Keele

UNIVERSITY

This work is protected by copyright and other intellectual property rights and
duplication or sale of all or part is not permitted, except that material may be
duplicated by you for research, private study, criticism/review or educational
purposes. Electronic or print copies are for your own personal, non-
commercial use and shall not be passed to any other individual. No quotation
may be published without proper acknowledgement. For any other use, or to
guote extensively from the work, permission must be obtained from the
copyright holder/s.



PART TWO

ROOK FLOCKS and FOOD FINDING: TESTS of FUNCTIONAL
HYPOTHESES



IMAGING SERVICES NORTH

Boston Spa, Wetherby
West Yorkshire, LS23 7BQ
www.bl.uk

The following have been excluded at the
request of the university:

The quotes on pages 209, 213 & 214.
Appendix 4.



Suddenly he begins to pour forth a flood of
eloguence - facing them as he speaks: Will they comne
with him down to the field where the cows are grazing?
There will be sure to be plenty of insects settling on
the grass round the cows, and every now and then they
tear up the herbage by the roots and expose creeping
things. ‘'Come,' you may hear him say, modulating his
tones to persuasion, 'come quickly; you see it is a
fresh piece of grass into which tke cows have been
turned only a few hours since; it was too long for us
before, but where they have eaten we can get at the
ground comfortably....Or what ¢do you say to the meadow
by the brook? The mowers have begun and the swathe
has fallen before their scythes; there are acres of
ground there which we could not touch for weeks; now
it is open, and the place is teeming with good
food....Are you afraid? Why, no one shoots in the
niddle of a summer's day. Still irresolute? (with an
angry shrillness). Will you or will you not?...You
are simply idiots (finishing with a scream of abuse).
I'm off!"

. Seeing him start, the rest follow at once,
jealous lest he should enjoy these pleasures alohe....

Richard Jeffries (187¢9) Wildlife in a Southern County



Part Two Chapter One - Introduction

Part one compared the winter habitat use and foraging
behaviour and ecology of the four corvid species regularly
found in the open agricultural landscape of lowland south-
ern Britain. The four species, as well as showing differ-
ences in those aspects just mentioned, also show marked
differences in social organisation. Some general links
between ecology and social ofganisation have been sumnmar-
ised by Waite (1978). The social organisation of these

four species in winter has been summarised in chapter two

of part one.

The possible relationships between aspects of social
organisation and interspecific competition have been con-
sidered in part one. The present section tests an alterna-
tive hypothesis for one aspect of winter social organisa-

tion - whether flocking by rooks can increase the rate of

encounter of patchily-distributed prey.



Part Two Chapter Two - Grouping by birds: a review of

functional interpretations (%)

2.2.1 Introduction

The choice of rook flocking as én aspect of social
organisation to investigate was not determined solely by
its relevance to the general question of coexistence
anongst the four corvid species under consideration. 1In
addition, a major stimulus was the fact that at the time of
instigation of the study only one convinéing dermonstration
that flocking by a wild bird species increased the proba-
bility of locating a patchily-distributed natural prey,
with a subsequent increase in prey intake rate, had been
published (Krebs 1974). Thus an attempt was to be made to
increase the number of comprehensive studies available from
which an assessment might be ﬁade of whether'séciél loéa-
tion of aggregated prey was the general phenomenon across
the animal kingdbm which it was held in many papers to bé.
Krebs‘had observed great‘blué herons (Ardea herodias)
foraging for transient fish schools, whilst the rook

forages for terrestrial invertebrates.

(*) This chapter is an expansion and update of one which
appears 1in Vaite (1978). Some repetition of material from
that study is inevitable. The main viewpoint of the present
chapter is similar to that of the earlier work.
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lany less satisfactory investigations of this and
other functional hypotheses concerning grouping by birds
existed. Thus an investigation into the possible func-
tional significance of rook flocking had a more‘general
relevance. It was considered that a critical review of the
literature had a place in such ah investigation because of
the general lack of rigoroﬁs testing of hypotheses cﬁrrent
at the time. 1In fact £he last feh years have shown’a
considerable improvement in the quality of studies pub-
lished in this area, which is reflected in the review given
belbw. Even so, the author considers that problems still

exist and the purposes of the current review are:

(a) to demonstrate the diversity of ecological variables

relevant to the behaviour of grouping through a

comprehensive review of the literature;

(b) to demonstrate the failure of many studies to ade-
guately test functional hypotheses arising from the
possible relationships between these ecological vari-

ables and behaviour; and

(c) to present ways in which hypotheses may be tested by
observation of birds in the wild, and thus dissuade
the future production of a literature like that
reviewed; and to demonstrate which hypotheses, by

their nature, remain untestable.
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2.2.2 Benefits and costs: a summary

The review will consider functional aspects of avian
grouping ("why?"), and not causal ones ("how?"). Functions
of aggregation by birds have mainly been related to two
ecological events - the procuration of prey and the,
avoidance of becoming prey. A number of other benefits of
aggregation have also been suggested, along with some
costs. "Aggregation" and “groupﬁ are defined in this
chapter as any association between two or more animals
which involves sonme direct’social behaviour on the part of
at 1eést one of the animals which brings about, or main-
tainé, some behavioural interaction between them. The
animals need not necessarily be of the same species, nor

need every member of the group benefit ecually or at all.

The following list summarises the main kinds of advan-

tages and disadvantages which have been related to avian

gtouping behaviour.
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BENEFITS

Prey ,
a. Locating patches.
b. Efficient exploitation of patchy environments.
C. Defence cof feeding areas.
d. "sStrength in numbers" enabling penetration into
feeding areas unavailable to single birds.
e. Flushing of prey into availability.
f. Vigilance decrease allowing feeding rate increase.

g. Social facilitation of feeding rates or prey
types.

h. Cooperative hunting.
i. Food stealing from other flock members.
j. Reduction of the risk of starvation.

Predation

a. "Celfish herd" advantages.

b. Detection of predators.

C. Defence against predators.
Reproduction

a. Access to opposite sex facilitates pairbonding, etc.
b. Location of good nesting sites.
C. Benefits related to comnunal breeding.

Reduction of Agonistic Encounters

Facilitation of Learning by Young

Synchronisation of Social Behaviour

Reduction of Energy Loss by Thermoregulation

Reduction of Energy Expehditure by Formation Flying
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COSTs

Prey
a. Competition.
b. Agonistic encounters.
C. Interference.

Predation

a. Conspicuousness attracting predators.
b. Increased predation rates.

Reproduction
a. Competition for nest sites and materials.
b. Competition for mates.
C. Increased risk of cuckolding.
d. Increased risk of misdirected parental care.

e. Increased risk of inbreeding.
f. Physical interference in breeding.

g. Transmission of parasites and diseases.
h. Cannibalism.
These costs and benefits may be experienced by birds
in the dynamic situation of the flock, the more static
situation of the breeding colcny, or whilst coming as a

flock to rest in one place for roosting.

2.2.3 Weak and strong function

Information about these proposed consequences of
grouping has come mainly from chservational study.
Interpretation of the data in most of these stuéieé is
influenced by the assumption fhat the behaViout observed
has been mouldéa by natural selection. It is)conventional

to distinguish between two different kinds of functional

explanation - weak and strong (e.g. Hinde 1975, Williams
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1966). A strong functional explanation of an observed
behaviour seeks to define the ecological determinants which
constituted the selective forces acting to shape the
behaviour in the evolutionary past.. A weak function
describes a consequence or effect of behaviour which has
some influence on present-day survival value, but which did
not necessarily evolve through the action of the same
ecological variable with which contemporary survival value

has been linked, nor even necessarily through the action of

natural selection at all.

Tinbergen was one of the first ethologists to make the
conseqguences of this distinction clear - for example in

1963 he wrote that we must not confuse

1963).

There have been considerable fruitless attempﬁs to
define "the" strong fﬁnction 6f avian grouping - e.g. the
debate whether préy distribution’(Murton 197ia) or predator
pressure kLazarus 1972) was the major seleétivé force
causing the evolution of bird’flockiné. There are at least

three reasons why this is a dangerous process - firstly,
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such arguments may be erroneous since they are based on the
'a priori' assumption that the behaviours are adapted;
secondly, they can be fruitless if there is no possibility
6f distinguishing étrongvfrom weak function; and thirdly,

they can lead to failure to study problems scientifically.

That the search for ptoof of a strong function is
impossible is particulaily well iilustraﬁed‘by studies
relating”grouping to a reduction of.predation pressure.
Showing thatksdlitary birds suffer more precation than
flocks is a valid’procesé if one is concerned onlykto show
a consequence of behaviouf. But to cohclﬁde from such daté
that flocking is a strategy designed to reduce predation is
not correct, for the comparisons of mortality have been
made on solitary individuals of a species which is normally
gregarious, and which may well display advertisement
behaviour and flash-plumage. The true alternative strategy
would be solitary behaviour linked with crypticity of
behaviour and plumage.  Of course one cannot perform this -
test for any bird species, since there are none which show
different phases.of behaviour and plumage corresponding
firstly to crypticity, and then to advertisement, coupled
with the corresponding changes in solitary or grouping
behaviour. vPredation rate data show theAweak conseguences
of solitary of flocking behaviour, given”that the species
concerned is already a gregarious éne; it cannot demon-

strate that flocking is an evolved strategy which is better
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than a solitary and cryptic one.

2.2.4 Adaptation by natural selection?

Since modern genetics is not the current author's
field of study, no more will be done than to mention the
fact that there are alternatives to the neo-Darwinian
explanation of behéviour as the adaptive result of natural
selection (e.g. see Feldman & Lewontin 1275, Gould & Lewon-
tin 1879, Lewontin 1977). There are two related problems
with this criticism of the adaptationist approach, however,

wvhich limit its effectiveness to combat the neo-Darwinian

explanation.

Firstly, the proposition that some behaviours may not
have evolved through the action of natural selection is as
untestable as the alternative proposition it seeks to
undermine. To propose that a behaviour is nonéfunctional
is effectively to propose the null hypothesis. The rejec-
tion of an alternative hypothesis (a functional one in this
case) does not prove the truthfulness of the null
hypothesis but only the (probable) falsity of the alterna-

tive (e.g. Winer 1971).

Secondly, the adaptationists will always be one step
ahead - the disproving of one experimental hypothesis

cannot prove the truthfulness of the null, but could only
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lead to the proposition of another alternative hpothesis to
test. As each functional hypothesis is disproved, another
is erected in its place. For every one rejected, there
would always be another possibility to proposé as an alter-

native to the null hypothesis of no evolved function.

2.2.5 strong function confuses the issue

The fruitlessness of the attempt to define strong
functiOns may be compared to the old nature-nurture argu-
ment. The debate over whether flocking by birds primarily
evolved in response to the distribution of prey or preda-
Eion pressure is largely irrelevant to what kind of
present-day advantage or disadvantage may be experienced as
a result. If a bird, when vigilant, were looking for the
whereabouts of a conspecific as an indicator of a good prey
patch, it would not ignore a precdator which it, or another
flock member, happened to see approaching, just because it

were not looking for a predator at the time.

The argument can also be reversed, of course; and it
is even conceivable that a behaviour could be demonétraged
to have a present-day disédvantage in relation to a pa;tic-
ular ecological variable, ana yet that same variablé cédld
have actually been the prime selective fércevacting to

mould the evolution of the behaviour:
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2.2.6 Strong function and scientific method

The final deleterious outcome of a non-critical accep-
tance of the adaptationist approach, or of a confusion
between the identification of the evolutionary history of a
behaviour and its contemporary effects, is a failure to
study the problem scientifically. The literature is full
of examples'where a hypothesis is erected to explain the
evolution of some observed behaviour and is then treated as
sufficient. Even where such speculations are subjected to
test to confirm whether the proposed evolutionary history
remains a present-day effect, the tendepcy to think in
térﬁs of é‘pafticular evolutionafy history té é béﬁaviour
seemg to produce a failure (of which examples will be given
below) to identify, and control for, the effect of possible
confounding variables, or other explanations. As Deag

says:
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The best studies have abandoned the elusive search for
the strong functional explanation of observed behaviour and
followed the hypothetico-deductive method of most contem-

porary science:
(a) observation of behaviour and its ecological setting;

(b) erection of alternative, testable, hypotheses concern-

ing the effects of ecology on behaviour;

(c}) test of the hypotheses by further observation, with
possible confounding variables controlled for statist=-

ically, or by experimental control and manipulation of

key variables. .

This process is described in further detail below.

2.2.7 Optimal group sizes for different individuals

A further related problem has been the tendency to
¢ontrast benefits as mutually excluéive, and increasing
linearly with group size; But many earliér studies have
suggested that ﬁhis need not necessarily be the case. For

ekample, several studies have indicated that the balance of
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benefit and cost to flocking differs for different members
of a flock. Crook and Butterfield (1970), llurton et al.
(1871) and Vlard (1565) are examples of early studies which
indicated that some birds (subordinates or females, in
these cases) received a cost by flocking (due to increased
agonistic encounters or inefficiency of foraging) which
outweighed the benefit gained. Many more recent studies
havé shown sﬁchva differént baiance of costs and benefits
for different flock members (e.g. Daker et al. 1881,

Barnard & Sibly 1¢81, Caraco 197%b, Jennings & Evans 1980,

Rohwer & Edwald 1981).

A‘mixture 6f benefits and costs bccurring at cdifferent
flock sizes may also méan that thekgreatest return to a
particular bird may come at an optimum rather £han maximun
flpck size. Page & Whitacre (1975) and Siegfried &
Underhill (l975)kare two examplés'where the reduction in
predation risk to a bird was lowest at an intermediate
flock size due to the faét that the bénefit of flbcking
versus predation (probably in these cases the benefits of
increased vigilance 6r reduced likelihood of being the prey
éelected on any particular aﬁtack) began to be outweighed
by iﬁcreased costs atvthe highest flock sizes (probably
increased conspicuousness of the groups atﬁracting:more
preéators, or the presence of many birds inhibitiﬁg escape
movenents). Caraco et al. (1980) have recently demon-

strated that yellow-eyed juncos (Junco phacopnotug) altered
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their flock sizes in response to increased predator pres-
ence, in a way which probably reflected the change in
optimum flock size associated with changing the balance of
the costs and benefits of flocking for individuals of this

species.

2.2.8 Studies illustrating problems

RBefore describing ways in which the functional study
of avian grouping can be carried out adéquately, several
comnion faults in the design, executidn, analysis and
interpretation of studies wili bg illustrated. These
faults include the design of data colléction to 'prove' one
experimental hypoéhesis, nét test between alternatives; the
acceptance of the experimental hypothesis on insufficient
data; poof design and interpretation due to a confusién
between describing possible evolutionary pathways and
demonstrating current advantage or disadvantage; the
failure to demonstrate causal links between variables; and
the acceptance of the experimental hypothesis in spite of
contrary data which really dictates that the null
hypothesis cannot be rejected. The studies cited here are
simply single examples from a large potential pool, as will

be indicated in the final section of this chapter.

One common problem is that a single possible explana-

tion is fitted to data. The nature of the data is often
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insufficient to allow alternative explanations to be exan-
ined and firmly rejected. In fact, data are often insuffi-
cient to adequately establish even the explanation prof-
fered. It often seems as though studies were designed to
denonstrate that the authors! préjudice forka‘certain

- functional explanation‘of some aspect of grouping behaviour

by their particular subject species is correct.

Hoogland & Sherman (1976) produced a lengthy study of
the possible costs and benefits of colonial nesting by the
bank swallow (= sand martin), Riparia riparia. The authors
conclude that the main benefit is reduced predation due to
synchrony of the breeding cycle 'swamping' predators with
an excess of prey, and cooperation in mobbing physically
deterring predators from attack. They conclude that social

foraging advantages were not operating or unimportant.

They also list a number of disadvantages.

However, their data do not allow one to establish or
reject any one of the considergd costs or benefits reli-
ably. The fi&e disadvantages cited arebsupported oniy by
very ciréumstantial eviéence - for example it is stated
that the risk of parasitic ihfestationbby a flea (Cerato-
phyllus riparius) increased with increasing colony size,
Howevér, no data are inen, ot studies cited, to indicate
whether the minimum and maximum numbef‘of fleas found in

any burrow at the different colony sizes are sufficient to
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affect reproductive success or adult survival differen-

tially.

The advantage of social foraging is rejected on the
statement that "the social facilitation of foraging never
requires coloniality....Therefore, this explanation is not
likely to be sufficient for the tight clumping of bank
swvallow burrows" (p.45). This illustrates the argument
given above (section 2.2.5) that confusion between weak and
strong function can cause a failure to examine hypotheses.
The paper is entitled "Advantages and disadvantages of bank
swallow...coloniality”, and does not state that it wishes
to trace the evolutionary history of coloniality. Whether
or not social foraging reguirements (the authors consider
the possibility of social attraction to prey patches) could
have caused the evolution of colonial breeding is
irrelevant to. a test of whether close nesting with neigh-
bours can then subsequently allow a benefit to be gained
from using nest neighbours to locate patches. The authors
in fact give some data indicating that colony neighbours
left to fdrage together, but these are the only déta given
regérding foraginé behaviour. The reason given for the
lack of data is that since the birds‘"ranged far frqm the
colony while foraging, we could nbﬁ examine grouéing ten-
dencies during actual foraging" (p.45). The social forag-
ing hypothesis is therefore rejected without any déta being

collected to examine it - it is rejected because of a
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confusion between weak and strong functicnal explanations.

The only other possible advantage‘considered is a
reduction of the predation effect oﬁ breedihg success. It
is shown that considerable reproductive synchrony occurred.
It is not shown that reprocductive success differed between
those breeding synchronously and asynchronously, though
another study (Emlen & Demong 1974, 1875) is cited as
denonstrating this. Despite the fact that Emlen & Denong
found that the major cause of‘this differential mortality
was due to starvatién and not precdation, Hoogland & Sherman
conclude that the\fgnction of sucﬁ synchrony is to
increase breeding succéss by a selfish herd"swaﬁpihg' 6f
predators. Thus‘they support a functional explénation
without giving data of thei: own and without data on the
frecuency of 6ccurrence or suécess rates of predators (Méad
& Pepler 1975, a study not cited, give data which suggest a
possible increase in predator attendance at colconies at the

time of synchronous fledging).

A series of experiments ére deScribed which indicate
that a mammalian predator's approach was detected quicker
in larger colonies. Data are given to show that such
mammalian predators could be deterred by mobbing. It is
then stated that this should result in reduced predation in
larger colonies, and even though their own data failed to

demonstrate any systematic difference in the predation
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rates on different sized colonies, the hypothesis is still
accepted (p.54). A very few data are given on the mobbing
of wild blue jays (Cyanocitta cristata) to suggest that
mobbing deterred attacks on young placed at the burrow
entrance but not at the bottom of the cliff face or in the
centre of the gravel pit (p.49), a rather bizarre set of
observations based on a total of only 17 observations which
cannot be analysed for statistical significance, and whose
relevance to naturally-occurring predation and its relation
to colony size is difficult to understand. MNo data are
given on the detection, or mobbing, of raptors, despite the
fact that llead & Pepler suggeét that they are more impor;
tant predators at the colony than mammals, and hunt by
surprise appearance over the top of thé colony in a manner
which is difficult to reconcile with anAearly detection,

followed by mobbing, hypothesis.

Thus a series of benefits and costs are appraised, and
accepted or rejected oﬁ inadequate evidénce, or‘on nil
evidence but on a ¢onfusion of the difference»between‘the
evolutionary history of a behaviour and current éurvival
value. The stud§ ﬁaé‘designed in a way which made distin-

guishing between any of the alternative hypotheses impossi-

ble.k

The second example is of a study which is more care-

fully designed but which also fails to distinguish between
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alternative hypotheses. Stinson (19€0) assumed on the
basis of other studies that fldcking could reduce predation
rates. He then proposed a model which predicted that when
prey was scarce and not strongly clumped, the individuals
of no species observed should be randomly distributed, but
should clump. Further, if the densities of prey for which
different species were foraging were positively corre-
lated, then species should be non-randomly and positively

associated with foraging individuals of other species.

