds the ADMR of female birds did not show

any relationship with the metabolic weight of the brood.

iv As the power required for flight increased so the ADMR

of female birds increased.

3.4.3 ADMR of Free-living Swallows (H. rustics)
The ADMR of a female Swallow raising a first brood of four

nestlings Was'4'.14—~a1‘13,CO_.g_l.n_l and HHE {PMR of the same bird

3 -1 -1
rearing a second brood of three nestlings was 6.23 cm .C02>g .h

The ADMR of another female rearing a first brood of five nestlings
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Although these data were too few to carry out the same detailed
analysis as for the House Martin the first bird showed a second-brood
increase in ADMR comparable to the House Martin. The data were
also useful in estimating the cost of flight in this species (see

section 4.2).

3.5 FEEDING RATE MEASUREMENTS
3.5.1 Adult Attendance

Feeding rate measurements were carried out during first brood
rearing using visual observations and during second brood rearing
using nest recording equipment. The reproductive and environmental
variables that were used in the analysis of free-living metabolism
were used to examine variations in feeding rates. Due to the
different techniques used in each case the data for first and second

broods were examined independently.

(@ First Broods
No rainfall was recorded on any of the days that the feeding
observations of first broods were carried out and since the observa-

tions were done on consecutive days day length changes were negligible.

The rate (feeds h'1l) of feeding first broods by male birds was
positively correlated with metabolic brood weight (r = 0.74; p = 0.001)
and negatively correlated with minimum temperature (r — 0.30, P = 0.02)
These two variables were also correlated in the same way with the
feeding rate of female birds (r - 0.56, p - 0.001 for metabolic brood
weight and r - -0.4t, p - 0.001 for minimum temperature) (Table 3.10).
When included in a step-wise multiple regression analysis only brood
weight formed a significant equation relation to the feeding rate

of male birds, whilst both minimum temperature and brood weight



TABLE 3.10

Matrix of correlation coefficients for variables pertaining to
the rate that male and female House Martins deliver food to
first broods.

Metabolic Min. Max . Wind Female
Brood Wt. Temp Temp (Beaufort) feeds
() <0 O (o. h
Male 0.74 -0.30 0.2 -0.01 O;Ei
feeds gl *
Female 0.56 -0.46 0.24 -0.04
feeds Iric* el
Wind -0.08 0.14 —0;33
(Beau-
fort)
Max
Temp 0.23 —0;32
(CO)
Min
Temp -0.15
()
* p S 0.05
** p £ 0.01

*** p § 0.001

="tuM\K ,



formed a significant equation relating to the feeding rate of female

birds, (Tables 3.11 and 3.12).

Thus it would appear that both males and females increase their
rate of feeding as the metabolic weight of first broods increases
(Fig. 3.6). However the rate of increase is higher for the males
than it is for the females, so that although the male initially
delivers fewer feeds than the female to the newly hatched brood he
delivers more feeds to the young once they have a metabolic weight

greater than 13.0g. An analysis of covariance showed that the two

regression coefficients differed significantly (p < 0.001).

(@ Second Broods

As with Ffirst brood measurements day length changes over the
observation period were negligible and so were excluded from the
analysis, however rainfall was recorded on certain days and thus

was included.

The number of feeds h”1 delivered by male birds to second
broods was correlated with metabolic brood weight (r * 0.69; p 0.004)
and rainfall (r = -0.44; p = 0.06), whilst that of female birds
was correlated with minimum temperature (r =-0.57; p = 0.02) and
rainfall (r = -0.42, p = 0.077) (Table 3.13). However when these

variables were included in a step-wise multiple regression analysis,

only metabolic brood weight formed a significant relationship with
the feeding rate of male birds and only minimum temperature produced
a significant equation relating to the feeding rate of female birds
(Table 3.14). The relationship between the feeding rate of each

sex and metabolic brood weight is shown in Figure 3.7.