Stinson tested his model's predictions by observing
Charadrii foraging in winterk(so food wvas probably écarce),
and on unifdrmly sandy stretches of beach (sé food, he
assumed, was probably réndomly or over-dispersed). The
data sﬁpported the two predictidns of his médel —k each of

ten species observed was clumped in dispersion both intra-

and inter-specifically.

lowever, Stinsoh considers no alternative hypotheses.
For example, it is possible to build a complementary model
related to social location of prey which is similar in
nature and predictions excépt for one kéy factor - the
disperéion of the prey. If prey were scarce and the prey
densities of different species were correlated, but this
time prey dispersion‘was clumped, then, if ohe makes‘(like
Stinson) an initial assumption based on other work that

flocking can facilitate the location of prey patches, the
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same predictions follow: birds should be non-randomly
distributed both intra- and inter-specifically. The cru-
cial difference between the two models is that the first
assumes that prey are randomly or over-dispersed, the other
that they are clumped. Unfortunately Stinson did not
measure this, but assumed that the prey in the areas of
beach he observed were randomly dispersed. Without demon-
strating that this was the case, no firm acceptance of his
predation hypothesis can be made,. especially since most
invertebrate types in nature are known to be aggregated in
dispersion (e.g. Southwood 1¢78). 1If Stinson had con-
sidered other alternative functional explanations during -
the design of the study, the crucial nature of the disper-
sion of the prey would have been identified, and it would
have been clear that measurement of that variable was

essential if alternative hypotheses were to be rejected.

The study by Patterson & liakepeace (1979) illustrates
a similar, common fault, The study investigated the rela-
tionship between breeding success and colony size in shel-
duck Tadorna tadorna. It was found that breeding success.
decreased with increasing colony size. Patterson &
llakepeace also established that the amount of time spent
nest-prospecting also decreased significantly with colony
size (due to increased mutual interference between dif-

ferent pairs of duck).
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Powever, no causal link between the twc was made to
adequately suggest that it was the increase in mutual
interference which causeé the reduction in breeding suc-
cess. Two circumstantial pieces of evidence were
presented.. Firstly there was no tendency for pairs which
were successful in hatching broods to have been alone
during prospecting (and thus not suffering from interfer-
ence) more frecquently than unsuccessful pairs (thus sug-
gesting no link between interference and breeding success).
Secondly, more dominant males during interactions while
prospecting were more successful in hatching broods (thus
suggesting a possible link between a subordinate's inabil-

ity to combat interference, and a reduction in breeding

success) .

However, as Patterson & liakepeace themselves are aware
(p.531), this is in no way adeguate evidence . to prove a
causal link - for examnple the more dominant males could
have held better quality territories and this could have
been the cause of their increased breeding success. All
three variables (breeding success, amount of interference,
and colony size) could easily have been causally linked to
some other, unidentified and unmeasured, variable. The
authors in this instance were aware of the fault in their
design,. but as the final section of this chapter indicates,
it is a common fault in studies of breeding success and

colonial nesting.
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The final example is not actually a study of avian
grouping, but does serve to illustrate how the assumption
of the adaptiveness of behaviour causes a refusal to reject
unsupported hypotheses =~ the kind of attitude which has
been criticised as unscientific by indivicuals from otherv
disciplihes (e.g. Bateson 1978, Lewontin 1977). This exam-
ple is used, rather than a grouping one, since the study
itself was very well éesigned and executed in its prelim-
inary stéges (design, data collection and analysis). It is
only the final step (acceptance or rejectioﬁ of the expefi-
mentai hypothesis), which can be faulted. It is the
interpretation of the study in an undergraduate text which

will be considered, rather than that of the author of the

study.

zach (1979) found that the numbervof times
northwestern erows (anyge g@g;inus) needed'to dropkwhelk
shells before they broke open, and coula be eaten; deﬁended
on the height frem which they were dropped. By multipiying
the number of dreps required to break a shell at each
height by that height, ane by calculating the amount of
energy expended in handling the érey compared to the eneﬁgy
gainea from eating the different sized‘whelke available,
Zach was able to make quantifiable predictions based on
optimality theory. Zaeh predicted that if crows were
trying to maximise energy inteke and ninimise energy expen-

diture when foraging, they should take only the largest
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whelks and drop them from heights between about 4 and 11

metres.

The first prediction was upheld - the crows chose
only the larcest whelks when a choice was offered to then.
The second prediction was partially supportedb - the most
freqdent drop'was about 5m, but crows did not frequently

drop from heights up to llm. Zach himself considered that

the crows might départ from his prediction if there were an
unmeasured cost of dropping from the greater heights, for

exanple the shell being lost.

This study is described in Krebs & Davies (1981) as
their first example of a test of the exact predictions of
an optimality model. This undergraduate text includes the
usual few pages of warning about the dangers of designing
~ studies and interpreting results (e.g. pp.27 and 34-8).
They also state that it ié their assumption that natural
selection has produced maximally efficient animals (pp.57-8
and 66). The point of describing the Zach study, and Krebs
& Davies' interpretation of it, is that the predictions of
the optimal foragihg model were not’fully supportéd - it
was predicted that the crows would drop from between 4 ahd
1lm, but in fact dropped most frequéntly at just over 5n,

and not at all heights.

Krebs & Davies give four reasons why an optimality

model's predictions may not be supported by the data.



2.2 Avian Grouping 225

Firstly, some constraint may not have been identified (for
example a need to achieve intake of different kinds of
protein may require the adoption of a different diet than
that which maximises energy intake). Secondly, the animal
may have some other goal (for example minimising the risk
cf predator attack may be a more important goal which
conflicts with behaviour which would be optimal for energy
intake) . Thirdly, some cost or benefit may not have been
measured ané built into the model (for example extra han-
dling times for large prey, or in Zach's case an unmeasured
cost could have been that shells may be lost from higher .
drops). Finally, the animal may be poorly adapted, not
nazimally efficient, for example because an animal has yet

to respond to recent environmental change.

- The conclusion from this is that, if a study designed
to test quantitative predictions based on optimality theory
does not produce results which support the predictions,
then one explains the results away somehow, with a more or
less glib 'explanation' - the theory of optimality itself
cannot be wrong. The hy?othesis which is supposed to be
under test = that the animal forages optimally - 1is in
fact not falsifiable, and the process is therefore not open
to scientific inguiry. Zach may be right when he says that
the reason the prediction was not supported was because of
an.unmeasured cost. That is not the point. Had he found

that crows dropped only from c.l0m, one could have
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speculated that crows dropped from the highest heights
because they would then have more time available for other
things; or think of many other more or less plausible
speéulations to expléin the particular resuits obtained.
The pdint is that the experimental hypothesis of optimal
foraging was not fully supported by the data. Instead of
concluding that the null hypothesis (that the crows were
not foraging optimally) could not be rejected, the experi-
nental hypothesis is accepted anyway. This is not the
usual scientific process. An experimental hypothesis which

cannot be rejected is not open to scientific verification.

The éxample éboVe was used because it is described in
an undergraduate text. Both Krebs and Davies have of
course prodﬁced functional studies of behaviour which were
both equally well designed, and in which the results did in
fact support their predictions, as will be describedAbelow.
The fault common to all four of the examples deséribéd
above Qas data which were not adequate to fully test the
hypotheses in questioh, due to design faults oféen caused
by nuddled thinking about, or dogmatic belief in, the
theories of natural selection and function. The following

section attempts to set the limits to what best can be

achieved at present in the scientific study of function -
at any rate, they repreéent the guidelines within which the

research reported in the later chapters of this thesis were
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carried out.

2.2.9 Guidelines for research on the functions of avian

grouping

The study of functional issues in behaviour should be

no different to that of any other phenomena which are open

to scientific inquiry. Any scientific study should proceed

through a series of steps which may be summarised as:

Cbserve

Design

Predict

Test

Analyse

Interpret

If necessary, repeat 2-6

SOy s W
L

Observation should be the first step for any study of
function, whether the study is to be carriéd out in the
field or in the laboratory. A knowledge of the natural
history of the animals concerned, along with familiarity
with the literature, will suggest not only the possible
functional hypothéses, but also all the relevant variables
which must be taken into aécount. The design of the study
can be aided by drawing flowcharts where the variables are
linkea by arrows in different possible networks of causal-
ity (examples éan be found in chapter 2.4 bélow). All
possible functional explanations of the behaviour in ques-

tion should be considered, enabling all relevant variables
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to be identified and measured. Just as in the design of
laboratory experiments with only a single or few factors,

close scrutiny of the design should be made to ensure that

all possible confounding variables have been identified.

Relevant éxamples of confounding variables in avian
grouping studies include a tendency for birds of a
normally-gregarious species which behave in a solitary
manner to be sﬁbordinates in poor or abnormal conditionA
(e.g. Kenward 1978, Murton et al. 1971), or for birds
breeding on the edge of colonies to be younger, less
experienced breeders (e.g. Coulson 1968, review in Ryder
1980). Thus these variables of degree of grouping
behaviour &are confounded by parallel variations in fitness
and age. It is not always obvious in which way variables
will confound - for example, in carrion crows it is the
flocking birds which are less fit, since they are the
non-breeding surplus which have failed to gain a territory.
A common method in the study of the function of communal
breeding behaviour is the comparison of the performance of
pairs breeding alone with those breeding in the presence of
'helpers'. However, the possibility that better-quality
pairs, or pairs in better territories, attract additional
birds must be disentangled from any true effect that the
presence of those birds have on fitness. Brown & Browh
(1981) is one study which could distinguish these two

factors, but many studies cannot, as the relevant sections
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in 2.2.10 below indicate. For somecne trained in psychol-
ogy where one is continually vigilant for confounding
variables during experimental design, and where journal
referees spend a high proportion of their time and
ingenuity seeking out the effects of confounding variables
on the experiments submitted to them, the behavioural
ecology literature in general stands out very badly indeed

in this matter.

The design stage of the study, including modelling of
systems where possible, should produce hypotheces thch are
testable by further observation énd measurement of
behaviour. lleasurement will enable the decision to be mace
of whether the null hypothesis (that sociality has no
effect on fitness) may be rejected. Predictions alterng—
tive to the null hypothesis may be geheral (that soéiality
increases fitness via the particular mechanism specified),
or particular (that under a certain level of environmental
conditicn a given rate of behaviour will occur to alter
fitness to a given degree), depending on whether or not the
initial phases of the study included the quantification of
variables which could be modelled to produce quantitative

predictions. Examples of both kinds will be given below.

The test of the hypotheses will require the measure-
ment of the relevant social behaviour and environmental

variables, and of fitness. Strictly speaking the measure-
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ment of an effect on current survival-value should be made
in terms of inclusive fitness. BAn individual's inclusive
fitness is the amount of its genetic material which it
passes on throughout its life. Theoretically this would
include behaviour which increased the survival of any kin
which contained a proportion of identical genetic material,
but realistically this would normally be measured as the
total number of offspring produced during its active breed-
ing life by an individual, which themselves sur&ive to
reproduce. Outside of laboratory conéitions even this‘is
rarely achieved and various other measures which are
assumed to correlate with inclusive fitness are taken.
These approximations to inclusive fitness include fledging
success in one year, hatching success, cluﬁch size, indivi-

dual survival, prey intake rate and vigilance rates.

To some extent the nature of the grouping behaviour
under consideration will determine the quality of the
measure of fitness taken = many studies of the effects of
cooperative breeding group size on fitness are able to
neasure fledging success in any one year, and some longti-
tudinal studies have documented lifetime reproductive out-
put (see the relevant sections in 2.2.10 below). Nisbet &
Drury (1972) and Parsons et al. (1976) are two examples
where some effects of colonial breeding in herring gulls
(Larus giggn;g;ug) were measured in termé of survivél of

young birds during their first year, and many breeding
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studies measure at least annual fledging success. However,
when measuring the effects of behaviour which individuals
alter in the short-term - for example, associating at
various flock sizes - can only be achieved using some

short-term measure of fitness, for example variations in

prey intake rates.

Although the aSsumption that these other measures are
correlated with inclusive fitness is probably in most cases
reasonable, it is not always the case. For example, Ligon
& Ligon (1978) were unable to show any systematic effect of
group size on annual fledging success in green woodhoopoes
(Phoeniculus purpureus), but it was found that when the
offspring were followed to the end of their first year,
differential survival of the young meant that yearling
survival did increase with increasing group size. This was
probably because, although fledging the same total number
of yocung, those from the larger groups were heavier and in
better condition at the time of fledging. Similarly,
Vehrencamp (1978) was unable to find increased breeding
success for groove-billed anis (Crotophaga sulcirostris)
breediné in groups in any one season, but males which bred
in groups did have higher total reproducti?e rates over

their whole life.

As the approximations recede further from a direct

measurement of inclusive fitness a time budget approach
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becomes valuable - for example the amount of time spent
foraging, vigilant, preening or involved in agonistic
encounters may all make an independent contribution to
fitness. If é situatidn appears to have several costs énd
benefits whose combined effect on fitness is to be
assessed, then measurement of cost and benefit in the same
currency (for example the amount of energy expended or

gained) 1is required.

The analysis of behavioural systems which include many
variables is greatly aided by the use of multivariate
statistics. If the situation precludes the control of
confounding°variables by randomisation of allocation of
their effects, as is often possible in the laboratory, then
statistical control through the use of partial correlation
in nultiple regression, or ﬁhe analysis of covariance
becomes essential. Hultivariate analyseé can also quantify

the combined effects of several approximations to fitness

(for example those mentioned in the preceding paragraph).

Finally the interpretation phase should be straight--
forward. Can the null hypothesis be rejected? 1If so, can
one choose between alternative experimental hypotheses?
WJere any quantitative predictions supported? If the null
hypothesis cannot be rejected, then if some unmeasured cost
(for example) seems to be responsible, redesign the study

with new hypotheses and test again - do not accept the
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experimental hypothesis if the data «cannot support it.

Tinbergen et al. (1962) is often cited as a classic
exanmple of a semi-experimental test of some functional
hypotheses regarding the.contemporary survival-value of
eggshell removal from the nest by black-headed gulls (Larus
ridibundus). A good example of a test of a functional
hypothesis regarding grouping behaviour by wild birds is
Krebs (1574). BAlthough earlier studies had concerned them-
selves with'sociality, most of these. studies failed to

establish the hypotheses unambiguously, as the review below

will indicate.

Krebs tested the hypothesis that gréat biue herons
(hrdea berodias) used the presence of other feeding'birés
to indicate the location of dense, transient pétches of
estuarine fish. Current survival wvalue of flocking was
measured in terms Of variations in short-term intake rate
of prey. The hypothesis that birds in larger flocks would
have higher rates Of prey intake rate was supported. Pos-
sible alternative explanations of such an increase were
rejected by further data - for example the possibility that
birds in larger flocks had higher prey intake rates because
they spent less time scanning for predators was discounted,
since at any one pPrey density single birds did not have

lower prey intake rates than flock birds. .Krebs showed



2.2 Avian Grouping : 235

that prey density influenced variations in prey intake
rates, and that the largest flocks tended to occur on the

densest prey areas by social attraction,

Caraco (1979a & b), Caraco et al. (19280), Pulliam
(1876) and Puiliam et al. (1974) studied a situation whe;e
the costs and benefits of flocking were mingled in a
somewhat more compiex waye. Yelioﬁ-eyed juncos héd’higher
intake rates of prey in larger flocks due to a reduction in
time spent scanning. However, levels of aggression were
higher in larger flocks, and at the largest flock sizes led
to a drop in prey intake rate. Thus the benefit of
increased prey intake rate due to decreased vigilance wvas
counterbalanced in the larger flocks by the reduction in
prey intake rate through increased agonistic encounters.

It was possible to demonstrate at what flock size this cost

and benefit balanced to maximise prey intake rate.

However, two exogenous variables altered the balanée
of the cost and the benefit - at higher‘temperatures food
vas casier to come bf and aggression rates.increased in the
flock; and when cover from predators was available, or when
a predator was in the vicinity, vigilance ratesvwere lover
or higher (respectively) at any particular flock size.

Thus it Qas possible to modei the’efféct of three indepen-
dent variables (temperature, predator—-pressure and flock

size) on a cost (reduction of prey intake rate due to
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agonistic encounters) and a benefit (increased prey intake
rate due to a reduction of time spent vigilant) of social-
ity. It was shown that optimum flock size varied under
different combinations of these three variables. EBarrard
(1880), Rarnard & Stephens (198l) end Barnard, Thompson &
Stephens (1982) are similar examples of quantificatioh of
the effects of different variables in combination on short-

term prey intake rate.

The study of grey-crowned babblers (Pomatostonus tem-
poralis) by Brown & Brown (1981) and Brown et al. (1978) is
a good example of the use of both statistical and experi-
mental control of confounding variables. Increased group
size was associated with increased breeding success in this
cooperatively breeding species, but breeding success also
showed simultaneous correlations With territory sise and
quality, and the age of the bfeeding femele. However,
rmultiple regression indicated tﬁat the partial contribution
of group size was indeed the most important predictor of
the observed variation in breeding success. This strongly
suggested that the behaviouf of 'helpers' at the nests (for
examéle feeding the nestlings or joining ih tekritory
defence) ,did indeed contribute/to the fitness of the

breeders; rather than good quality breeders or territories

simply attracting other birds into the territory whose
effect on breeding success was neutral, but who joined the

territory to (for example) learn how to raise broods or to
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inherit a good-qguality territory.

To test this, Brown & Brown (198l) removed the extra
birds from some of the territories - if they, rather than
territory cuality (etc.) indeed caused increased breeding
success for the breeding pair, then their removal from the
territory should‘have resulted in a drop in breeding suc-
cess. This is what was found, and this remains the only
study so far published on cooperatively breeding groups
vhere the possible effeéts of the confoundihg variables of
territory size and quality, and breeding-pair quality, have

been controlled for unambiguously.

Davies & Houston (1981) is a good exanple of where
modelling of observed costs and benefits produced quantita-
tive predictions about exactly when pied wagtails (liota-
cilla glhg)’wouid gain a behefit from allowing a second
bird to occupy its winter territory and aid in its defénce.
The territorial birds studied exploited a’renewing prey
source. On days when food abundéncé in the territory was
high, many birds attempted to intrude on the territéry to
feed. The authors were ablé to develop a model which
quantified the benefits and costs of defending the terri-
tory alone or with a satellite (which heiped in tefritorial
defence) under different levels of food abundance and

intensity of trespass. The model predicted that at a

certain level of prey abundance the cost of increased
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intrusions, without the aid of a satellite's contribution
to territorial defence, exceeded the benefit of sole access
to the prey resources of the territory. Below this key
level of prey abundance intrusion pressure without the
sétéilite present did not pfoduce a greater cost than the
cost of the satellite's share of the resources, and thus it
was predicted that the territory owner should evict the
intruder. Observation indicated that satellites were
indeed accepted or displaced by the territory owners at
levels of prey abundance very close to that predicted by
the quantification of the model. These birds showed short-
term switches between a solitary or a social strategy wvhich

served to maximise prey intake rates.

The work outlined in the following two chepters has
attempted to follow the gquidelines set out above. Fiela
observations of rooks suggested that birds used others to
locate the densest prey patches (chapter 2.3). Possible
alternatives explanations are assessed and rejected. The
&ey exogenous variable is then manipulated experimentally
and further neasurement is made to see whether the
predicted changes in behaviour resulted (chapter 2.4). 1In
addition Chantrey (1982) further tested the patch-location
hypothe51s by comparing the relative food-finding efficien-
cies of 'rooks' Wthh shé&ed SOClal attraction w1th ‘rooks'

which did not (something not known to occur in nature) by
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computer simulation, employing values for variables sug-

gested by the naturalistic cbservations.

2.2.10 Functions of sociality

The review which follows lists all studies known to
the author which have investigated functional aspects of
bird sociality. It is thought to be comprehensive up until
about 1980, but some studies will inevitably have been -
omitted from a literature so large, much of which is
scattered in odd natural history journals and books. HLow-
ever, enough studies have been traced to provide a good

sanple of the Kkinds of functional categories which exist.

Each entry is classified not only by the £ype of
sociality and ecological variables concerned, but also by
the degree of certainty with which the hypotheses about
behaviour may be accepted; and whether the study was con-
cducted in the field or laboratory, or by theoretical con-
sidefétiohs'(inciuéinémégméﬁter‘simulation of constructed
models), or by comparisons between.many specieé;‘ The
reason for this should be clear ftom the preceding sections
of this chapter; many fﬁnctional speculations have been:
made but rélatively few hyéotheses have been satisfactorily

established empirically. (*) Thus within each

(*) It was decided not to break the kinds of categories of
behaviour down systematically by bird family since it would
be impossible to differentiate true patterns from the tradi-
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behavioural/ecological category studies may be listed as
reviews, comparisons of patterns of variation in social
organisation and ecology between many species, or theoreti-
cal fornulations or nodels, including tests of such models
by computer simulation. Studies which actuaily investigate
behaviour empirically are divided into those carried out in
the wild or in the laboratory, and where the functional
hypothesis was reasonably established or where evidence to
support it is only circumstantial. Evidence may be cir-
cumstantial for a number of reasons - for example other
possible explanations may not have been adequately tested
and discounted; or causality may not have been reasonably
established because some confounding variable remained
unneasured; or because no direct measurement of fitness (or
approximation to it) was taken, but the cost or benefit wvas

only assumed.

There seemed no other reasonable way to organise the

review than to present each behavioural category and its

tion to investigate particular functional hypotheses if one
is working on a particular species. For example, many gull
and tern species (Laridae) have been investigated for possi-
ble anti-predator functions of colonial nesting, and few for
possible food-related functions. It is not at present
possible to tell whether this is because Laridae generally
do not derive food-related benefits from coloniality, but
mainly anti-predator ones - a true biological pattern; or
whether it is simply the result of a tradition amongst
wvorkers studying Laridae to investigate anti-predator hy-
potheses, or perhaps because it is difficult to study the
food-gathering behaviour of species which tend to have wide
foraging ranges over an environment where it may be diffi-
cult to track them or their prey.
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ecological setting as a separate entity = such a splitting
of costs and benefits up into discrete units is not to
encourage a research strategy which considers only cone
aspect of behaviour at a time. It is hoped that the
preceding sections ¢f this chapter will have emphasised the
need for a multivariate approach to the multivariate
universe with which functional study concerns itself. The
costs and benefits described are not mutually exclusive,

and hence one study can of course be referenced in more

than one section below.



Reviews

Mo fully comprehensive review of the ecological fac-
tors involvedvin bird aggregation, or of studies concCerned
with these, has so far appeared. Those which have covered
the range of social organisations and ecology have reviewed
a limited number of studies, in the main hncritically. The
present ie&iew is thus complémentary to those already
published in its aims. Some of the reviews listed cover
the genéral queétion of the functions of bird‘éociality,
others one aspec£ in detail (for example vigilance, Dimond
& Lazarus 1974; information-centres for food-finding, Dayer
1982, Ward & Zahavi 1973; cooperative breeding, Brown 1978,
Emlen 1976 & 1982b, Koenig & Pitelka 1981).

Blexzancer 1974; Allee 1931, 1938; Bayer 1982;
Bertram 1978; Brockmann & Barnard 1979; PBrown
1964, 1274, 1¢75, 1978; Brown & Orians 1970;
Burger 198la; Clutton-Brock 1974; Cody 1971b;
Crook 1965, 1970a, 1970b; Crook & Goss-Custard
1972; Curio 1978; Darling 1952; Davies & Krebs
1978; Davis 1952; Dimond & Lazarus 1974; Emlen
1978, 1282b; Fisher 1954; Gochfeld 1980b Graul
et al. 1977; Hainsworth & Wolf 1979; Eamilton &
Watt 1970; Harvey & Greenwood 1978; Humphries &
Driver 1970; Koenig & Pitelka 1981; Krebs
1978a, 1979; Krebs & Darnard 198l; Krebs &
Davies 1981; Lack 1966, 1968; Lazarus 1972;.
licKkinney 1878; llason & Lott 1976; lleinertzhagen
1959; lioriarty 1976; liorse 1977; lioynihan:
1962; Iurton 1S871a; oOrians 1969, 1971; Rand
1954; Rubenstein 1978; Schoener 1971; Selander
1972; Ward & Zahavi 1973; Welty 1962; Uiens
1976; Wiley 1874; E.O. Wilson 1975; Witten-
berger 1981.
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Benefit: Prey: Locating Patches

If the food supply is sufficiently patchy in space and
time, there will be an increased probability of an indivi-
dual finding food if it watches 6thers foraging and djoins
any which locate a patch, rather than if it forages
independently over the same area. The prey must of cou;se
be hard for an individual bird to detect and the patches
unpredictable in occurrence. Individual prey intake rate
must increase with increases in prey density or there will
be no benefit from locating a patch in terms of short-tern
increases in prey intake rate, though it may be advanta-
geous for prey intake rate to stay the same if the bird
forages on a patch for longer, and food availability else-

where is limited.

Social attraction must be shown to occur. Thorpe
called this kind of social learning 'local enhancement',
which he defined as "directing atteﬁtion of associates to a
particular objeét or environmental situation" (Thorpe,
1963} p.137). Social attraction may occur on a large scale
(between flocks on patcheS'soﬁe distance apart, for example
between different fields or lakes, etc.); or within a
single foraging flock (for example to a particular bird on
a particular branch of a trée, in a foraging flock of
woodland passerines), to maximise the efficient exploita-

tion of 'fine-grain' variation in prey patchiness.
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These two types of learning do not differ qualita-
tively but represent the same kind of behavioural response
by individuals to environments at either end of a prey
patch size spectrum. DBirds showing 'fine-grain' local
enhancenment will be observing and responding to others
within & foraging flock, but birds showing only 'ccarse-

grain' social attraction may forage quite independently

from other birds once at the feeding site.

Few"stddies have demonstrated the existence of local
enhancement, with a consequent increase in individual prey
intake rate, unambiguously. Barnard (1980) has done so for
house spafrows (RPasser domesticus) feeding on patches of
spilt barley grain, and Krebé (1974) for great blue herons
foraging for estuérine fiéh schools; while Bertin (19277)
and Gochfeld & Burger (19€2) have probably demonstrated it
in less complex situations where no other explanations of

increased prey intake rate following local enhancement

seened possible. (%)

(*) To detail all the possible prey and predator situa-
tions, and the different Kkinds of behavioural processes
involved, which have been described in the literature, would
require a thesis~length production in itself. Hence only
those studies which have provided reasonable support for
functional hypotheses, or which illustrate particular prob-
lens in a particular field, have been described in any
detail. Needless to say, the titles of each study referred
to appear in the reference list at the end of the thesis,
and will often be the only guide to the reader of this
review as to the subjects and situation of any particular
study.
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Mo studies have uneqguivocally demonstrated 'fine-
grain' local enhancement within a foraging flock. Iowever,
it might be noted that Herrera's data are interesting in
that the feeding rate of species which were usually to be
found in mixed-species flocks was tWice as high when in
flocks than when in single-species associations, but the
feeding rate of species which did not frequently associate
with other species was not different whether in single or
multi-specific groups. 1In addition, niche'overlap
increased when in mixed groups for those species which were
frequéntly found in such fiocks (and whose feéding rate was
increased), but the niéhes of infrequently associating
species (whose feeding rate did notrincrease) was, on the
contrary, recduced. An interpretation of these data could
be that those species with increased niéhe were copying the
feeding areas of members of other species, and that this

was the cause of the increase found in their prey intake

rates.

tlany other studies have deécribed probable local
enhancement, but have failed to prdve an incréase in preyv
intake rate, or féiled to emphatically discount other
pdssible explanations of observed increasés in prey inﬁake
rate. The many circumstantial accounts of local enhance-
nent (and the suggestions of common sense)ksuggesﬁ that it
is probably of wideépread occurrénce in many épeciés; but

the onus is on the researcher to demonstrate that it not
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only occurs, but is clearly a superior strategy to indivi-

dual search and exploitation of prey.

Social attraction'to prey patches by following experi-
enced birds out of a colony or roost (the 'information—
centre’ Hypothesis)’is a special case of local enhancement.
De Groot (1980) has demonstratecd that the learning mechan-
isms necessary can occur, with a series of experiments
using red-billed weaver birds (Quelea éueleg). A number of
birds were trained to find food in a number of different
areas. Subsequently, hungry birds followed birds which had
recently fed in the’test arena to feeding areas which
contained food (which was not visible from the start box),
in preference to entering other areas where they had also

had previous experience of finding food.

‘However, evidence for its operation in natural situa-
tions is lacking. A number of studies demonstrate that
Gepartures of birds to feed ffom colony or roost is clumped
but, althoﬁgh this is necessary, it is certainly not suffi-
cient to prove the existence of the mechanism. For’example
Andersson et al. (198l) demonstrated that departures from a
black-headed gull colony were clumped, but field experi-
menté proved beyond reasonable doubt that the information=-
centre hypothesis was.not operating for this colony at that
time, at least to artificially-provided food dumps. 1In

this instance clumped departures were caused by non-
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breeders arriving and departing in groups, and local
enhancement to new naturally-occurring food supplies visi=-
ble near to the colony. It is necessary to show not only
that cepartures from the colony are clumped; but that the
birds which follow others cut go to a new food source,
positioned such that the following bird could not have seen
birds foraging on it from its position within the colony or
roost (i.e. they were not simply showing straightforward
local eﬁhancement); and’ﬁhat the follower's prey intake
rate was higher as a result of following another bird to

that patch than on its previous foraging bout.

LOCATING LARGE-SCALE PREY PATCHES

Comparisons between species

Broon et al. 1976; Buskirk 1976; Crook 1964,
1965; Custer & Csborn 1978; De Vos 1979; Dilger .
1960; Erwin 1977, 1978; Fry 1872; ZXarr 1971;
Lack 1966; Newton 1967, 1972, 1976, 1979;
Schoener 1968b; Simmons 1567; Stacey & Bock 1978;
Walsberg 1977; Viard & Zahavi 1973; Wwatling 1975;
Verbeek 1973; Zahavi 1971a.

Theoretical

Chantrey 1982; Krebs 1974; Kiester & Slatkin
1974; Waltz 1982,
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Empirically established - field/flock

Barnard 1980; Krebs 1974; chapter 2.3 of this
thesis; (Bertin 1977; Gochfeld & Burger 1882.)

Empirically established - laboratory/roost

De Groot 1980.

Circumstantial - field/flock - competing hypotheses not
eliminated.

Eafner et al. 1982; Vines 1981.

Circumstantial - field/flock = passing birds land near

foraging flocks, rather than elsewhere or by non-foraging
flocks, and-begin to forage with then.

Anderson & Horwitz (1979); Armstrong 1946, 1247,
1951, 1971; Ashmole 1963a, 1671; Balda & Bateman
1972; Caldwell 1981; Crook 1964, 1965; Fisher
1954; r'rings et al. 1¢55; Greig-Smith 1978hb;
Ilamilton & Gilbert 19269; Harrington 1978; Hick-
ling 1957; Hinde 1959, 1961; Hinde & Fisher 1951;
Hoffman et al. 1981l; Iiouston 1974; Jackson 1938;
Kahl 1964; Kushlan 1977; Leck 1971b, 1%72; Ligon
1971; Loman & Tamm 1980; IMfarshall 1961; lNeinert-
zhagen 19598; Murton 1971a; liurton, Coombs &
Thearle 1972; lurton & Isaacson 1962; liurton,
Isaacson & Westwood 1966; lMurton & Vestwood 1977;
Newton 1967, 1972; MNichols 19%12; Pinowskli 1959;
Thorpe 1951, 1963; Tristram 1899; Verbeek 1973;
Vuilleneir 1967; Valsberg 1977; Ward 1965;
Willis 1%272a.

Circumstantial - field/flock - passing birds are attracted

to flocks after changes in the calls, or other behaviour,
of birds in the flock.

Frings et al. 1955; Hoffman et al. 1981;
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Marshall 1961; liichols 1912; Pinowski 1959;
7illis 1967, 1972a.

Circumstantial - field experiment/flock - passing birds
land near models (a) increase in number landing with
increasing nmodel flock size.

Drent & Swierstra 1977; Krebs 1974; lurton 12874,

Circumstantial - field experiment/flock - passing birds

land near models (b) increase in number landing with
increasing model flock density.

lMurton 1974,

Circumstantial - field experiment/flock - passing birds
land near models (c) increase in number landing with
increasing proportion of models in foraging postures.

Drent & Swierstra 1677; Inglis & Isaacson 1878;
{rebs 1874; liurton 1974.

Circumstantial - field/flock - feeding flocks occur in open

country where flying birds can see others foraging in
fields, but not in densely-wooded areas. '

Pinowski 1959,

Circumstantial - field/flock - flocking occurs (or flock
size increases) as food becomes scarcer and/or more patchy.

Balda & Bateman 19872; Cody 1871a; Crook 1965;
Fogden 1972; Hinde 1952; Lovari 1978; llorse
1970; Moynihan 1962; MNewton 1967, 1972; Powell
19€0; Pulliam et al. 1974; Siegfried 1971a;
Snyder & Snyder 1970; vatling 1975; Williamson &
Gray 1975.
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Circumstantial - field/colony = colony members, and/or
neighbours within colonies, forage together.

BPalda & Bateman 1$72; J.W.F. J.U.F. Davis 1975;
Erwin 1977; Feare et al. 1974; Forn 1968; Hunt &

Hunt 1976a; Krebs 1974; Lack 1966; MNewton 1967,
1972; Walsberg 1977; Ward & Zahavi 1973.

Circumstantial -~ field/colony - colony members leave colony
synchronously to forage.

Andersson et al. 1981l; Custer & Osborn 1978:
Emlen 19871; Evans 1982; Feare et al. 1974;
Gaston & lettleship 1981; Eoogland & Sherman
1876; Born 1968; Krebs 1974; Vard & Zahavi 1973.

Circumstantial -~ field/colony = synchronous breeding maxim-
ises the number of birds available for local enhancenent
effects.

Diamond 1976; Enlen 1971; Emlen & Demong 1975;
7ard & Zahavi 1973.

Circumstantial - field/colony - colonial breeding occurs

(or colony size increases) as food becomes scarcer and/or
more patchy.

Crook 1965; Kushlan 1976a, 197¢b; liader 1975;

Newton 1967, 1972; Walsberg 1977; 1tlard & Zahavi
1973.

Circumstantial - field/roost - dispersion patterns from the
roost indicate that roost members could be following others
to good feeding areas.

Broom et al. 1976; Feare et al. 1974; Ffrench
1967; llamilton & Gilbert 1569; Hamilton et al.
1967; Houston 1976; lurton et al. 1972; Siegfried
1971a; Ward 1965; Ward & zahavi 1973; Zahavi
1971a.
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Circumstantial - field/roost - roost members switch feeding
sites; members of different roost sometimes use the same
feeding sites; etc.

Broom et al. 1876; Feare et al. 1974; liurton et
al. 1972,

Circumstantial - field/roost - communal roosting occurs (or

rcost size increases) as food becomes scarcer and/or more
patchy.

Broon et al. 1976; Fogden 1972; Gyllin & Kal-
lander 1976, 1977a; Eamnilton & Gilbert 1269;
Hamilton et al. 1967; Iushlan 1976a; Lack 1966;

Newton 1967, 1972; Siegfried 1971a; Vlard 1965;
Ward & Zahavi 1973; Zahavi 1971a.

LOCATING SMALL-SCALE PREY PATCHES

Theoretical

Chantrey 1982; llorse 1978; Thompson & Vertinsky
1975; Thompson, Vertinsky & Krebs 1974.

Empirically established - field experiment

Roell 1978.

Empirically established - laboratory

parnard & Sibly 1981; Brockman & Barnard 1979;
Krebs 1973; Krebs et al. 1972; Sasvari 1979.
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Circumstantial - field/flock - birds observed to change
area of foraging in response to another's discovery of food
Alvarez 1975; Austin & Smith 19272; Barnard et al.

1982; Grieg-Smith 1978a; Herrera 1979; HMacDonald
& Henderson 1977; lorse 1978; Rowley 1978,

Circumstantial - laboratory/flock birds observed to change
area of foraging in response to another's discovery of food

Barrard 1978; Barnard & Sibly 1981.

Circumstantial - field/flock = within mixed-species flocks,

species overlap more in feeding niche than when in single-
species flocks; and therefore may be tending to move to

forage wvhere other species are foraging.
Buskirk 1976; Heaney, cited Krebs 1973; Herrera

1979; Krebs 1973 (laboratory); Morse 1978;

Ogasawara, cited Krebs 1973; chapter 1.6, this
thesis.

A number of studies have investigated situations where
initial observations suggested that local enhancement for
food-finding might be operating, but failed to find evi-
dence that this was in fact so; or whose evidegce suggeéts
that a prey patch-finding interpretatioh of behaviouf nay
be incorrect. For example, Kruijt et al. (1972) found that
black grouse (Ly;g;uﬁ fetrix) were.more attracted to moéelé
as their number‘and density increased; howevér, this vas
carried out near lek grounds during the breeding season,
and thus serves as aﬁ example thatkgo‘show attraction to'

conspecifics or models (to show that local enhancenent does
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occur) is necessary, but not sufficient, to demonstrate
that the attraction is to denser prey patches. As well as
an attraction to potential mating sites, demonstrated by
Kruijt et al., birds which flocked to reduce predation risk

(for example) would also be expected to show local enhance-

nent.

Similarly, Davis (1970) found that although starlings
(Sturnus yulgaris) did tend to flock more as food becane
scarcer or patchier, this was also the time of the year
when hormone levels vere lowest and territorial behaviour
least pronounced; Davis speculates that this reductionrin
hormone level may be the reason flocking occurs and that
the fact that food is scarcer and patchier in winter may be
coincidentally, and not causally, related to degree of
sociality. In some species flock sizes are reduced at

times when food is scarcer (Clutton-Brock & Harvey 19878).

The-kinds of evidence required to tést the
*information-centre' hypothesis have been déscribed in the
introduction té this sectibn of the review; there have aléo
been several atteﬁpts.to test the hypothesis which héve
failed £o find supporting evidence. 2Andersson et al. 1981,
Flening 1981 and Loman & Tamnm (1980) all failed to find
recruitment to artificially provided food in black-headed
gulls, pied wagtails, and ravens and hooded crows, respec-

tively. Bayer (1¢81) and Pratt (1980) have questioned

s O
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Erebs' (1974) data which claimed to have shown that birds
left the colony in groups for the feeding grounds. Snapp
(1976) and Counsiiman (1974) found that coloniaily breeding
swallows (Hirundo rustica) and communally roosting Indian

nynas (Acridotheres tristris) foraged independently of one

another and not in flocks.

The food-finding function of mixed-species flocks has
also been cuestioned in some instances. lioynihan (1962)
and 17illis (1972a) are two examples where the species in
the flocks took very different prey whose diétributions
were unlikely to be correlated. Willis also found thaﬁ
some species left flocks to feed when a good area of prey
was located elsevhere (this of course does not necessarily
disprove that these species could not have been benefitting
previously from the location of other food sources which
did correlate in distribution with those of other flock
members). Finally, Austin & Smith (1972) and lorse (1970)
found that feeding niche overlap decreased when some

species came together in.flocks, thus reducing the 1likeli-
hood that they were using other species to locate prey

patches.

Benefit: Prey: Efficient Exploitation of Patchy Environ-

ments
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Apart from social location of prey patches, it is
possible to imagine increasing the efficiency with which
the total resources of an area are exploited in two further
ways. Firstly, if prey patches shift their position in
space, then the average distance flown by a bird to gain a
given amount of food will be less if all birds fly out from
a central 'refuge', than if each flies from a separate
fixed ter:itory within the total area (Horn 1968 has demon-
stratéd’this simple energy-saving concept mathematically).
Secondly, a single flock of birds foraging systematically
over an area will decrease the likelihood of individuzls
foraging in areas recently exploited by another bird. This
strategy will be parﬁiéuiarly,valuablevwhen prey is renew-

ing.