TABLE 3.11

Regression equation relating the metabolic weight of the brood
to the rate of food delivery by male House Martins

Feeds per hour = 0.575 x met.

r = 0.739

r2 x 100 = 54.72%

bd. wt - 0.573

F = 54.38 (p < 0.001)

TABLE 3.12

Multiple regression analysis of environmental and reproductive
variables and their relationship to the rate of food delivery
to the brood by female House Martins

Multiple

Standardised

Regression Partial
Coefficient Regression

Variable b
Met. Brood Weight 0.294
Minimum temp. -1.086
Constant = 19.59

Multiple r * 0.68

Regression equation variance

Coefficient

B.Wt.

0.501

-0.388

ratio F - 18.92

Cumulative
Coefficient
of
Determination
r2 x 100
31.5%

46.2%

® < 0.001)
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F

20.09

12.06

P

<0.001

<0.01



16

Fe=asy ol

12 16 20 24
- - 8.66
metabolic brood weight. wO, - [9 1]

FIG. 3.6 Relationship between feeding rate and metabolic brood
weight for male and female House Martins raising first

broods.

e—— - - males;

y - 0.54x - 0.17; r = 0.89, p < 0.001

o---0 = females;

g - 0.25x + 3.68; r - 0.69, p < 0.001



TABLE 3.13

Matrix of correlation coefficients for conditions prevailing at
the time male and female House Martins are feeding second broods

=
& ~ = - = Do
2. % > (0] ﬁ ~ 5 ' g 5
=3 g 2 0 - @ =38 !
° 3 3 o ?é Yoo = A2 vy. ©»
o = o © 3 o= I—"‘
- ] >0 ° o
~ o
~ o
Male feeds h 1 -0.45 0.06 0.18 -0.13 0.69 *» 0.49
- - * 0.04
Female feeds h gy = -0.12 0.32 0.57
met.b.wt. (Q) -0.41 0.44 0.23 0.18
Min. Temp (°0) 0.51* 0.09 0.51*
Max. Temp.(°C) - eT -0.06
Wind (Beaufort) —0 2 ~

*p < 0.05

** p &40.01

TABLE 3.14

Regression equations linking the rate that food is delivered to
the nest by male and female House Martins to the most significant

variable.

Feeds per hour by male = Metabolic brood weight x 0.84 - 5.78

r - 0.69
r2 x100 - 48.4%
F *10.32 (p < 0.01)

Feeds per hour by female - Minimum temp x -0.619 + 12.37

r - 0.57

r2 x100 - 33.1%
F - 5.44 (o < 0.05)



FIG. 3.7 Relationship between feeding rate and brood weight for

male and female House Martins raising second broods

of adjusted sizes (see text)

, tm males y “ 0.84x - 5.77
r - 0.69 (p < 0.01)

o— .-o = Females line drawn through mean
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3, Summary of Feeding Hate Measurements
A positive linear relationship between metabolic brood weight

and feeding rate was recorded for male birds feeding both first

and second broods. An analysis of co-variance showed that

there was no significant difference in either the regression

coefficients or constants of the equations describing the

relationship for first and second broods.

A positive relationship was also recorded between metabolic
brood weight and the feeding rate of female birds rearing

first broods, but not when feeding second broods.

Minimum temperature was negatively correlated with the feeding

rate of female birds rearing both first and second broods.

iv Rainfall may have had some small effect in depressing the

feeding rate of both sexes during second brood rearing.

3.5.2 Faecal Production
Increased food consumption in the larger broods was indicated

by increased faecal production. The relationship between dry weight

of faeces produced in 24 hours and metabolic brood weight was linear
and described by the equation

Dry weight faeces (g) = 0.33 x metabolic brood weight - 0.34

r =0.86 (p < 0.001)

3.6 EXPERIMENTAL BROODS
For the purposes of measuring the ADMR-s of parent birds,
three broods were artificially enlarged above the normal size.

Measurements of faecal production and feeding rates were also made



on these three broods. Brood sizes were also manipulated to

investigate the feeding rate relationships of second broods.