However, simple and intuitively likely.as £hese con-
cepts are, there is as'yét no convincing evidence that
either definitely occurs in the wild. The best evidence so
far has been provided by Drent's (1980) study of barnacle

geese (Zranta leucopsis). Drent demonstrated a regular,
periodic return to different areas. The return time
between areas closely matched the time needed for the grass
crop to renew its growth. On each visit to a site the
geese cropped c.35% of the blade of the main prey (Rlaptago
spp.), and experiments showed that this crop renewed its
growth fastest when between 30 and 50% of the blade was

cropped. Finally, birds crossing a plot after a flock of

O e sl
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at least five other geese had grazed there stayed for less

time than the first flock.

Comparisons between species

Andersson & Gotmark 198C; Pleasants 1979; Stacey
& Bock 1978; Walsberg 1977.

Theoretical

Cody 197l1a; Hamilton & Watt 1970; Horn 1968;
Schoener 1968b; 1liens 1976,

Circumstantial - field/flock - effect on fitness not pro-
ven, though behaviour is consistent with the hypothesis.

Dalda & Eateman 1971, 1872; Cody 1971a, 1974b;

Drent 1980; Emlen 1971; Hamilton & Gilbert 1969;
Hamilton et al. 1967; Henty 1879; Eorn 1268;

llacDonald & I'enderson 1977; llorse 1970; 1liller
1¢22; Powell 1980; Short 1¢61.

llorse (1970) has suggested that members of a species
may exploit an envirconment more efficiently by learning
about othef species' niches through watching them vhile
foraging in mixed-species flocks, and then avoiding using
that niche. This would be of benefit if the other specics
was superior in terms of either exploitation or interfer-
ence competition. But no evidence to suggest that this

really does occur has yet appeared.
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Benefit: Prey: Defence of Feeding Areas

Aggregation could enable birds to defend food
resources from other birds of the same species or from
dominants of another species. Davies & Houston (1981) have
demonstrated that this effect occurs in pied wagtaiis on
winter territories (this study has been discussed in detail
in séction 2.2.9 above). Other studies of stable groups
defending food supplies have failed to demonstrate une-
quivocally that a single bird could not also defend the

resources if it were required to do so.

Theoretical

Schoener'1971.

Empirically established - field/flock

Davies & Houston (1981).

Circumstantial - field/flock -~ defence observed, but no
proof of increased effectiveness of defence at larger group
sizes

Birkhead 198l.

Circumstantial - field/colony - defence observed, but no
proof of increased effectiveness of defence at larger group
sizes :

rinnaird & Grant 1982; Lack 1$54; liacRoberts
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1270; llacRoberts & liacRoberts 1976; Stacey &
Bock 1978; Violfenden 1578.

Vehrencemp (1978) provides one example wvhere incrcased
gréup size did not cause an increase in the effectiveness
of territory defence; hence the onus is on.wbrkers to
denonstrate not only that communal defence of resources

occurs, but that it is also more effective.than solitary

defenccec.

Coombs (1961) and Patterson et -al. (1S71) are examples
which show that some species (in this case.the rook) do not

actively defend feeding areas but show a certain degree of

overlap in range without active defence behaviour observed.

Benefit: Prey: 'Strength in Numbers' Enabling Penetration

into Feeding Areas Unavailable to Single Birds

This behaviour may be seen as. the converse of the one
described in the previous section. A group of one species
may be able to penetrate the territory of an individual of
another, dominant species, to feed where a single bird is
unable to do so. This may perhaps also occur between
dominant territory-holding members and the subordinate

'surplus' members of a single species.
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Empirically established - field/flock

lloore 1677, Scott 19&0C.

Circumstantial - field/flock - groups penetrated feeding
areas, but no proof is given that prey intake rates
inproved as a consequence, compared to foraging eclsewhere
without time spent in agonistic encounters.

Bossema et al. 1976; Dow 1977b; Fisler 1977;

Kodric=Broewn & Brown 1978; Roell 1978; Rowley
1878; Stiles 1973; Stiles & Wolf 1970;: Violf 1975.

Benefit: Prey: Flushing of Prey into Availability

Birds may follow other énimals and exploit fcod dis-
turbed by their movementé. Such cases are often commensal,
and do not necessarily require the preéence of conspecifics
in a flock for the individual to gain its advantage
(indeed, the area immediately around the animai'which is

flushing the prey may be defended against conspecifics).

The definition of this category is not stfaightfor-
ward. - Kleptoparasitism of prey already procured by another
bird has been omitted (see review by Brockmann & Barnard
1979) but prey taken which has been flushed, but not yet
procuréd, is included, even if this is prey which the
flushing animal could have eaten itself. Also, prey must
have been disturbed into availability somehow to be

included; associations where birds find prey in faeces or

T I SRR et AL O



2.2 Avian Grouping 260

take parasites from another animal are not defined here as
social behaviour, any more than taking invertebrates from
cracks in a tree's bark would normally be defined as

conmensalism.

Exanples of this‘type of association are many, but
ﬁainly‘fall into thrée categofies: terrestrial inver-
tebrates disturbed by grazing ungulates; benthic fauna or
flora disturbed to the water surfacé by diving or wading
birds or animals; or flying inveitebfates disﬁurbed from
foliage. A particular problem with this area (thqugh the
sane applies to other areas too) is that while many studies
document the occurrence of this behaviour, perhaps because
it is fairly unusual and'conspicuous when it occurs, few
give any indicétion of whether a significant enough éropor—
tion bf the bifé's time‘ié‘spent in the activity to’make it
a biologica;ly important phenomenon to the species con-
cerned. Charnov et al. (1976) héve modelled some of the
parameters involved, while‘Burger=& Gochfeld (1982$ is the

most comprehensive study yet which attempts to investigate

such issues.

Theoretical

Charnov et al. 1976.
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Empirically established - field

Burger & Gochfeld 1982; Dinsmore 1873; Emlen &

Ambrose 1970; Grubb 1976; Eeatwole 1965; Kushlan
1978b; llacDonald 1981; Oniki 1972; Rand 1853;

Russell 1978; Siegfried & Datt 1972; Smith 1971.

Circumstantial - field/flock - association observed, but no
evidence that prey intake rate increased as a result.

Anderson 1974; Ashnole et al. 1956; Bailey &

Datt 1974; ©Dalph & Balph 1977; Dartholomew 1%42;
Belt 1874; Bent 1923; DBeven 1280; DBlaker 1969;
Boswall 1970; Brosset 1969; Burger & Serruti
1¢77; Cantello & Gregory 1975; Charnov et al.
1976; Chapin 1939; Cottam et al. 1942; Croxall
1676; Cunningham-van Someron 1970; Custer &
Dinsnore 1975; Dawn 1959; Dawson 1975; Davis
1626; Fraser 1974; Gatenby 1968; Gerard 1975;
Gochfeld 1978; Greig-Smith 1978a; Grimwood 1%64;
Halley & Lloyd 1978; Harrison 1979; Hobbs 1958,
1959; Hoffman et al. 198l; Ingram 1%44; Jackson
1945; Jones 1975; King 1963; Leck 1971la; Mac-
Donald & Henderson 1977; lackworth-~Praed 1946;
Madge 1965; llorse 1970; lMueller et al. 1972;
Neave 1910; North 1944; Parks & Bressler 1563;
Paulson 1969; Pearse 1950; Pettet 1875; Rand
1954, 1967; Rice 1963; Robson 1975; Rowley
1978; Scott 1972; Short 1961; Siegfried 1971b;
Skead 1951, 1966; Swynnerton 1915; Tebbutt 1961;
Turcek 1956; Vinnicombe 1976; Vatson 1977; Wiese
& Crawford 1574; willis 1966, 1868; 1interbottom
1943, 1949; Zaret & Paine 1973,

Benefit: Prey: Vigilance Decrease Allowing Feeding Rate

Increase

llembership of a group may enable a decrease in indivi-
dual vigilance (for example for predators = see below), and

thercby give more time for feeding. Caraco (1979a) has
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modelled the operation of such a system based on the
earlier work of Pulliam (1973, 1976); fieldwork stemming
from this approach has been described in detail in section

2.2.% above.

It should be noted that demonstrating correlations
between group size, vigilance and time spent feéding is
necessary, but again by no means sufficient to prove that
it is the decrease in vigilance which causes increased prey
intake rate. It is also possible that decreased prey
intake rate (for example’becausé the bira is on a poor
patch) causes an increase in 1ooking‘up for the whereabouts
of better‘feeding areas. Bqth behaviours are correlated
with.fldck size bécause smaller flocks tend to occur on the
poorer prey~areas. Barnard (19£0), Krebs (1974), and
chapter 2.3 of this thesis present evidence that this
indeed seems to be happening in three instances where
simuitaneéus correlation; betweeh fiock size, vigilance and
feeding rétes wete‘found. To prove thét it is vigilance
rates which cause variations in prey intake rates, and not
the other way round, 'a predation effect on vigilance,
mediéted through flock size, must be demonstrated'->fo£
exanple by demonstrating that birds in lower flock sizes
are always mofe vigilant than 1argér flocks, no~matt¢r what
prey density they are feeding.on; or bygdemonstratihg that
equal flock sizes have different average vigilance rates

when in the presence or absence of a predation threat (for
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exanple, at different distances from cover, or when a hawk
is in the vicinity). BDarnard (1980), Caraco (1979b) and
Caraco et al. (1980a) are exanples of studies where such
control is found in studies of wild birds; laboratory
studies do not encounter the same proﬁlem since prey densi-

ties are usually held constant in these studies.

Theoretical

.Caraco 1%79%a, 1980a & b, 1981; Dimond & Lazarus

1974; Lazarus 1979%a; Pulliam 1973, 1976; Treisman
1975b. :

Empirically established - field

Barnard 19880; Caraco 1S7%b; Caraco et al. 1%E&0a;
Feare et al. 1974.

Empirically established - laboratory

Lazarus 197%a, 197%h; Powell 1974.

Circumstantial - field/flock - direct measurement of flock

size, vigilance rates and prey intake rates, but direction
of causality not established.

Abremson 1979; Bertram 1980; Burger & Howe 1975;
Buskirk 1976; Fairchild et al. 1977; Jennings &
Evans 1980; Kenward & Sibly 1978; lurton 1968;
iurton, Isaacson & Westwood 1971; Rubenstein et
al. 1977; Silliman et al. 1977; Smith & Evans
1973.
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Circumstantial - field/flock - no quantification of either
vigilance or prey intake rates (or both) is nade.

Austin & Smith 1972; Dimond & Lazarus 1974;

Feare & Inglis 1979 (laboratoryl); Lack 1954,

1268; Lazarus 1972; Lazarus & Inglis 1978; liorse

1977, 1978; lMorton & Shalter 1977; lurton &

Isaacson 1962; Pulliam et al. 1974; Siegfried &

Underhill 1975; 1Willis 1972a.

Many studies demonstrate that individual vigilance
rates decrease with increasing group size, but prefer to
relate this only (or mainly) to a predator-detection advan-
tage. These studies are listed in that section, but an

increase in time available for feeding is one possible

consequence in these studies also.

Benefit: Prey: Social Facilitatibn of Feeding Rates or

Prey Types

It may be more advantageous for an individual to
concentrate its search on the most abundant of several
available prey types; it may be nore efficient to concen-
trate on a specific type of feeding action to exploit a
particular prey type; or a prey-type may be most effi-
ciently exploited by a certain ratio of pecks to paces or a

certain number of paces per unit time. Birds recently

arrived within the flock, or inexperienced birds, may
increase their feeding efficiency by copying the behaviour

of birds already foraging within the flock. The
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behavioural response concerned is termed social facilita-
tion, and differs from local enhancement by involving the
elicitation of a particular behavioural response, rather
than merely the directing of the individual's attention to

part of the environment (Thorpe 1963).

Effects of these kinds operating within flocks have
not frequently been studied outside of laboratory condi-
tions. Hurton, Isaacson & Westwood (1971) provide cetailed
observational d%ta of individually—marked‘woodpigeons
(Columba pralunmbus) which suggested that some birds
attempted to copy the foraging rates of others. 1In winter
these birds foraged in stably structured flocks in which
the same individuals were usually found either in the
centre of the flock or on the edge. ‘'Edge' birds weighed
less, lost weight faster, showed evidence of adrenal
stress, and had lower rates of survival. They had lower
feeding rates and changed flocks more frequently than
'centre' birds. They watched’centre birds while foraging,
and their pacihg rates were correlated with those of centre
birds; but their foraging was disrupted by the progress of
the centre birds displacing them. The result of copying
the centre birds' pacing rate did not, however, alwvays
increase feeding efficiency, since the disruption experi-
enced by displacement and watching resulted in a lower
proportion of clover leaf ingested compared to the inges-

tion of poorer quality species, and also to a higher
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proportion of larger, older (and therefore less nutritious)
pieces of’clover leaf - the edge birds were less selective
in their feeding. Subsequent field experiments, with
baited plots (Mﬁrton 1971c), showed that birds foraging in
flocks switched to foraging for the most profitable of the
brey types offered in a way which suggested they were
copying the fo:aging preference of birds experienced at
foraging for thét‘prey typre, resultihg this time in

increased efficiency of prey exploitation.

Any further:direct demonstration of such social facil-
itation of feeding in the wild has hot appeared, though the
description of the spread of milk-bottle feeding by wild
tits (Parus spp.) and, subsecguently, other species, éug—

gests that the phenomenon may occur more frequently than

the lack of research suggests. Clayton (1878) provides a

recent review of the topic.

Empirically established - field experiment

turton 1¢71la.

Empirically established - laboratory

Alcock 1969%a; Dawson & Foss 1965.

Circumstantial - field/flock - copying demonstrated, but no
evidence given to show that feeding rates are increased as
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a result compared to individual fecraging.
Fisher & Hinde 1949; Hinde & Fisher 1951; liacLean
d

1970; liorse 1973; liurton, Isaacson & Vestwoo
1966, 1971,

Circumstantial - laboratory/flock - copying demonstrated,
but no evidence given to show that feeding rates are
increased as a result compared to individual foraging.

Allce 1931, 1638; Evans & Patterson 1971; Feare &

Inglis 1979; Klopfer 1959, 1961; Krebs 1973;

Krebs et al. 1972; Lazarus 197%b.

In addition, Alcock (1¢6¢%b), Turner (1965) and E.O.
Wilson (1875) have produced some circumstantial evidence to
suggest that new microhabitats, as well as foraging rates
or prey types, may be exploited through social facilita-

tion.

Benefit: Prey: Cooperative Hunting

The true cooperative hunting of prey is an advanced
form of social behaviour not fréquently found in birds (or
at least, not frequently4d00umented). The prey may be too
1ér§e or elusive fordsingle aniﬁals to catch, or else of a
tyﬁe thch can only be taken less efficiently by single-
tons. It is only the formef situatidﬁ in which advanced

cooperative behaviour is seen. This type of behaviour has

only been described anecdotally for birds, the most remark-
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able being the descriptions by Gurney (1861) and lieinert-
zhagen (1959) of ground hornbills (Rucorvus abyssinjcus)
killing large snakes. The latter, for exzanple, describes
an incident where seven birds surrounded a nine foot long
black mamba and made darting pecks at the snake for about
twenty minutes. The snake struck at the birds, which put
their wings down to take the bites, and as the snake was
striking at one bird, thebothers were able to peck at the
snake's body. The snake in the end was exhausted; the
birds then pulled the’snake to pieces and fed on'it.
Similar anecdotes have been published (for example’Dixon
1¢33, Sharp 1951) descriping magpies dodging iﬁ to peck at
an eagle kill aliernately; while the eagle was striking at

one bird its 'partner' could feed.

Of course the problem with such aneccdotes is that they
do not prove that the birds concerned vere truly éooperat—
ing, or merely performing normal, individual féeding
actions which Were successful with the barticular preypitem
concerned only beéause’other individual birds were also
doing the sanme thing at the sameAtime. This latter situa-
tion is clearly what happens when gulls or skuas (Ster-
corariidae) chase other birds as a group, and the chased
birds disgo;ge nore frequently as more birds join the
chase; or where one cfow is able to steal an egg because
the brooéing bird is chasing off another crow which has

attempted to take the egg itself. In fact such behaviour
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might be seen as a kind of 'strength in numbers' type of

behaviour, the difference between that category and the

present one being that in the former case grocuping was

required not to feed on the prey itself, but sinply to

allow access to the area within which to feed.,

Similarly, several species of water birds have been

clained to form into lines to herd fish into a confined

seni-circle in front of the flock. Illowever, these studies

have not shown that the birds cooperate to

form a seni-

circle; it could be that birds individually move to the

back edge of an elliptical schecol which is
semi~-circle of birds would then form as an
response to the shape and movenents of the

a device to manipulate the distribution of

The studies cited in the 'empirically

section below are all examples where birds

noving awvay. A
aggregation in
prey, and not as

the fish.

established!

performed feed-

ing actions which were part of their normal repertoire, but

where the presence of others doing the same thing directly

caused.increased feeding success.

Empirically established - field

Andersson 1976; Arnasson & Grant 19278;

Furness

1978; Hatch 1970, 1975; King 1980; liontevecchi
1979; Munro & Bedard 1977; Taylor 1979; Verbeek.

1977.
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Circumstantial - field/flock - descriptiocns of apparent

group hunting, but no evidence procduced to show that feecd-

ing rate is increased compared to solitary foraging.
Dratholomew 1942; Cottam et al. 1942; Dixon 1933;
Emlen & Ambrose 1870; Friecmann 1667; Gurney

1861; Meinertzhagen 1659; Ililler 1972; Rand
1954, 1567; Sharp 1951; Taylor 1578.

It should be noted that not necessarily all menmbers of
the foraging groﬁp will benefit from an increase in intake
rate of prey - for example Arnasson & Grant (1878), EHatch
(1970, 1575), Taylor (1979) and Verbeek (1977) 2ll show
that only a proportion of optimally-positioned birds
increased their prey intake rafes. In fact in these stu-
dies although the success rate of foraging attempts
increased with increasing group size, the average prey
intake rate for a group member was not greater, and in sone
cases was less, than when foraging alone. Of the studies
cited above only King (1980), Nunro & Bedard (1977) and
Taylor (1979) have shown that not only is the success rate
of a group attack higher as group size increases, but zlso
that prey intake rate is increased for the average flock

menbper.,

Benefit: Prey: Food Stealing from Other Flock Members

Dominant individuals may benefit from joining a flock
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by stealing prey items which other flock members have
already procured. As stated above in the 'flushing' of
fcod section, kleptoparasitism or other interspecific pre-

datory behaviours are not included.

Theoretical

Parker 1974.

Empirically established - laboratory

BakerA1978; Baker et al. 1981; Barnard & Sibly

1¢81; Feare & Inglis 1979.

Convercsely, Rushlan (1978a) found that great egrets
(Eqretta alba) who robbed other egrets or herons were
actually‘less successful, in terms of short-tern energy
intake, conpared to birds which adopted the more normal

stand-and-wvait foraging technique of this species.

Benefit: Prey: Reduction of the Risk of Starvation

There is some evidéécé éhat foraging in a flock can
reduce the likelihood of sta:vation (or satiation) cue to a
reduction in the variance of feeding rates occurring during
different foraging bouts. This may perhaps be due to

flocks tending to occur more frequently on patches of a
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certain minimum content, due to birds on a good patch
having a longer stay-time and therefore allowing a flock of
birds to build up on a patch rather than individuals
cbntinually moving to forage elsevhere. The increased
numbér of birds present may méan that mean intake rate of
prey éoes not increase, butvthe chances of arrivihg on a
patch which does not contain enough food for survival is

less.

Theoretical

Caraco 1981; Chantrey 1982; Thompson et al. 1874,

Circumstantial - field/flock - reduction in variance of

feeding rate demonstrated, but no evidence that the risk
experienced by single birds is sufficient to reduce fit-.
ness.

Krebs 1974,

Circumstantial - laboratory/flock - reduction in variance
of feeding rate demonstrated, but no evidence that the risk

experienced by single birds is sufficient to reduce fit-
ness.

BPaker 1978; Baker et al. 1981.
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Benefit: Predation: 'Selfish Herd' Advantages

The more animals there are in a group, the less is the
likelihood of any one individual being taken on each
separaté attack by a predator. Similarly, many anirals
breeding all at the same time will reduce the period over
whiéh eggs and young are available to a given number of
predators, 'swanping' the predatoré énd leading to
decreased levels of predation. Hamilton (1971) coined.thé
phrase 'selfish herd' to describe such simple statistical

conseguences of an increase in group size.

Of course, whether or not an individual benefits fron
such a reduction in the likelihood of being taken depends
on other thingé ~ for example whether different sized
aggregations attract the same number of predator attacks,
or whether the success rate of predator attacks is ecual on
groups of different sizes. Only when these factors are
also quantified can an accurate ascessnent be made of the
true relative 'selfish herd' advantages of different group
sizes. Page & Whitacre (1275) provide an example where

such quantification was made, and the advantage of flocking

over solitary behaviour established.

A problem which is often illustrated by studies of
colonially breeding birds is a failure, having demonstrated
a significant difference in breeding success between birds

in different group sizes or densities, to adequately
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establish that the cause of such differences is differen-
éial predation pressure. Possible confounding variables
(for example age or experieﬁce Gdifferences correlating
simultaneously with colony size and breeding success) are
usually gnmeasured and often not even considered; and nost
of thesé studies d6 not eveﬁ guantify predation rates but
rmerely assume that observéd predation varies in it's rate
between different colony sizes, and no guantitative elimi-
nation of other possible causes of differential success

(e.g. starvation) is made.

Relatively few studies have shown pure 'selfish herd’'
advantages, possibly because many animals show active
behaviour towarcds predators (see the following two sections
on defense and detection); these aniﬁais may also be enjoy-
ing 'selfish herd' advantages simultaneously, but it would
be very difficult to separate the effects of active
behéviouf fron those congected withkthe ‘selfish herd'

mechanismn.

Comparisons between species

Buskirk 1876; Crook 1964, 1965; Lack 1968; Pul-

liam & 1Mills 1977; Wiley 1974; Willis 1972b,
1%73. ' '
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Theoretical
Charnov & Krebs 1975; Hamilton 1971; Treisman

16¢75a, b; Trivers 1971; Vine 1971, 1973; Villiams
18¢4.

Empirically established - field/flock

Page & Whitacre 1975.

Empirically established - field/colony size

Fautin 1941; Robertson 1973,

Empirically established - field/colony centre versus edge

Andersson & Wiklund 1978 (field experimenﬁ);
Fuchs 1977 (field experiment); Kruuk 1964 (field
experiment); Siegel-Causey & Hunt 1981.

Empirically established - field/colony density

Cody 1971b.

Empirically established - field/colony synchrony of breed-
ing

Birkhead 1977; Dyrcz et al. 128l; ' Fautin 1941;

Parsons 1971; Robertson 1973; Vermeer 1970
(field euperiment);

Circumstantial - field/flock - individual likelipood of
being taken by a predator decreased with increasing flock
size, but no quantification of frequency of attacks on
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different flock sizes, etc.

Ilunro & EBedard 1977.

Circumstantial - field/flock - no quantification to prove
that predation rate decreased with increasing flock size.

Bedard & llunro 1975; DBertram 1980; Bourne 19€0;
Coss~Custard 1870b; Grant 1871; Pamilton 1971;
Lazarus 1972; Cuens & Coss-Custard 1976; Uillis
1972a, 1872b, 1973.

Circumstantial - field/flock - birds approached by a poten-

tial predator nmove closer to other birds, but no quantifi-
cation that this reduces individual likelihood of preda-
tion.

Ainley 1972; Buckley & Buckley 1672; Kruijt et
al. 1972 (field experiment); Willis 1972a.

Circumstantial - field/colony - breeding success increased
with increasing colony size, but no quantification to prove
that this was due to risk of individual predation cdecreas-
ing with increasing colony size.

Burcer 1979; Darling 1¢38; Fisher 1952; Gaston &

Mettleship 1¢81; Langham 1974; MacLean 1973;
Nelson 1966; Veen 1977.

Circumstantial - field/colony - breeding success increased
in the colony centre, but no quantification to prove that

this was due to risk of individual predation decreasing in
the colony centre.

Balda & Dateman 1272; Cullen 1960; Dexheimer &
Southern 1974; Emlen 1952b; Feare 1976; Gochfeld
1980a; Langham 1974; Orians 196la; Patterson
1965; Penney 1968; Reid 1964; Siegfried 1972;
Spurr 1975; Taylor 1962; Tenaza 1971; Veen
1577.
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Circumstantial - field/colony - breeding success increased
with increasing colony density, but no quantification to
prove that this was due to risk of individual precation
decreasing with increasing colony density.

Birkhead 1977; Darling 1938; Dlarris 1880.

Circumstantial - field/colony - breeding success increased

with increasing breeding synchrony in the colony, but no
gquantification to prove that this was due to risk of

individual predation decreasing with increasing colony syn=
chronye.

Birkhead 1977; Brown 1867; Burger 1979; ' Darling
1938; Erwin 1971; Feare 1976; Iarris 156%b;
Kadlec & Drury 1968; FKruuk 1964; Langham 1974;

Nelson 1866; Parsons 1975; Patterson 1965; Veen
1¢77; Vermeer 1970.

Circumstantial - field/colony - breeding synchrony exists
in the colony, but no quantification to prove any effect on
fitness. ' :

Balda & Bateman 1972; Davis & Dunn 1976; Elgood &
Ward 1963; Hoogland & Sherman 1876; Schaller
1964; Windsor & Emlen 1975.

Circumstantial - field/roost - no quantification to prove
that predation rate decreased with increasing roost size.

Fleming 1981; Gadgil 1972,

It was stated in the introduction to this section that
the simple statistical truth behind the 'selfish herd'
concept - that as group size increases any individual's

chance of being taken on any one predator attack decreases
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- will only be of true benefit if the frequency and
success-rate of attacks on larger group sizes does not
increase too much. A large number of studies have looked
for, but failed to find differential individual predation
rates between different group sizes (or have cven found
increased individual predation risk with increasing group
size - these latter references are discussed in the disad-
vantages sections below). Thouch most of these have not
quantified why this should be so, it is most likely to be
the result of larger groups attracting more predators to

them.

Rudebeck (1950-1) found that predators did not have a
greater success rate when attacking smaller flocks or
solitary birds, but did not quantify the relative frecuency
with which different flock sizes vere attacked. Lutz
(cited Kenward, 1978) found that predator success was
actually higher on larger flécks of corvids because flock
menbers got in one another'é wvay as they tried to escape.
Foogland & Sherman (1976), Knopf (1979), Lohrl.& Gutscher
(1573), Smith (19243), Snapp (1976) ahd Vehrencanp (1878)
all found no relation between breeding colony size and
‘individual rate of predation suffered by nests. Ashmole
(1963b) found that predation rates were so high in certain
sooty tern (Sterna fuscata) colonies that only c¢.1-2% of
chicks fledged, and that frigate birds (Eregata aguila)

appeared to be attracted to attack only at colonies where a
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large number of chicks were available. Coulson (1968,
1971, 1972), lontevecchi (1278) and Ryder (1980 - review)
all found increases in breeding success in larger colonies,
but were able to show that these were due to age or habitat

differences, and not to individual predation rate.

Palda & Bateman (1972), Horn (1268), Knopf (1879), and
Hontevecchi (1977) found that their was no consistent
difference in predation rates suffered by individual nests
on the edge or in the éentre of colonies. Penney (1868)
found an effect in one season, but not in a second. Emlen
(1971) found that breeding success was lower on the edge of
a éolony of sand martins, but this was due to a qgreater
tendency to abandon nest sites for other reasons - indivi—_

dually suffered predation rates did not differ.

Buckley & Buckley (1972), Dutler & Trivelpiece (1881),
Dexheimer & Southern (1974), Goransson et al. (1375), Hunt
& KHunt ( 1975), Patterson (1265) and Tinbergen et al.
(1967) all found that predation was higher in denser
colonies, sometimes as the result of cannibalism, but also
perhaps because increased interference from neighbours left
eggs exposed more frequently. Cody (1971b) is of particu-
lar interest - he showed that predation rates were reduced
in denser colonies (thus they enjoyed a 'selfish herd'
advantage) , but this benefit was oﬁtweighed by the cbst of

increased conspecific interference, to the extent that
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fledging rates actually decreased in the denser colonies.
Thus this study emphasises once again the way in which
different nechanisms may be operating tocether in any one

situation.

In a rather similar vein Brown (1967), Erwin (1971),
Harris (1969%b), lisbet & Drury (1972), Oriang (1961),
Parsons et al. (1976) and Emith (1943) have shown a sea-
sonal decline (cr increase) in breeding success which does
not correspond to the pattern of breeding synchrony seen in
colonies; these studies have shown that even if a 'selfish
herd' advantage exists in breeding synchronously, birds
could still be better off breeding asynchronously since the
advantages of breeding earlier (or later, as the case may
be) more than outweighed any cost which may have been

incurred from increased predation.

Bryant (1¢75), Coulson & White (1956, 1960, 1%961),
Emlen & Demong (1975), Harris (1S6%a) and Parsons (1975)
found that asynchronous breeders did suffer lower breeding
success, but demonstréted that this was due not to breda—
tibn butrto other factors (starvation or age/experience
differences). Thus the danger of‘not neasuring such péssi—

ble confounding variables is once again emphasised.

purger (1974b) and lacRoberts & lMacRoberts (1972)
found that synchrony of breeding did not exist at the

colonies studied, and thus could not contribute a 'selfish
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herd' effect. The latter is interesting in that the
colonies studied were those of herring gulls and lesser
black-backed gqulls (Larus argentatus and L. fuscus),
species which have quite frequently been shown to display
synchrony at other colonies (Darling first recorded syn-

chrony within herring gull colonies).

Finally, one may note that even if sYnchronous
breeders do suffer lower individual prédation rates, the
direct cause of this is not necessarily the result of a
'selfish herd' reduction in the statiséical 1ikeliho§d of
suffering a predator attack, but possibly because asynchro=-
nous breecders may (for exanmple) find food harder to cbl—
lect, and thus leave the neét uncguarded froﬁ predator

attack for longer periods.

Benefit: Predation: Detection of Predator Approach

As well as the rather passive advantages offered by
the 'selfish herd', birds may show active behavioural means
of reducing the effect of predation upon them or their
nests: the advantages offered by some of these behavioural

nechanisms may increase with increasing group size.

If each bird is vigilant for a standard time; if the

vigilance bouts of any one individual are randomly distri-
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buted in time; and if the bouts of any one individual are
independent of the timing of those of other birds; then the
probability of at least cne bird being vigilant when a
predator approaches will increase with increasing group
size. If the vigilant bird alerts the others when it
detects a predator approach; if earlier detecticon leads to
earlier escape reactions; and if earlier reactions means
increased likelihood of a predator's attack failing; then
individual predaticn risk can}be reduced as group size
increases. Only one study (Kenward 1378)’has produced
evidence to show that all of these conditions are ful-
filled; and even this study employed‘falcdnry‘techniques,
and did not study naturally-occurring predation (woodpi-
geons under attack by trained goshawkﬁ, Aggjpjggi centilis,
were studied). Other studies, at best, show ohly that
detection or reaction 1ikelihood is increasged; no other
study also demonstrates quantifatively that earlier-detéc-
tion or reaction definitely reduces fhe probability of the

predator making a kill.

Elgar & Catterall (1981) and Treherne & Foster (19£0),
building upon Pulliam (1973), have shown by simulation that
the increased likelihood of detection of an approach very
quickly reaches an asymptote. The exact group size past

which increased likelihood of detection becomes negligible
will of course vary depending on the value of certain

varameters (for example the probability that any bird will
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detect the predator; the time the predator takes to mak

its final detectablc approach; or the length of the indivi-
dual bouts), but their simulations enmploying values fron
fielé.studies suggest thét éeﬁecfion probabilities for many
feraging flocks will not increase meaningfully once flock

size exceeds around 10 birds.

However, bécausé the asymptote is so quickly reached,
it is the case that ‘individual vigilance rates may drcp &s
group size increases without any mecaningful drop in the
probability of a predator's approach being detected. A
drop in the amount of time spent in individual vigilance
leaves more time for other activities, for example feeding
- as has alreacdy been described above. Studies which show
such a relationship betwéen group‘size and individual
vigilance rates, but which do not attempt to quantify what
the increased time is used for, nor quantify the effect of
such a relationship upon actual\detéction of a predator
approach, have been included in this section rather than
any other. However, it will be clear from what has been
written above that such data are inéufficient to demon-
strate an advénfaée from incréased likelihood of predator=

detection.

Theoretical

Elgar & Catterall 1981; Lazarus, cited Dimond &
Lazarus 1874; Pullian 1973, 1976; Stinson 1980;
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Treherne & FPoster 1980; Treisman 1%75a, b.

Empirically established - field experiment/flock

Kenward 1978,

Circumstantial - field experiment/flock - faster reaction

times to predator appearance as group size increases, but
no proof of predation rate decrease.

Grieg-Smith 1981; Xenward 1978; Siegfried &
Underhill 1975, ‘

Circumstantial - laboratory/flock - faster reaction times
to precator appecarance (or novel stimulus) as ¢group size
increases, but no proof of predation rate decrease,.

Lazarus 1879a, b; PoWell 1274, |

Circumstantial - laboratory/flock - faster reaction times
to a conspecific taking flight as group size increases, but
no proof of predation rate decrease.

J.l. Davis 1875.

Circumstantial - field/flock - individual vigilance
decreases as ygroup size increases, but no proof that
predator-detection rate or reaction time increases, or

predation rate decreases.

Abremson 1979; Burger & Howe 1975; Dimond &
Lazarus 1974; Drent & Swierstra 1977; ILlgar &
Catterall 1681; 1Inglis & Isaacson 1878; Jennings
& Evans 1980; Lazarus 1978; Lazarus & Inglis
1678; lurton 1967, 1968; Smith 1977; Willis
1972a.
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Circumstantial - laboratory/flock - individual vigilance
decreases as group size increases, but no proof that
predator-detection rate or reaction time increases, or
predation rate decreases.

Powell 1974.

Circumstantial - field/flock - individual vigilance prob-

ably decreases with group size increases, but no quantifi-
cation of this.

Allee 1938; Balda et al. 1272; Bates 1863;
Boswall 1870; Feare et zl. 1974; Galton 1883;
Goss-Custard 1970b; Lack 1954, 1968; Lazarus
1972; llorse 1870, 1977, 1878; loynihan 1562;
Ilurton & Isaacson 1962; Ilurton et al., 1971;

lewton 1967, 1972; Owens & Goss-Custard 1976;
Powell 1280; Rowley 1878; Willis 1972a.

Circumstantial - field experiment/flock - fewer birds land
at model flocks with increased proportion of the models in
vigilant posture.

Inglis & Isaacson 1978.

Circumstantial - field experiment/colony - faster reaction

times to predator appearance as group size increases, but
no proof of precation rate decrease.

Hoogland & Sherman 19276; MNeuchterlein 1681.

Circumstantial - field/colony - individual vigilance prob-
ably decreases with group size increases, but no quantifi-
cation of this.

Lack 1954; Newton 1967, 1972; Ricklefs 1981.
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Circumstantial - field/colony = frequency of alerting calls
probably increases with group size increases, but no quan-
tification of this.

Hoogland & Sherman 1976; VWatson & Dickson 1972;
Windsor & Lmlen 1975,

Circumstantial - field/roost = individual vigilance prob-
ably decreases with group size increases, but no quantifi-

cation of this.

Balda et al. 1972; Broom et al. 1876; Counsilran

1974; Gadgil 1972; Gadgil & Ali 1976; Lack 1954;

Newton 1967, 1972; Zahavi 1971.

A number of studies related to this question have
shown, yet again, the importance of identifying and quanti-
fying all relevant and confounding variables. IKenward
(1978) and lurton et al. (1971) identified an important
confounding variable by demonstrating that solitary woodpi-
geons weighed less and were suffering frem adrenal stress;
thus it is impossible to know whether the greater success
of predator attacks .on solitary birds was due to their
slower detection and reaction to the predator4approach, or
to the fact that their poorer condition made them easier
prey. Birds in flock sizes greater than one did not differ'
systematically in condition, and hence Kenward's data show-
ing increasing predator success with increasing flock size
(whilst omitting singletcns from the analysis) are not

contaminated by the confounding variable of condition.

Grieg-Smith (198l1), and Siegfried & Underhill (1975)
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found that flock size was not uvnambiguously related to
reaction times to a predator appearance. Both studies
found that single birds, or very low flock sizes, reacted
to a predator's appearance as quickly as some of the mediun
sized flocks, because they were much more vigilant. This
will have reduced the amount of time left for other things,
of course, and thus have been disadvantageous - but simnply
in terms of the predator detection hypothesis, they were
not at a disadvantage by being in a small group size. The
latter study also found that the largeéﬁ gfdups reacﬁed

slower than some of the smaller ones - this time because

they spent less time vigilant due to a rise in time spent

in agonistic encounters.

Patterson & Makepeace (1979) found that alﬁhough'vigi-
lance rates of male shelducks (Tadorna ;gdg:ng) were
related to colony size, detection rates of’a preéator's
appearance vere not. Barnard (1280), Bertranm (1978), Hardy
(1976), Krebs (1974), Lazarus & Inglis (1978), Smith (1974,
1¢77) and chapter 2.3 of this thesis, eithér show no
relation betweén group size and vigilance, or that at least
some of the vigilance has functions other than the detec-
tion of a predator. Gaston (1977) found that the 'sen-

tinel' behaviour of jungle babblers (Turdoides striatus)

was not correlated with predator activity. These studies
show that the assumption that vigilance is necessarily for

predator detection can be incorrect.
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Broom et al. (1976), Cheke (1977), Gurr (1868), Shaw
(1979), Siegfried (1971a), and Vard (1965) show that a
predator can take an individual from a group without group
nembers other than those inmediately adjacent being
alerted. Thus the detection of a precater will not neces-

sarily be comnunicated to other group members.

Benefit: Predation: Defence against Predator Attack

There are a number of behavioural ways in which group-
ing might incréase the effectivenesé of a\bird's defence
against precator attack. lMobbing of a predator may be more
effective when performed by & group than by a single bird;
calls or behaviour may help to coordinate a group escape
response; aggregations may serve as nore passive defences
by presenting a physical deterrent to a fast-moving préda-
tor which may risk injury if it attacks a close-paéked
group; or the presence of many prey may confuse a predator
and prevent it from concentrating its attention on the

chase and capture of one individual bird.

There is more than one way in which mobbing behaviour
may recuce predation rates. This section lists studies
which have investigated whether communal mobbing affects
predation rates, but does not attempt to split them accord-

ing to the exact behavioural mechanism, since none of the
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studies offers more than circumstantial evidence to support
the relevance of one mechanism over any other, Curio
(1978) lists the following possible mechanisms, and lists

the studies which support each speculated mechanis:

1. Ilobbing silences nestlings so that precators are not

attracted to the nest.

2. By joining a group, rather than mobbing singly, a bird

will entail 'selfish herd' advantages.

3. llore birds mobbing means increased confusion for the

predator, and less effective attack.

4. A large number of birds mobbing may persuade a preda-

tor to leave an area and try elsewhere.

5. liobbing may indicate to a predator that it has been

detected, and that an attack will be ineffective.

6. liobbing may alert other birds to a predator's pres-

ence.
7. llobbing may attract an animal to prey on the predatcr.

8. ‘An inexperienced bird may learn by observation of

others mobbing which animals or places are dangerous.

S. llobbing may cause a predator to drop a bird which it

has already caught.
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This area is possibly one of the worst for inadequate
cuantification or control of confounding variables. To
list a large number of these studies as offering even
circumstaﬁtial evidence to support a causal link between
the behaviour observed and any effect on predation rate, is
to be very generous. lNot one study exists which estab-
lishes with reasonable certainty that observed differences
in precdation rate are due to the action of group defence,
and nmany do not cuantify predation rates at all. 2Andersson
(1976) probably has the strongest evidence: the number of
kittiwakes (Larus tridactylus) mobbing great skuas
(Catharacta skua) was significantly higher before unsuc-

cessful than successful attacks.