3.6.1 ADMR of Adults rearing experimentally enlarged broods
Three experimental broods of larger than normal size were
set up:-
1. Nest A enlarged from4 to 6 young
2. Nest Benlarged from5to 7 young

3. Nest Cenlarged from3to 7 young

Of these nests the young in A and B were all raised successfully

but in nest C only five or the seven young survived to fledging.
The growth curves of the young from A and B were similar to those of

young from natural sized broods, whereas the young iron nest C were

very much lighter at almost every stage in the nestling cycle.

Measurements of ADMR were successfully carried out on all the

birds except the male from nest A. The results from nests A and

B were similar to those which may have been predicted from birds

rearing natural broods. However the ADMR of the male bird from

nest C was 41% lower than that predicted from the regression line

for male birds rearing first broods.

Likewise the measurement of the feeding rate of those birds

from nests A and B and the female from C were in agreement with data

gathered from natural sized broods, but the feeding rate of the

male bird from nest C was 22% lower than expected. To confirm the

undernourished condition of the brood the average daily faecal

production was 32% lower than that of other broods of similar size.

The brood of nest B was raised by parent birds each of which



was 2+ years old, this pair laid the largest initial clutch size

and successfully reared the largest number of young. The brood
in nest A was raised by a 2+ year old female paired with a 1+ year
old male bird, this pair laid a medium sized initial clutch of
four eggs and successfully reared six young. The brood in nest C
was raised by a pair of 1+ year old birds, they laid the smallest
initial clutch of eggs and the experimentally enlarged brood suffered
a 28% mortality which appeared to be due to undernourishment

resulting from the male bird not contributing enough to the breeding

effort.

Because of this anomalous behaviour of the male bird from nest
C and the death of the nestlings the data from this nest were

omitted from the earlier analyses.

3.6.2 Feeding Rate of Manipulated Second Broods

The males feeding the two manipulated second broods responded

to increased brood size in a similar manner to those feeding

natural sized first broods. However the females did not respond

in a similar manner, they showed no relationship between feeding

rate and metabolic brood weight (see section 3.5 for analysis of

data).
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4.1 Energetic Cost of Free Existence

One of the most detailed studies of the daily energy expenditure
of free-living birds is that of Utter (1971). Using both time
budget and D~ 18 techniques he estimated the ADMR"s of Purple Martins
(Progne subis) and Mocking birds Mimmus polyglottos). In comparing

his data with those of previous studies (summarised in Table 4.1)

he concluded that when a homeotherm successfully maintains itself

within its niche it does so at a level of energy expenditure between

1.6 and 2.6 times its SMR. When doing more work than simple self-
maintenance this ratio will be increased accordingly, e.g. whilst

feeding young during reproduction the ratio may be 3-4 * SMR.

In the present study, the ADMR of House Martins feeding young,
ranged from 2.22 - 5.27 x SMR with a mean of 3.89 * SMR, this concurs

with Utter’s conclusion for an adult homeotherm feeding young.

Utter took this consistency to indicate that in the filling of
niches by homeotherms, evolution must have operated within the
constraints of a limit placed on the average intensity of work
performed during a day. However

in preference to a concept of a

pre-determined level of energy expenditure it could be possible that

evolution has favoured the energetically most efficient individuals
of each species. IT this is so then for homeotherms at least, the
average level of energy expenditure at which a favourable balance
between energy harvested and energy expended is maintained at about

2 -3 x SMR @B - 4 x SMR when breeding). Support for this hypothesis

is outlined below.

in order to maintain itself an organism must be able to gain

more energy from foraging than it expends during the foraging process



TABLE 4.1
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Relationship Between ADMR and SMR for a variety of Avian Species