Circumstantial - field/flock - Communal mobbing occurs, but
no proof that predation rates are reduced.

Alison 1$76; Bourne 1977; Curio 1978; Emlen
1973; Ficken & Witkin 1977; Fry 1977; Galef
1976; Lack 1854; Lazarus 1872; Lorenz 1966;
Perrins 1968; Rohwer et al. 1976; Smith & Uol-
land 1974; Swynnerton 1815; 1iley 1971; other
references in Curio 1978.

Circumstantial - field/flock - calls and/or behaviour occur

which appear to coordinate escape responses, but no proof
that predation rates are reduced.

palph & Balph 1977; llacDonald & Ienderson 1877;
lMarler 1955, 1956; llorse 1970; Owens & Goss-
custard 1976; Thake 1981; Wiley 1271.
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Circumstantial - field/flock - confusion of a predator
increases with increasing group size; no proper ¢guantifica-
tion of this or of predation rates.

Cody 1974a; Crook 1960; Davis 1980; Grinnel 1903;
Humphreys & Driver 1970; Lazaruvs 1972; Lorenz
1866; liarler 1955, 1$56; liiller 1222; liorse 1970;
Owens & Goss-Custard 1976; Powell 1974; Sharp
1¢51; willis 1872a; Wynne-Edvards 1962.

Circumstantial - field/flock - effectiveness of a group as
a physical deterrent increases with increasing group size;
no proper qguantification of this or of precations rates.

Crook 1660; Hamilton 1971; Humnphreys & Driver
1¢70; Kruvuk 1964; Lack 1654; Lazarus 1972;
lleinertzhagen 1259; Owens & Goss-Custard 1976;
Tinbergen 1851.

Circumstantial - field/colony = comnunal mobbing occurs,
predation rate decreases (or breeding success increases)

with increasing group size, but no strong demonstration
than other rossible explanations have been discounted.

Alvarez 1975; Andersson 1276; Clark & Dobertson
1679; Dyrcz 1977; Dyrcz et al. 1981; Xinnaird &

Grant 1€82; lountford 1657; Olsson 1951; Patter-
son 1965; Slagsvold 1%8Cb; Veen 1877:; Vehrenceamp
1978; wiklund 1879; 1iklund & 2Andersson 19£0;

7ol fenden 1978,

Circumstantial - field experiment/colony = communal mobbing
occurs, predation rate decreases with increasing group
size, but no strong demonstration than other possible

explanations have been discounted.

Fuchs 1¢77; Goranson et al. 1975; Kruuk 1964;
Slagsvold 19&0b.

Circumstantial - field/colony - Comnunal mobbing occurs,
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but no proof that predation rates are reduced.
1977;
Balda & Bateman 1972; Buckley & Buckley 1579;
Burger 1874a; Burger & lahn 1877; Collias &
Collias 1964; Cullen 1260; Erwin 1679; Hoogland
& Sherman 1876; Horn 1968; Kruuk 1976; Lack
1268; Lohrl & Gutscher 1973; llader 1975; lieinert-
zhagen 1859; lewton 1967, 1972; Rand 1967;

Sears 1879; Slagsvold 1980a; Snyder 1874; Valsh
& Valsh 1976; White & Springer 1965.

Circumstantial -~ field/roost - Comnunal mobbing occurs, but
no proof that predation rates are reduced.

Braestrup 1963; Counsilman 1¢74; Cadgil 1¢72;
Gadgil & Ali 1¢76; Lack 1968.

Circumstantial - field/roost - aerial convolutions occur,
but no proof that predation rates are reduced. ‘

Dickson 1879.

A number of studies show that communal defence is not
shown: PBurger & Hahn (1977), A numr (1967),

Burger & Hahn (1877),

rrebs (1974), lilstein et al. (1870), Roskaft (1980), Snapp
(1976) and Taylor & Wodzicki (1858). Others have shown
that it may océur, but be ineffective in reducing predation
rates: Ashmole (1963b), Blem (1879), Burger (1874b),
Burcer & Lesser (1978), Chandler (1979), Cody (1971b),
Crmlen et al. (1966), Bardy (1976), Horn (1968), Lemmetyinen

(1971), Smith (1943) and Windsor & Emlen (1975). Uidsor &
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Emlen. (1975) also found that mobbing tended to be most
intense in solitary nesting swallow (Hirundinidae) sgpecies,

rather than the other way round.

Benefit: Predation: Aggregated Prey are More Difficult to

Locate

Taylor (1976) has shown experimentally in the labora-
tory that grouping can reduce predation raées by making the
available prey of an area more difficult for a predator to
locate. Trivers (1971) and Vine (1973) have éonsidered
this theoretically. fowever, faylor (1977) has shown that
by making the experiments somewhat more realistic, aggre-
gated prey can be heavily penalised oncé the first patch
has been located (references have already been given above
to field studies which showed that denser colonies could

suffer greater predation rates).
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Benefit: Reproduction: Access to Opposite Sex

That regular access to the opposite sex in winter
flocks or early gatherings at the breeding colony actually
increases fitness has only fairly weak circumstantial evi-
dence to support it. Some studieg (e.g. Ekman 1879) show
that individuals tend to mate with a member cf the winter
group; but of course this does not provide any evidence to
show that the winter group is necescsary for, or increases

the likelihood of, finding a suitable mate.

Circumstantial - field/flock, colony or roost - various
kinds of weak circumstantial evidence only.

Brown 1675; Ekman 1979; Emlen 1973; Goodwin

1976; Gurr 19268; Kruijt et al. 1972 (field exper-
iment); Lorenz 1$66; Siegfried et al. 1577;

Smith 1877; Vatson & Dickson 1972; Willis 1872b.

Benefit: Reproduction: Location of Good Nesting Sites

As with the preceding section, thére is really no
proper evidence on this proposed effeét of grouping.' For
example, Patterson & llakepeace (1979) provide a variéty 6f
circumstantial e?idence to suggest that £his occurs in
shelducks - for exanple, successful breéders in the previ=-
ous yéar tended to land in unoccupied areas more fre-

quently, and wvere more often seen alone. The authors
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suggest that this may be because they already know of good
sites and do not need to land near other birds, or associ-
ate with them, in order Eo find one. Iowever, some of the
relationships were not supported statistically, and it does
not require much imagination to think up alternative possi-

ble explanations for the data.

Circumstantial - field/flock, colony or roost - various
kinds of weak circumstantial evidence only.

Klopfer & Hailman 1965; Koskomies 1957; Patterson
& liakepeace 1979,

Benefit: Reproduction: Communal Breeding

Group breeding (where non-breeding bifds are involved
to varying exténts in parental care or territory mainte-
nance) can have varying consedquences for different members
of the group. This area is one where possible éause and
effect between group size and fitness is difficult to
establish, sinée thgre is a particular problen wiﬁh the
cbnfounding variables 6f age and experience of the breeding
birds, and/or territory size and quality, confounding any
observed relationship between group size and fitness. This

has already been described in some detail in section 2.2.9

above, and the best study so far denonstrating control of
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confounding variables (Brown & Drown 1981) described.

The proposed effects of group breeding are numerous,
but the most frequently cited include greater production of
nestlings, sharing of the work load increasing the
breeders' survival, maintenance of a larger or better
territory through increcased effectiveness of territorial
defence, experience at breeding gained by the non-breeders,
and likelihood of inheriting a territory increasing for
non-breeders. The increased production of offspringbmay
cccur through faster feediné rates, better nest protection,
sharing of work load, or maintenance of a better quality
territory. As with the scction on communal mobbing above,
no4attempt is made to‘list which studies favour whiéh
mechanism, since in most cases no real evidence is produced
to support one interpretation over another. Brown et al.
(1078), Tarboton (19€1), Vehrencamp (1978) and Verbeek &
Butler (1981) all show that feeding rates were not faster
in groups, Yet bréedingisuccess did increase; thus at least
some studies have climinated one of the possible mechan-
isms, even if it is difficultﬁto strongly éstéﬁlish the

true nechanism(s) involved.

Theoretical

Brown 1978, Emlen 1978, 1982b.
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Empirically established - field

Brown et al. 1S878.

1

Empirically established -~ field experiment

Brown & Brown 1881.

Circumstantial - field - Lifetime personal fitness
increases with increasing group size; possible causes other

than croup size probably not operating, but confounding
variables not actually cuantified.

Kinnaird & Grant 1982; vVehrencamp 1978.

Circumstantial - field - Annual breeding success increases
with increasing group size; possible causes other than
group size probably not operating, but confounding vari-
ables not actually quantified.

Wolfenden 19281..

Circumstantial - field - Annual breeding success increases

with increasing group size; possible causes other than
group size not considered adequately at all.

Alvarez 1875; Dyer & Fry 1980; Emlen 1981;
Faaborg & Patterscn 188l; Lawton & Guindon 1981;
Licon & Ligon 1978; Rowley 1¢65a & b; Stallcup &
7olfenden 1978; Tarboton 1981; Verbeek & Butler
1681; 1Violfenden 1575, 1978.

Circumstantial - field - Nestlings fed quicker, but effect
on breeding success not quantified or not proven.

Birkhead 1981; Collias & Collias 1978; Graul et
al. 1977; Kinnairé & Grant 1882; ltader 1¢789.
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Circumstantial - field - tlestlings not fed quicker, but
breeders share of the work-load is decreased; however,
effect on breeding success not guantified or nct proven.

Brown & Brown 1981; Brown et al. 178; Gaston
1673; Ligon & Ligon 1978; Parry 1973; Rowley 1978

Circumstantial - field - Breeding pairs in larger groups

live longer, but poscible confounding variables not actu-
ally cquantified.

Stallcup & Wolfenden 1978.

Circumstantial - field - llon-breeders in larger groups live
longer, but possible confcunding variables not actually
guantified.

Stallcup & Wolfenden 1978; Verbeek & Butler 1681;
VWolfenden 1981.

Circumstantial - field - lion-breeders increase chance of

breeding earlier (or at all) as group size increases, but

possible confounding variables not actually quantified.
Birkhead 1981; Brown 1874, 19875; Foster 1977;

Kinnaird & Grant 1282; Ligon 1981l; Selander
1964; Stallcup & Volfencden 1978; Wolfenden 1981;

Wolfenden & Fitzpatrick 1978.

Group breeders do not always have increased breeding
success. PBirkhead (1981, and Varui cited therein) found
that breeding success was less in groups, while Faaborg &
patterson (1981) found that breeding success increased in
groups, but that the the number of offspring produced per
jndividual male was greater in monoganous pairs. Kin

selection, though perhaps more likely in group breeding
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than in any other situation for birds, has however not been
Gemonstrated or properly investigated (see e.g. Koenig &

Pitelka 19€1).

Lekking and Other Polygynous Mating Systems

Some males, and perhaps all the females, of lekking
species presumably benefit from this form of social organi-
sation. Ilost of the possible conseguences appear in other
sections (for example, reduction of predation); Selancer

(1872) and Wiley (1874) give reviews.

Polygyny or polyandry seem often to be a response to
favourable environmental conditions which allow increased
breeding success through a chance to breed again, rather
than stay as a monogamous pair when conditioné are such
that one«pafent is able to raise the brood without assis-
tance (see e.g. Graul et al. 1977, Oriéns 1969, Selander

1872) .
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Benefit: Reduction of Agonistic Encounters

If birds nust come into proxzimity at localised food
sources, then aconistic encounters are a potentially dis-
rupting force (see food disadvantages, bélow). It is
possible that grouping might enable individuals to becomé
familiar with one another, and as a consequence recuce the
frequency of agonistic encounters. It may also be that
flocked birds relieve themselves of the considerable energy
expenditure involved in the defence of type A territories,

partly held through agonistic encounters.

Balph & Balph (1877) found that agonistic encounters
were more frequent and intense with stréngers than with
familiar flock members in dark-eyed juncos, while Barash
(1974) showed that flocked black-capped chickadees (Rarus
atricepillus) were suﬁjected to fewer agonistic encounters
than solitary birds with other unfamiliar birds in the
vicinity. However, in neither of these cases was any
evidence produced to show fhat the level of aggreésion

experienced by single birds was sufficient to affect fit-

Benefit: Facilitation of Learning by Young

The presence of other conspecifics in addition to the
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parents may facilitate the learning by young birds of
places or objects to avoid if they offer danger, or to
approach if they offer some resource; or to learn skills,
for example foraging techniques, by observational learning.
Only circumstantial evidence has been produced to suggest
that such learning is facilitated by flocking:

Croxall 1276; Emlen & Demong 1975; Fogden 1872;
Smith 1977; Stefanski & Falls 1872.

Benefit: Synchronisation of Social Behaviour

The status of this proposed benefit is much the same
as that of the previous two. That some behaviour is
sychronised within groups has been demonstrated, but
effects on fitness compared to solitary behaviour have not

been dencnstrated:

Dergnman & Donner 1964; Brodie 1976; Crook 1861;
Evans & Pattercson 1871; Gould & Ieppner 1874;
Criffin 1¢74; Iamilton 1967; Eamilton & Cilbert

1¢69; Lorenz 1966; loynihan 1962; Rabol & loer

1873; Sabine 1956; Thake 19€0; vwallraff 1977,

1678; ward 1978.

Palcomb (1977) and Keeton (1970) —4the latter by
experiment - have demonstrated that flocking does not
improve the coordination of migration flights compared to

solitary behaviour, in contrast to what several of the

studies listed above have clainred.
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Hynne-Edwards (1962) suggested that coordinated
display flights functioned to advertise population size,
and thus lead to control through group selection; however,
no evidence is produced to support this speculation, and
the theory of population control by group selection as
liynne-Ldwards formﬁlated it hés been heaviiy criticised
(e.g. Ilaynard Smith 1976, Williams 1966, 1971, E.O. Wilson
1975). Crook (1965), Lack (1966) and Vard (1965) provide
naturalistic obsérvations which are inccmpatible with
Viynne-Edwards speculation than display flights may have
been advertising population size for group selection

effects to operate.

Benefit: Reduction of Energy Loss by Thermoregulation

Aggregation may reduce the energy expenditure of an
individual th;ough reduction of héat losse. Agaih, there is
no firm demonstration of the effects of aggregation upon
fitness, though some studies have shown quantitatively that

there can be some saving on energy-loss.

Circumstantial - field/colony = Energy loss reduced in
larger compound nest, but no quantification of the effect

of this upon breeding success.

Eartholomew et al. 1576; White et al. 1¢75.
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Circumstantial - field/colony - Energy loss probably
reduced in larcer compound nest, but no quantification of
this or of its effect upon breeding success,

Collias & Collias 1977.

Circumstantial - field experiment or laboratory/roost -
Energy loss reduced as rcosting flock size increased, but

no quantification of the effect of this upon individual
survival. _

Brenner 1965 (laboratory); Whitlock 1979 (field
experiment) .

Circumstantial - field/colony - Energy loss probably
reduced in larger roost, but no quantification of this or
of its effect upon individual survival.

balda et al. 1977; Braestrup 1963; Brodie 1976;

Francis 1976; Lack 1956; Tast & Rassi 19873;

VThitlock 1979; Yom Tov et al. 1977; Zahavi 1971.

A number of studies have illustrated that care is
necessary before concluding that grouping affects heat-loss
- for example Broom et al. (1976), Fleming (19€l1), Kelty &
Lustick (1977), Shaw (1972) and Thompson & Coutlee (1963)
demonstrate that heat loss experienced is not dependent on
the presence of other birds, since huddling does not occur,
but is only a consequence of the choice of the particular
site. Counsilman (1°274), Siegfried (1971a) and Vard (1¢65)
have shown that communal roosting occurs in climates in
which protection from heat loss is not required, whilst

Sunners Smith showed that some house sparrows switched from

communal roosting to roosting on their own in small
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crevices when the weather became very cold. Swingland
(1977) found that some subordinates were forced by aggres-
sion from others to roost in exposed parts of the roost
wvhere energy loss could be very severe - more severe than
if they roosted solitarily elsewvhere. Gyllin et al. (19775
and Yom Tov et al. (1¢77) show that the energetic saving in
heat loss reduction was less than the energetic cost of
flying a long distance to the roost. NAll of these studies
dernonstrate that in some species thermoregulation either
does not occur, or is subordinate to other requirements

satisfied by comnmunal roosting,

Benefit: Reduction of Energy Expenditure by Formation

Flying

Lissaman & fhollenberger (1970) showed in the labora-
tory that the V-formation flight of many species of birds
could reduce energy expénditufe; however no effect on
fitness wvas deﬁonstrated, and Gould & Heppner (1574),
Iligdon & Coursin (1978) and williams et al. (1976) all
showed either no saving, or a saving whichkwould héve a

negligible effect on survival.
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Cost: Prey: Competition

In general the costs of grouping are not as well
documented as the advantages, presumably for the simple
reason that if a birdé is permanently receiving a heavy cost
from grouping, it will cease to group. However, there are
costs to grecuping which will act to reduce the extent of

any advantage received by grouping.

Theoretical

Pulliam 1876,

Circumstantial - field/flock - Subordinates lose weight
faster and have reduced survival as food becomes pcorer;

but no convincing proof that competition for prey is the
cause of this. ‘

Crook & Butterfield 1970; viard 1965.

Circumstantial - field/flock - Increased conpetition
occurred as flock size increased, but no quantification of
the effect of this upon prey intake rate.

Ashmole 1963a; Barnard 1978 (laboratory): Lorenz
19266; loynihan 1962; liurton 1265; liurton et al.

1966; lMewton 1967; Schoener 1968b; Wiley 1971;
Wynne-Edwards 1962, ‘

Cost: Prey: Agonistic Encounters

Increased aggression when foraging in a flock may
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reduce the time available for feeding.

Empirically established - field/flock - Feecing rates of
losers of agonistic encounters were reduced; cause and
effect link reasonably establicshed.

lMallory & Schneider 1979; Recher & Recher 19¢9;
Silliman et al. 1977. ‘

Circumstantial - field/flock - llo cuantification of the
effect of increased agonistic encounters on feeding rates.

Crook & Goss—Custard 1972; Feare & Inglis 197¢;

Goss=-Custard 1977a; Lockie 1956b.

Feare & Inglis (1979, laboratory experiment) and
Patterson (1275) have shown that an increase in agonistic
encounters need not necessarily affect prey inteke rates if

the encounters are brief and relatively infrequent.

Cost: Prey: Interference

Aggregation of predators may result in reduced intake
through distu;bance of,the prey, leading to anti-predator
reactionsyon the part of the prey reducing their availabil-
ity to the predators; alternatively physical interference
with each other's foraging actions (but not agonistic

encounters) may reduce feeding efficiency.
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Empirically established - field/flock - prey intake rzte
reduced, weicht lecst faster, and survival reduced for
subordinates due to displacement by fcraging movements (not
aggressive displacements) of other flock birds.

Murton et al. 1971.

Empirically established - field/flock - prey inﬁake rate

reduced cdue to increased mutual physical interference while
foraging; causal link reascnably established.

Kruuk 1964,

Empirically established - field and field experiment/flock
prey intake rate reduced dGue to increased interfecrence

causing prey to show anti-predator reactions while forag-
ing; causal link reasonably established.

Goss=Custard 1970a, b (field experiment); Hafner
et al. 19582.

Circumstantial - field/flock = No quantification of the
effect of increased physical interference of foraging move-
nents on feeding rates.

Alison 1976; Crook 1960; Crook & Goss-Custard

1672; Feare & Inglis 1979; Lazarus 1972; llorse
1870; Sunmers Smith 1963,

Circumstantial - field/flock - no quantification of the
effect on feeding rates of increased interference while
foraging causing prey to show anti-predator reactions.

Buskirk 1976; Crook & Goss-Custard 1972; Goss-
Custard 1970a, 1¢7Cb, 1876a, 1977b; Hoffman et
al. 1981; Lazarus 1972; liurton 187la.
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Cost: Predation: Conspicuousness Attracting Predators

The possibility that 'selfish herd'! or other anti-
predator benefits of might be offset by the greater conspi-
cuousness of groups attracting predatérs to then, has been
mentioned above. Only circumstantial evidence has been
_produced to suggest that this can occur:

Alison 1876; Charnov & Krebs 1975; Odun 1%42;

Thonpson & Coutlee 1963; Ward & Zahavi 1573;
Wiley 1971.

Cost: Predation: Increased Predation Rates

Bedard & llunro (1975), Campbell (1975), Lutz (cited
Fenward 1978) and Williams (1974) have shown that predation
rates increased as foraging flock size increased; while
Bartholomew et al. (1976), Blem (1979), Burger (1974b),
purger & Lesser (1978), Freer (1973), Lemmetyinen (1971),
llacLean (1973), Scolaro & Kovacs (1978), Tinbergen et al.
(1267), Vhite et al. (1975) and Vehrencamp (1978) have
shown that precdation rates incfeased as breeding colony
size increased. lone of these studies were able to demon-
strate unecguivocally the cause of this increase, but in
most caces it was probably increased conspicuousness or the
close proximity of individuals to one another reducing
predator search-and-travel time, once it had made initial

contact with the aggregation.
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‘A nunber of other studies describe, without exact
guantification, higher precation on larger groups:

Ashmnole 1S63b; Ffrench 1¢67; Gvllin & Kallander
1276; Xepler 1967; lieinertzhagen 1960; licrley
1853; Patterson 1877; Veen 1977; Viard 1972; Vard
& Zahavi 1873; Vindsor & Emlen 1975.
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Cost: Reproduction: Competition for Nest Sites and

Materials

‘with this, and all of the other proposed costs associ=-
ated with breeding, only a little circumstantial evidence
is available, of varying guality. Illost studies simply
document the occurrence of a cost, without considering

whether this is really substantially greater in colcnies

than for birds breeding in type A territories.

Burger (1878a & b) showed that competition was often
seen, and that the biggest species in mixed-species heron-
ries nested highest in the colony, but no effect of this on
breeding success was measured. See also llocogland & Sherman

(1276) and Siegfried (1972).

Cost: Reproduction: Competition for Mates

No serious evidence has been produced that colonial
breeding produces nore competition for mates. See Koogland

& Sherman (1276).

Cost: Reproduction: Increased Risk of Cuckoldry

pray et al. (1975) have shown that matings may occur
outside of the pair - the mates of vasectomised red-winged

blackbirds (Agclaius phoeniceug) laid fertile eggs.
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Although it is reasonable to suppose that the risk of this
is higher in colonies, this has not actually been quanti-

fied. See also Iloogland & Sherman (1S76).

Cost: Reproduction: Increased Risk of Misdirected Paren-

tal Care

See Iloogland & Shernman (1976) . This is nét well
documented compareé to the evidence that colonial species-
have well-developed capacities for individual recognition
of offspring in species where chicks may wander betweeh
nests (e.g. Beer 1870, Stevenson et al. 1970, Thorpe 1968,

hite et al. 1970).

Cost: Reproduction: Increased Risk of Inbreeding

‘Although there is some evidence that inbreeding can
have deleterious effects in wild birds (e.g. Greenwood et
al. 1978), no evidence exists to suggest that this is more
likely to occur in colonial or group breeding species (the
‘studf cited‘was on én A-type:territorial épecies). llany
species have quite well-developed inbreeding-avoidance

mechanisms (e.g. Dateson 1978a, Rockwell & Cooke 1977).
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Cost: Reproduction: Physical Interference in Breeding

This potential cost is better documented. lamerstron
& Hamerstronm (1960) showed that 37% of prairie chicken
(Tympanuchus cupido) mating attempts were interfered with
at the lek, and 17% disrupted (cf. Hogan-Vlarburg 1966).
It seems likely that this is a higher figure than that
sufferecd by A-type breeders, but whether such levels affect
fitness is unknown. Kruijt et al. (19267) found nuch lover
levels of interference at blackcock leks - only 8% of
mating attempts were interfered with, and only 4 % dis-

rupted.

Rurger (1978a & b)), ﬁutler & ?rivelpiece (1981) and
Patterson & liakepeace (1979) found reduced bteééing success
and increased levels of interference in larger colonies,
though the causal link between interference and breeding

rate was not unambiguously established. See also Hooglanad

& Sherman (1976).

Cost: Reproduction: Transmission of Parasites and

Diseases

mhat this is sufficiently more frequent amongst colo-
nial breeders to affect fitness has not been established.

See Hoogland & Sherman (1976) and lieinertzhagen (19259%).
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Cost: Reproduction: Cannibalism

lich levels of cannikalism can occur. At scome Larid
colonies it can be the highest source of mortality. Stu-
dies finding high rates of cannibalism at Larid colonies
include:

Brown 1%67; Davis & Dunn 1976; Emlen 1856; Harris

19¢64; Hunt & Hunt 1975, 1976b; llonaghan 1279;

Paludan 1851; Parsons 1671, 1976; Paynter 1949;

Tinbergen 1953; Tinbergen et al. 1962.

Hunt & Zunt (1976), Monaghan (1979) and Parsons (1976)
found that the rate of cannibalism increased in higher
density colonies. Cannibalism does not occur in some of

the smaller Laridae - e.g. Gurger (19742) did not record

cannibalism amongst Franklin's cqull (Larus pipizcan).

Since a good proportion of the studies cited here
showed overall breeding success increases (see relevant
'benefit' sections ebove), it can only be aésumed that for
these colonies the cost of increased cannibalism was
outweighed by whatever benefits accrued from colonial nest-

ing.

Non-adaptive Behaviour or Epiphenomena

As nentioned in section 2.2.4 above, the assumptions

that all behaviour nust be functional and/or must have sone
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consequence may be incorrect. As mentioned in section
2.2.4, a problen with proposing that a behaviour is non=-
adaptive or neutral in consequence is that it is very
difficult to prove this. It is not possible to know
whether one has tried all possible experimental hypotheses,
or whether one has perhaps tested the right one but failed
to design a test sensitive enouch to reveal a true conse-

cuence of the behaviour in question.

The following is a list of studies which have failed
to demonstrate a positive or negative conseguence cf sone
aspect of avian grouping. No attempt is made to comment on
the quality of the evidence produced in eéch case for these

reasonsSe.

Pedard & lunro 1875; Broesset 1875; Cruz 1874;
Emlen 1982a; llacRoberts & liacRoberts 1276;
Pleasants 1879; Snapp 1976; Stacey 1879; Stacey
& Bock 1978; Terborgh & Diamond 1970; Walsberg
1077;: 1Valters & Vlalters 1980C; Wiens 1976;



Chapter Three =~ Local enhancenent for food finding by

rooks foraging on grassland in winter (%)

00Kks spend much of their foraging time in flocks.
The larce number of categories in the preceding chapter
suggests that the consequences of the interactions befween
ecological variables and social behaviour are diverse;
that there is likely to be no single aspect of eccoloay
associated with variation inAsocial behaviour. However,
while it is of course true that celective pressures acting
to mould social orcanisation and behaviour will be nulti-
form, it is possible to investigate with which of such
pressures a species"behavioural repertoire is particularly
associatecd now. It has already been shown that the possi-
ble selective pressure of interspecific aggression -
wvhatever its influence in noulding social behaviour in the

past may or may not have been = cannot be related to the

gituation as it exzists now, at least in lowland Britain.

Three previous studies (Feare et al. 1974, lurton

1971&, Pinowski 1958) suggested that an advantage of flock-

(¥) A summary of this research has been published (llaite
19¢el). A copy is bound in as appendix four. A pilot study
was conducted (Vaite 1978); none of the material procuced
here (except some aspects of interpretation) appears in the.
ecarlier thesis. Vhenever data or material appearing in the
carlier report are cited, specific reference is made to that
study.
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ing for rooks might be to increase an individual's chanceg
of finding patchily~distributed prey by watching wvhere
other birds foraged. Illurton and Feare et al. noted the
fact that earthworms constituted a major part of the diet
of rooks, and that such prey were prcbebly variable in
occurrence in the top levels of the soil, although they adid
not ¢o on to measure either the dispersion of ecarthworms or

the responses of rooks to this dispersicn.

Pinowski noted the occurrence of social attraction by
birds flying over an area to those already foraging on the
ground. The attraction was principally visual, but cbser-
vation and a play-back experiment suggested that calls
could also attract birds to a field. BHe also found a
tendency for larger flocks to occur in sparsely-wooded
areas where birds could be seen foraging from some distance
and thus be joined by others; whilst smaller flocks
occurred in fields within more densely wooded areas vhere
restricted vision perhaps prevented f£lving birds from
locating foraging birds so easily. Large flocks only
occurred in wooded areas on abundant and long—lasting food
sources. This may suggest that rooks could 1ea;n the
whereabouts of such areas and gather in large flocks,
whereas the more transient visits of birds to other fields
left insufficient time for flocks to build up, given the
increase in the time needed to locate such birds, due to

the restriction on vision in wooded areas. Pinowski also
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described the break-up of a foraging flock, when it took
flight, into smaller groups and individuals which flew off
in different directions and began the build-up of foraging
flocks once more = a phenomenon familiar to anyone who
wvatches rookeg, which he interpreted as a process of con-

tinually sempling a variable and changing food supply.

The mere occurrence of social attraction is not sug-
gestive of a2 food-related advantage of flocking, of course
- .were the birds enjoying, for example, recuced-predation
advantages from flocking, they would require social attrac-
tion mechanisms to keep the flock together. Ilowever, the
three studies taken together are suggestive of the possi-
bility that flocks might function to increase the prcbabil-
ity cof locating transient aggregations of soil inver-
tebrates. This follows the correlation noted across many
species, cited in the previous chapter (e.g. Crook 18%65),
which suggests a general link between avian grouping and

aggregated prey resources.’

L precdator could increase its probability of finding
prey by foraging in a group if the prey were aggregated in
dispersion; 1if these aggregations were difficult to
locate; and if they were unpredictable in occurrence.
Uhde?kéﬂéh éonditiéﬁé tﬂé”prégébi1££§ of any prey patch
being located would increase as the number of predators

searching the area increased. If the other group members
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could approach when one of their number had located a
patch, and if each prey patch contained a certain ninimun

anount of prey, then each predator could also increase its

individual intake rate of prey by foraging in a group.

The type of simple social learning involve& ié termed
localtenhancement, which has becen defined by Thorpe (1963)
as "Directing an animal's attention to a particular object
or to a particular part of the environment." (The phrése
social attraction is used interchangeably with local
enhancement to relieve monotony! 1Its definition in this
case is considered identical.) 1Its involvement in food‘
finding has been cdenonstrated experimentally in the lebora-
tory in two studies of Parus spp. (Krebs et al. 1972, Krebs
1973) . At present only two reports have been publishéd
which provide substantial evidence of local enhancement
behaviour increasing both the efficiency of prey-patch
location and individual prey intake rate in birds foraging
for natural prey - Krebs' (1974) study of great blue
herons Ardea hﬁLgiigg and Bdrnard's (1980) of house spar-

rows Passer donesticug. (%)

These previous studies have suggested that local

enhancenent behaviour can occur on tvwo different scales.

(*) As stated in chapter two above, the former study was
model and stimulus for the present one; Darnarcd's study was
conducted concurrently and independently of the present one
but was published while a report of the research under
discussiocn here was in press. -
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Firstly, birds can use the presence or absence of flocks zas
indicators of large-scale areas of prey (Xrebs 1¢74); and
secondly, once within the flock, birds can usge the
behaviour of individual members of the flock as indicators
of esmaller-scale prcy arceas (Krebs et al. 1672, Krebs

1873) .

Data from the current study are examined to test two

hypotheses:

(a) individual rooks could increase their chances of
encountering large-scale patches of prey by watching

where flocks were or were not foraging; and

(b) 1if the prey were further aggregated within the area
over which any one flock were foraging, that an indi-
vidual could increase its chances of encountering
small-scale patches of prey by local enhancement

behaviour within the foraging flock.

Ideally, one would like data on inclusive fitness as
the measure of the relative benefits from different forms
of social behaviour (see section 2.2.9 above). EHowever,
this was not possible during the present study. Decause of
this it was necessary, as so often in similar studies of
functional issues in animal behaviour (see e¢.g. Lrebs &

pavies 1978), to adopt short-term changes in the intake

rate of prey as the mcasure of the advantage to be gained
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froem a tencdency to join flocks and to interact in certain

ways within a flock.

Given this measure, the following steps were necessary
to test the hypotheses by field observation (for the jus-
tification of these steps as necessary and sufficient see

chapter two):

(1) Determination of what prey types were taken and in

what proportion,
(2) lleasurcment of the dispersion of the prey types:

(a) was the prey aggregated?
(b) was it hard to f£ind?

(c) were the patches unpredictable in occurrence?

(3) Did local enhancement behaviour (individuals tending

to nove near to other birds) occur?

(4) Did an individual leave an area to forage elsewvhere

less frequently as prey density increasec?

(5) Did prey intake rate increase with increasing prey

density?
(6) Did prey intake rate increase:

(a) with increasing flock size (for large-scale prey

patches)?

(b) following local enhancement to other birds within
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the flcck, i.e. vwith increasing flock density

(for small-scale prey natches)?

(7) Uas the increase in prey intake rate with increasing
flock size or density the result of an increase in the
occurrence on higher prey densities of larger or

denser flocks?

(8) Could the increase in prey intake rate with increasing
flock size or flock density be ezplained by other
food-related social behaviours (e.g. those listed in

chapter two)?

(9) 'las the increase in prey intake rate outweighed by any

concurrently increasing costs?

Once the prey types being taken were khown, it was
necessary to determine whether the prey was aggregatéd in
dispersion. If prey were randomnly or evenly dispersed,
then there would have been no advantage in an individual

b

[

rd éhowing local enhancement to others in terms of lccat-
ing better areas of prey - individual search would héve
been an equally efficient method of locating prey.

Further, if prey were easy to locate, or the patch loca-
tions were casy to learn and did not shift in 1ocatioh,
then local enhancgment to others wouid not increase the

efficiency of exploiting the prey.

It was necessary to determine whether the birds were
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showing social attraction to one another, or whether groups
occurred sinmply as the result of individual attraction to
somne feature of the environment - i.e. to determine
whether the birds were truly flocking or merely aggregat-

ing.

It was then necessary to determine whether two rela-
tionships cxisted between individual behaviour and prey
density = firstly whether a bird left an area of higher
prey density to forage elsewhere less frequently than an
area of lower prey density; and secondly whether a bird's
intake rate of prey increased with increasing prey density.
The former was necessary since if birds left areas of
differing prey densities at similar rates, then local
enhancement to others would not have resulted in birds
tending to group on the areas of higher prey density, and
hence the presence of birds could not have served as an
indication of areas of higher prey dénsity to incoming
birds. The latter relationship should havé existed for
there to have been a benefit in locating areas of hicher
prey density (6f course birds could benefit by staying
longer on higher prey densities, if time were not needed
for other activities - however, this relationship is
necessary if short-~term intake rate of prey is the measure

used in the study).

Since local enhancement to a flock could have been for
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other, non-food related reasons (e.g. some of the other
possible advantages associated with flocking cited in
chapter two), it should have been the case that prey intake

rate increased vhen birds were in larger or denser flocks.

FIf all the pteceding steps were proven, then it should
have been the case that larger and denser flocks occurred
on areas of higher prey density. This would have been the
result of individuals tending to land near others to
forage, and tending to leave areas of higher prey density
less frequently. Finally, the gain in increased prey intake
rate nust not be ocutweighed by some increased cost, for

xanple in the energy required to show social attraction
rather than choose any prey patch, increased predation
pressure on flocks, aggression, interference with foraging

rnovenents or disturbance of prey.

If all the above steps ﬁere provén, then it must be
shown that the relationship betweeh flock size or density
and brey intake rate could not have been produéed by the
operation of one of the other social mechanisms connected
with the expléitation of prey (again, these are listed in

chapter two).
2.3.1 The Prey

mhe relative contributions of grain and of the dif-

ferent kinds .of invertebrate prey have been indicated in
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part one of the thesis. Rocks selected grassland over
arable and over €0% of their foraging time was spent on
grassland (table 1.4.1). Given this inequality of total
foraging time on the two habitat types, grassland therefore
represented a nore important source of prey in both calo-
rific and nutritional terms (table 1.4.3 lists the relative

intake rates per minute from grassland and arable).

ﬁhen on grassland birds wvere cbserved to take conly
invertebrate prey. Some prey types taken may be determined
by direct observation using a powerful telescope (see
llethods chapter), but small invertebrates cannot be identi-
fied in this manner. However, earthworme were one major
prey type which was readily identified through the tele-
scope. When on grassland earthworns represented 79.3% of
intake in terms of calorific value and 84.3% of protein-
containing material (table 1.4.5). This figure is likely
to be a minimum indication of the importance of earthworms
to the diet, since some very small earthworms were probably
nis-classified as other invertebrate types, depending on
weather conditions and distance of the observer from the
subject bird. Since not all of the other prey items were
identifiable in every case, and since earthworms were
clearly important to the diet, the dispersion of earthworms
only, and the behaviour of rooks with regard to this

dispersion, is analyzed below. (*)

(*) Some additional infermation on the important influence
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A. Local Enhancement to Varying Prey Densities between

Different Grass Fields

Results

2.3.A.1 Earthworm Dispersion

The densities and dispersion of earthwvorms at Xeele in
winter is described in section 1.3.8. TDarthworms were
highly aggregated between fields (section 1.3.8.1 and fig-
ure 1.3.8). These prey were probably hard to find by
birds, thouch there is no direct evidence on this.
Although sward appearance differed between the three crop
types, within any one crop type the humanAsampler was
unable to discover any differences in the physical appear-
ance of the sward which predicted earthworm dencities.
Observetion of fcreging :ooks suggested that earthworms
vere detected either by sight from a distance of only a few
inches, or discovered on prching into the soil surféce.
Patch-quality is unlikely to adyertisé itself, of course,
unless there is an advantage to the organism providing the

food being eaten (e.g. nectar-producing plants) (Ilainsvorth

of earthworms on rook biology is given in appendix five;
given this influence, we might expect a simnilarly strong
influence on social behaviour.
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& Yolf 187%).

Section 1.3.8.3 and figure 1.3.7 indicate that
ecarthworm censities did shift between fielcds over the

winter.

2.3.A.2 Social Attraction

The nunbers of rooks landing on onc field and the
nunbers flying on without stopping wvere counted during a
tvo-veek period. (*) It was hoped that cnvircnmental
conditions would be unlikély to éhange significantly during
this periocd, andithat Qiffgreﬁcéé in thé guﬁbe;élof“birds
landing and passing on would reflect social attraction zand
not individual attraction to sore environméntal variable -
i.e. that the rooks were truly flocking and not merely

aggregating.

The data (table 2.3.la) indiéétediﬁhat rooké vere
significantly more likely to land on the field if con-
specifics were already present, and more likelyvto fly on

if no birds were present on the field. It was further the

(*) BPBxperiments on attraction to models were begun. [owev-
er, the behavioural plasticity of Corvids tends to make then
investigate any novel situation. They would probably lccal
enhance to a sky-blue pink elephant if you put one in the
niddle of a field, but the attraction would not neccessarily
tell you anything relevant about social food finding. Du-
periments with nodels in different postures (cf. e.g. Drent
& Swierstra 1977, Inglis & Isaacson 1978, Krebs 1974, liurton
1974) wvould probably be valuable.



Table 2.3.1

Tendency for passing rooks to land on a field and the
absence, presence, flock size and density of birds already
on the field

Partial gammas in (b) and (c¢) were calculated with the
effects of mean NND and flock size, respectively, con-

trolled for; there is some contaminating effect in each
case, but gammas remain substantially greater than zero.

a)

Passing Rooks
Fly On Land
Rooks Present on Field 66 173
No Rooks Present 184 1?7
b)
Flock Size of Passing Rooks
Rooks on Field Fly On Land /e Landing
1- 2 25 36 59.0
3- 6 60 122 67.0
7-1 3 24 88.9
12 -20 5 59 85.3
21 - 30 3 kI 91.9
>30 1 16 941
c)
, Mean NNOD of Passing Rooks
Rooks on Field Fly On Land °/s Landing
0- 3m. 15 84 84.8
L~ 6 15 77 837
7-10 10 .42 808
i >10 35 13 271

a) y2 = 61.52,df =1, p < 0.001.
b) x* = 36.1, df = 2, p < 0.001 (last 4 rows combmed), Zero-order Gamma = 0.563;
Partial Gamma = 0.418. » ‘
) ¢) 12 = 66.82, df = 3, p < 0.001; Zero-order Gamma = —0.627; Partial Gamma =
© —0.536.
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case that birds were more likely to land as the flock size
of birds already on the field increased (table 2.3.1Db).
Such behaviour would be acdvantageous if larger flocke were

indicative of better feeding areas (see below).