Author

Owen 1969, 1970

4

Keskpaik 1968

Pearson 1954

Schmid 1965

Graber 1962

Odum 1962

Kale 1965

Utter 1971
|

<

4

Shartz &
Zimmerman 1971

Ebbinge, Canters
& Drant 1975

Bird

Anas discors

<

H. rustics
D. urbica

Calypte anna
Zenaida
macroura
Strigidae spp.
Ammodranus
sandwichensis

Cistothorus
palustris

Progne subis

Mimus polyglottos

Spiza
americana

Branta
leucopsis

Conditions

Caged in outdoor pens

With flight costs

calculated by Utter

Daily existence
Immediate post
breeding

Crop intake

Pellet analysis
during breeding

Time budget

Not feeding young
Feeding young

Not feeding young

Feeding young

Time budget

Food intake
(free living)

ADMR/SMR

1.8

2.4

2.0-2.6

3.5-4.7

3.3

3.1-6.1

2.1

2.1-2.5

2.9-3.4

1.7-2.1

2.7-3.0

1.41

2.2



(Rapport & Turner 1975). Any excess energy gained may be utilized

for maintenance during non-foraging periods. When energy requirements

are increased e.g. during moult, courtship, and reproduction, the
organism must be able to gather more energy to meet the increase.
An immediate solution would be to devote more time to foraging, and
if this is done at the expense of resting time an increase in daily
energy expenditure occurs. A sufficient time however must remain
free from foraging for other essential activities such as incubation,
inter- and intra-specific competition, courtship and predator evasion.
If an organism is at the limit of the time it may spend in foraging,
increased energy requirements can only be met by increasing foraging

efficiency (ratio of energy gained i energy lost) (Lawton 1973).

Thus evolved the theory of optimal foraging (Emlen 1966; Krebs 1973).

When adult birds are feeding young the requirement for increased
foraging efficiency is probably greatest since the majority of day
light hours will probably be utilised. If the adults minimise the
associated costs their fitness (in the sense of Fisher (1930)) will
be increased, partly because the survival chances of the offspring
will be increased, as the adult would have a certain surplus of time
and energy to devote to the brood when adverse conditions occur
(e.g- during bad weather, presence of predator etc.). Furthermore
in minimising the work done in carrying out essential duties the
adult is likely to increase its own survival chances (Stearns 1976)
and thus increase the probability of future reproduction. In this
way those organisms which can minimise their daily energy expenditure
(ADMR), whilst carrying out all other activities at maximum efficiency,
are likely to be favoured by natural selection. For those organisms
examined to date the minimum amount of energy required to do this

seems to be between 2-3 x SMR for non-reproductive activities and

3-4 x SMR for reproductive activities.
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The adaptations which allow organisms to work at this level are

varied, and Utter"s (1971) work highlighted an interesting consequence

of different life-styles. He estimated the ADMR of Purple Martins
feeding young at 2.9-3.4 x SMR, and of Mockingbirds at 2.7-3.0 * SMR.

Mockingbirds forage primarily for insects on the ground occasionally

taking flying insects by short flights. When this is contrasted

with the apparently energetically demanding aerial feeding behaviour

of the Purple Martin it is notable that the work done by both species

is similar, and serves to emphasis some remarkable adaptations for

flight found in Hirundines, which are discussed in the next section.

4.2 Energetic Cost of Flight in Hirundines
4.2.1 Flight costs estimated from present study

The cost of flight alone was not measured directly in the present

study (c.f. Utter and Lefebvre 1970), however a fairly accurate

approximation can be made in two waysi-
a) As explained earlier (Chapter 3.4.1) the measured ADMR"s can

have the roosting component removed and each converted into an

"active" metabolic rate. During first brood rearing at least, birds

were not observed at rest away from the nest, thus it can be concluded
that the adults were flying continuously whilst away from the nest,
thus the

calculated active metabolic rate will be a fairly reliable

estimate of flight cost in the House Martin.

The mean active metabolism for all birds measured is 9.04 cm3.

C02.g. 1 .-h 1 (0.037 k.cal.g-1 .h_1) which is 4.83 * SMR. There are

however, some disadvantages with this estimate. Some of the birds

(males) which were sampled increased their energy expenditure as the

metabolic weight of the brood they were feeding increased. Further-

more it is an estimate based on birds which were taking insects and
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this predation involves twisting and turning flight as well as active
pursuit. Although House Martins utilise a certain amount of gliding
flight during foraging which is likely to reduce the cost

gliding has also been observed in more direct flight during migration
(Lyuleeva in Bykhovski 1973) and is a characteristic of House Martin
flight not restricted to the breeding season. It is felt that

because of costs of foraging the estimate of flight metabolism using

this method is probably a maximum.

Using the same method the active metabolism of two female

-1 -1
Swallows measured in this study averaged 0.059 k.cal.g .h .

b) A second method could utilise the relationship between active
metabolism of male birds and the metabolic weight of the brood. The
regression constant of this relationship theoretically represents the
active metabolism of male birds without a reproductive commitment.

It is felt however that the relationship should not be linearly
extrapolated below the brood masses that were sampled. This is
because the cost to the bird of feeding a very small brood mass is
unlikely to be much different from self maintenance and flight because
only a very small amount of food has to be delivered to the nest at
this time. The metabolism estimates at the lower end of the range

of measurements are therefore likely to be a minimum estimate of

the cost of flight in a House Martin.

The lowest six estimates of active metabolism have a mean of

.34 cm3 .CO.=g”1*n”1 (0.04 k.cal.g_1.h 1) which is 3.39 * SMR.

Using the above two methods of estimation, the flight costs of
House Martins in the present study fall in a range between 0.04-0.057

k.cal.g"1l.»”1 which is 3.39-4.83 * SMR.



61

Although both of these estimates involve slightly more resting
time than that spent at roost at night, it is felt that this is

balanced somewhat by the extra energy expended by a breeding bird.

4,2.2 Flight Costs of Hirundines from Other Studies

Utter and Lefebvre (1970) measured the cost of continuous flight
in the Purple Martin (Erogne subis), using the D2018 technique, at
0.069 k.cal.g”l .»"1 (5.7 x SMR). Birds were captured and removed
from their nest site, loaded with D2018 and metabolism measured

during the period of homing flight.

The cost of flight has also been estimated by material balance
studies for continuous flight in House Martins and Swallows (Hirundo
rustica) (Lyuleeva 1970). The birds were removed from the nest site
and their bills tied closed with cotton and the resulting weight loss
during homing flight was converted to a calorific value of
0.045 k.cal.g”1l.»”1

(3.0 x SMR) for House Martins and 0.057 k.cal.

g-1 .h_ 1 for Swallows (3.8 x SMR).

Keskpaik(1968) used four methods to calculate the energy

expenditure of flight iIn House Martins«

-1
i. extrapolating from 02 consumption 0.035 k.cal.g i
immediately after flight (2-12 x SWR)
ii. using weight loss during flight 0.043 k.cal.g .h
(2.67 x SMR)
iii. using heat loss estimates 0.049 k.cal.g 1.h

(3.06 x SWR)
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iv. using a theoretical model = 0.050 k.cal.g -h

(3-12 x SMR)

The estimate for the Purple Martins is slightly higher than the

range for House Martins in the present study. This is perhaps

unexpected as a Purple Martin has a body weight nearly three times
that of a House Martin and when a variety of data is assembled

flight cost per gram decreases as weight increases (Table 4.2

Figure 4.1). However this may be due to structural differences

between the birds (see next section)e

The absolute estimates of flight cost in House Martins, from

the Russian studies (Lyuleeva 1970, Keskpaik 1968), are in agreement

with the range of Values derived in the present study. The relation-

ship of Keskpaik®s values to SMR are somewhat lower than those of

Lyuleeva and the present study, however since very little information

is available on the methodology of this work, the basis of discrepancy

cannot be identified. Using the value of SMR from the present study,

Keskpaik®"s recalculated data lies in the range 2.91-4.3 * SMR.

The material balance studies have been criticised (Berger &
Hart in Earners King 1974) since the calorific equivalent of weight

loss is a difficult parameter to quantify. However the estimates

derived using this method agree well with those of the D2018 technique

and the three alternative methods of Keskpaik. The number of birds

handled in perfecting the material bal