In addition, it was observed that rooks continually
left and joined flocks foraging on a particular field; and
that when an entire flock left a field, its members usually
broke up into smaller groups which flew off in varicus

directions.

2.3.A.3 Relationships with Prey Density

Figure 2.3.1 indicates fhat rooks tended to leave
grass areas with lower earthworm densities at a faster rate
than areas with hicher earthworm densities. Figure 2.3.2
indicates that earthworm intake rate increased with
increasing earthworm densities. Although this may seem
trivially likely, in fact it is not necessarily so - for
example Goss-Custard (197Ca) demonstrated theat consistent
variation of the rate of number of items ingested did not

occur with increases in the density of one particular prey

th
n

of redshanke (Tringag totapus). This was because as prey
density increased, not only cdid the numbers of prey per
unit area increase, but the size of each prey item also

increased. Thus redshanks could increase the calorific

value of their intake rate without increasing the number of



Figure 2.3.1

Relationship between earthworm density and tendency for rooks
to stop foraging and move elsewhere
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Figure 2.3.2

Relationship between earthworm density and earthworm intake
rate of rooks
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items ingested.

Secondly, if data were collected at the lowest or
highest prey densities possible, then if birds cdenonstrated
a type C functional response (figure 2.3.4), a linear
relationship might not be revealed. The data in figure
2.3.2 suggest that an asymptote of rook capture rate of
earthworms was not reached at Keele in winter, and the
required relationship did hold. Since some food-related
hypotheses suggest a direct influence of group size on prey
intake rate, data were collected so that, at-each brey
density, approximately equal sample sizes were taken from
higher and lower flock sizes. This ensured that larger
flock sizes would not tend to be sampled more often at the
higher prey densities, and that any relationship revealed
between prey intake rate and prey density could not be
explained, for this step, by a direct relationship between

group size and prey density.

A census of rooks occurring on the fourteen ¢grassland
areas sampled for soil invertebrates in winter 1979 (see
chapter 1.3) was conducted during the 26-day period of the
sanpling period. Table 2.3.2 and figure 2.3.5 indicate
that larger flocks = vwhatever the measure of bird-use

adopted - tended to occur on higher earthworm densities.
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2.3 nhook Flocking - I'ield Observations
2.3.A.4 Relationships with Flock Size

Figure 2.3.6 illustrates two relationships with flock

size = intake rates of earthworns 1ncreauea, and vigi-

[‘J

lance rates decreased, with increesing flock size. Figqure

2.3.7 illustrates mean vigilance rates of four Corvid

species foraging on grassland at different flock sizes.
Roohs gnd jackdaws on their own or in pairs had sicnifi-
cantly hlgher vigilance rates (pout analysis of variance
comparisons by Scheffe test, p < 0.10, the appropriate
level for this test) than carrion crows or magpies on their
own or in pairs., while vigilance of rooks in flocks did
not differ significantly from that of carrion crows or

magpies on their own or in pairs,

Figure 2.3.8 demonstrates that there was no tendency
for birds at lower flqck size to have lowver earthworm
intake rate at any pérticular earthworm dénsity. When the

earthworm intake rates of approximately equal numbers of
rooks in small and large flocks were recorded at cach of 13
separate earthworm densities, there were no significant
differences between different flock sizes in earthwvorm
intake rates (table 2.3.3c), with no tendency for earthworm
intake rate to increase as flock size ipqreased (table

2.3.3a3).



Figure 2.3.6

Relationships between rook flock size, earthworm intake
rates, and vigilance

(a) Flock size and feeding rate (rho = 0.335, N = 67, p <
0.01); (b) flock size and vigilance (rho = -0.631, N =
139, p < 0.001).

Data for several flock sizes have been blocked together for

the figure (mean +/- s.e.) but statistical analysis was
performed on the original points.
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Figure 2.3.7

Relationship between flock size and vigilance for four Corvid
species on grassland
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Figure 2.3.8

Number of earthworms eaten per

minute by flocking and non-

flocking rooks at different earthworm densities

(a)
conpared to birds at any other

Summary figure for rooks on their own or in pairs

flock size; (b)) Same relation-

ship for four different flock size categories.
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Table 2.3.3

Flock size and earthworm intake rate at different earthworm
densities

(a) mean intahke rate (nunbers / nin.) for the different
flock size catecories in the IOVA; (L) mean intake rate
for the different earthvorm density categories in the
ova; (C) 2-way DIIOVDE table of carthworm intake rate by
flock size and carthvorm dengitv. Vhen equal nunbers of
the diffcrent flock sizces are recorded at the different

prey densities, rather than recording frem £locks encoun-
tered in the frequency with which they natureally occur,
then there is no increase in earthworm intake rate with
flock siz ‘

(2) liean EU (b)) ©rarthworm Ilean L7
Flock ntake Nunbers per Intake
Size Rate Scuare lietre Date
1 - 2 0.74 0 - 100 .10
3 - 10 0.25 1¢1 - 200 C.27
11 - 2C t.17 301 - 400 6.41
> 21 0.56 - > 400 0.4
(c) r ¢t D
Flock gize 2.46 3, %6 - .S,
Parthworn lMNunbers
per metre sqguare 2.88 3, 66 < .05
2 G w Bl 0.97 c, 96 1. 5.
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Discussion

2.3.,A.5 Earthworm Dispersion

Although the data indicated that earthworm densities
shifted, they could not indicate how often such shifts
occurred, nor whether they were predictable by rooks. The
implications of different kinds of shiftsvare sunnarised in
table 2.3.4. If prey patches were shiftiﬁg unpredicéably
and often, then(all rembers of a predator population coulad
benefit from lccal enhancement behaviour facilitating loca-
tion of the best patches. If patches shifted rarely, but

also unpredictably, then all of the predator population

could benefit frem local enhancement when the shifts
occurred. In the meantime there might be no benefit fron
grouping in local enhancement terms, if the predators vere
able to indivicually learn where the prey patches wvere;
however, if when the prey patches shifted was unpredict-
able, then grouping behaviour might continue to be neces-
sary as an insurance for when the shift came (cf. Vard &
zahavi 1973), or grouping might persist because of other
‘possible benefits (e.g. those listed in chapter two), or
merely as a neutral behaviour without any current positive
or negative effects, an epiphenomenon of the behaviour

which previously had a function (see chapter 2.2).

1f prey patches shifted predictably, and individual



Table 2.3.4

Prey patch predictability and members of the predator
population benefitting from local enhancement behaviour

Prey Patch Predictability

UNPREDICTABLE =~

UNPREDICTABLE -~

PREDICTABLE

shift in
location
often

shift in
location
rarely

Who Benefits from Local
Enhancement?

ALL when shift occurs

(in between shifts
flock persists for:

insurance?
other benefits?)

YOUNG and/or IMMIGRANTS
(ignorant of local

conditions)
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birds were capable of learning this, then there would be no
benefit to such birds from local enhancement. However,
inexperienced young or imrigrant birds could benefit by
following others = in winter there is both irnmigration
into Britain from the continent (e.g. Dusse 1969, liurton
1971b) and some dispersal of British birds within the

country (e.g. lNcKilligcan 1980, !unro 1975).

Vhich of these situations existed during the present
study cannot be answered by the data available. liore
detailed analysis of the pattern of prey patch shifts would
be required, followed by experiments with captive birds on
the capacity to learn such patch-shift patterns (recent
interest in optimal foraging has stimulated research into
the ability of birds and other animals to assess and
remerber patch quality - see e.qg. Hainsworth & Volf
1979). Observations of marked birds would be neecded to
deternine which members of the rook population were bene-

fitting by local enhancenent.

Although it is not known exactly how birds reacted to
the observed shifts, we can at least demonstrate that birds
did not regularly occur in the same fields at the same
flock sizes. Although figures 1l.4.la to f£ show that there
were some fields which almost always held rooks, figure

2.3.9 indicates shifts in flock sizes for six of the fields

sanpled for soil invertebrates twice during the winter



Figure 2.3.9

Shifts in rook flock size between six different grass fields
over a winter
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1979-80. The census dates in the figure are unfortunately
from the next winter and so cannot be related directly to
shifts in earthworm densities - but comnpariscn with
figure 1.3.7 indicates that the kind of criss-cross shift-

ing pattern of earthworm densities between fields at c¢if-

Fh

t

0

ferent times was mirrored by similar flock size shi
The figure illustrates that flock sizes shifted around -
one field did not always hold a flock whose membership was

stable, as occurs in, for example, woodpigeons foraging for

clover in winter (llurton et al. 1966, 1971).

2.3.A.6 Prey Density, Flock Size and Behaviour

Table 2.3.1 indicates that birds were sho&ing social
attraction ﬁo one another, and groups did not occur simply
as the result of individual attraction to some feature of
the environment = i.e. the birds were truly flocking andg

not merely aggregating.

If a bird's intake rate of prey did not increaée when
on higher prey densities, then there would be no benefit in
locating higher’prey densities, at least in terms of short-
term intake rate. Similarly, if an individual rook "gave
up" and noved on to forage near another flock as often when
it was on a good prey patch as when it was on a poor prey
patch, then local enhancement would not result in larger

flocks eventually building up on the higher prey densities.
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Hence the presence of a flock would not be an indicaticn to
a passing bird of high prey density. TFigures 2.3.1 and
2.3.2 indicate, however, that these two conditions were

fulfilled.

Following con from this, since birds stayed longer on
better prey areas, then on average a bird which Ggave up
elsewhere will have arrived on a better prey area vhen it
showved social attraction to a bird which was still forag-
ing., 1If this process repeated itself continuously, then.
larger flocks will have tended to build up on the best pfey
censities (table 2.3.2 and ficure 2.3.5). ©Dirds in larger
flocks had higher feeding rates (figure 2.3.6a) because
feeding rate increased with prey density (figure 2.3.2).
Thus whether or not there was a "selfish herd" (for exan-
ple), or any other advantage from joining flocks, there was
an advantage for rcoks in terms of an increase in indivi-

dual prey intake rate.

Fowever, an increase in pfey intake rate with increas~-
ing group size could have occurred through the operation of
behavioural mechanisms other than local enhancement. Other
ways in which flocking could affect prey exploitation

include:

(a) increasing the efficiency with which the total
resources of an area are exploited; for example by

group foraging reducing individual flight distances to



(c)

(d)

(e)

(£)
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shifting prey patches, or by group foraging decreasing
the likelihood of indivicduals foraging in areas

recently euploited by another bird;

social facilitation of the most efficient feeding

rate, feeding action or choice of prey type;

the movements of other animals flushing prey into

availability;

cooperative hunting of prey too large or elusive for

single birds to catch;

communal defence of feeding areas against competitors
or, conversgely, membership of a group enabling pene-
tration into feeding areas unavailable to single birds

because they are defended by a cdominant animal;

membership of a group enabling a decrease in indivi-
dual vigilance (e.g. for predators), and thereby giv-

ing more time for feeding.

ltost of these other possible mechanisms are either

irrelevant, given the nature of the prey involved (flushing

of prey, coopcrative hunting); or not competing

hypotheses, in the sense that even if they were also

operating, local enhancement for food finding could still

also be operating and be of advantage sinultaneously

(exploiting shifting prey resources, social facilitation).
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Of the remainder, there is no evidence that flocking
by rooks constituted group defence of a feeding area.
Croups of rooks were not observed to defend feeding areas
against conspecifics or other species. Birds belonging to
one rookery tend to forage in particular areas, but there
is overlap between rookeries (Phillipson 1233, Coombs 1861,

Patterscn et al. 1971, P.T. Creen, pers. COmMN.) .

It has been proposed that grouping nay enable rooks to
feed within the territories of carrion crovs in Bolland, by
reducing the effect of carrion crcw attacks (Bossema et al.
1¢76, hoell 12878) . Ilowever, flocking did not reduce the
frequency of successful carrion crow attacks nor the fre-
guency of attacks suffered per individual rook (Waite 197¢

and chapter 1.7).

Finally, vigilancevdecreased with increasing flock
size (figure 2.3.6b). Such a relationship, along with an
increase in feeding réte with increasing flock size, has
often been taken as evidence that being in a flock reduces
individual vigilance (due to there being "nore eyes" avail-
able to look out for predator attack), and that this gives
rnore time for feeding (many references, see chapter 2.2).
If the relationchip between flock size and feeding rate was
due to lower vigilance levels of less "nervous" or "wary"
flock birds allowing more time for feeding, then it should

have been the case that birds in larger flocks had higher
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feeding rates than birdes in smaller flocks, at any particu-
lar preyﬂdensity. Feare et al. (1274) found that single
rooks did have lower feeding rates than flock birds at each
particular stubble grain density, suggesting that single
birds were unable to feed as efficiently as flock birds,
presumably because they spent more time looking around
(figure ¢ in Feare et al. 1974). Howe§er, in the presént
study of rooks foraging on grassland, there ﬁas no tendency
for birds at lower flock size to héve lowver earthworm
intake rates at any particular earthworm density (figure
2.3.8). Thus single birds, or birds at low flock size, did
not have lower prey‘intake rates simply becaﬁse being in a

low flock size meant that they had less time for feeding.

The patch-locating hypothesis uncder consideration in
this chapter predicts that feeding rates should increase
with increasing flock size only when data are collected at
~random, because larger flocks tend to occur on higher prey
densities more frequently than smaller flocks. Put at any
particular prey density, flock size should not necessarily
be related to feeding rate. This is supported by the
present data, while the data do not support the prediction
of the vigilance hypothesis that the flock size x feeding
rate correlation occurred because of higher vigilance lev-
els of birds foraging in smaller flocks. The flock size x
look up negative correlation seems therefore interpretéble

in the following way. Birds at lower flock size have
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higher look up levels because they tend to occur morc often
on poorér prey areas; lock up is therefore interpreted not
only as vigilance for predators, but also as vigilance for
other rooks as indicators of better prey areas (cf. Krebs

1974).

This interpretation receives circunmstantial support

from comparative vigilance data from éhree other Corvid
species also foraging on grassland. These four related
species are probably open to approximately similar preda-
tion pressures when foraging on open gtasslah? areas in
lowland Dritain. There is né relation between the weight
of the species and tendency to flock on grassland (Haite
1¢78), and the species appear equaliy conspiéuous. 'To a
human 'predator' they appear ecually palatable (Cott 1946,
Cott & Eenson 1970); and are preved upon by the same kinds
of ground and aerial predators (e.g. Coombs 1878, Davies &
Davis 1¢73, Davis & Davies 1281, Rogkaft 1980, Rudebeck
1950/51). Yet vigilance levels of the carrion crow and
magpie on their own or in pairs were similar to thdse for
rooks in flocks; whilst vigilance’levels of rooks when c¢n
their own or in pairs were.significantly higher than either
those of the carrion crow or the magpie. Vigilance of
jackdavs, also\a nornally giegarious species, when solitary
or in pairs, was also significantly higher than that of

carrion crows or nagpies.
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The normal social organisation of the breeding popula-
tion of carrion crows and nagpies is characterised by
A-territoriality (see chapter 1.2), two (or sometimes,
outside of the breeding season, several) birds to each
afea. Théy forage on their own or as pairs. It seems that
carrion crows and magpies do not require flocking to locate
their prey on grassland (appendiz €). It seems likely,
then, that the different vigilance levels of the species
are related to the differences in social organisation
connected with the exploitation of prey, given the apparent
similarity in vulnerability to predation. Thus the nost
reasonable interpretation nust be that rooks did not flock
to reduce vigilance levels, but that being at low flock
size caused an increase in looking up for cther rooks as

indicators of better feeding areas.,

2.3.A.7 Conclusion

None of the observations of wild rooks foraging for a
natural prey contradicted the predictions of the hypothesis
that local enhancement could increase food-finding effi-
ciency with a consequént increase in individual prey intake
rate. However, the data were not sufficient to demonstrzate
whether shifts in the location of earthworm densities were
predictable or not. The capacity of rooks to learn

predictable patterns of prey-shifting (should they exist)
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also remains unknown.

2.3.2 Digression: a Cost of Flocking

The preceding discussion (and Vaite 1981) assumed that
the feeding benefit of being in a flock increasecd continu-
ously with flock size, since the relationship between flock
size and earthworm intake rate did increase, though at
different rates, up to all flock sizes recorded (figure
2.3.6a). FEowever, although the relationship was étatisti—
czlly significant, the proportion éf variance in intake
raté explained by the relationship with flock size was low
(r-squared = 0.112). There are several methocdological
reasons for expecting a large error variance, and thus a
reduction of the correlation coefficient and an undéresti-
nation of the true stfength of the relationship. Tirstly,
data were taken over & long period of time, and thus a
field containing a high prey density at one time (and thus
containing a large flock size) might actually be a rather
low prey density compared to other times when data were
collected. Since earthworm intake rate was related to prey
density (figure 2.3.2) it was therefore quite likely that a
low flock size on one occasion would yield similar prey
intake rates to a high flock size at another time, since

the sane prey density could on one occasion be the lowest
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renked prey density available in the area (and thus attract
snall flockg), but at another time the hichest ranked prey
density (and thus attract large flocks). Althouch there is
no reason to suppose this would induce any systematic bias
to obscure the true relationship, it will have introcuced
scatter to the relationship and reduced the value of the

correlation coefficient.

Secondly, some low flock siées will have come to c¢ood
prey densities by chance whereas, because of the relation-
ship between prey density and tendency to tazke flight and
show local enhancement (figure 2.3.1 and table 2.3.1), few
large flocks will have occurred on low prey censities.

Thus some degree of systematic bias may introduce scatter
at one end of the graph (while reducing the value of the
correlation coefficient this tendency is, of course, a true

biological cause and not an acadition to error variance).

Thirdly, there are likely to be large individual
differences in notivation, skill, etc., all of which,
though not expected to introduce systematic bias, will have
intrcduced. scatter to the overall relationship even if each
individual bird's intake rates were perfectly positively
correlated with prey densities. Similarly, intake rates

vary with differing climatic conditions (appendix 8).



2.3 ook Flocking - Field Cbscrvations 341

Bowever, the addition of more recent cata and the
analysie of the species interactions reported in part cne
of the thesis have suggested vet another contributory
reason for the low coefficient. Ficgure 2.3.6a presented
the data for all carthworm size classes combined. Tigure
2.3.10a presents the relationships, for the increased sam~
ple size now available, for small earthworms separately
from medium and large earthworns. Intzke rates of snall
earthvorns were significantly positively related to flock
size, both in terms of numbers and calorific value ing-

ested, but those of medium/large earthworms werc note.

Given the evidence produced in chapter 1.6, vhere a
negative relationship was described between the intake rate
of larce earthworms by carrion crows and the flock size of
all other birds present in a field, this suggests that
large flocks pf rooks, though finding themselves on dencer
patches of earthworms, could not feed on the larger size
classes efficiently. (*) This was probably because they
vere disturbed down their vertical burrows by the increased

activity of the birds, whereas the smaller, non-permanent

(*) Given that the proportion of mnediun/large earthworns
did not decrease at higher earthworn densities, the rela-
tionship between flock size and intake rate of mnedium/larce
earthworns may have been ncutral, rather than negative as it
was for carrion crows, because of the effects of decreased
intake rates due to disturbance at higher flock sizes, and
of increaced location of denser areas of earthworms due to
local enhancement effects at higher flock size, cancelling
one another out. However, field work designed to test both
this and the proposed disturbance explanation are required.



Figure 2.3.10

Relationship between prey intake rates of rooks and flock size
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burrowing earthworms inhabiting the root laver, could not
cshow a sinilar anti-predator response (or at least, could
not show a response which made them completely unavailable
to birds in the same way as the larger size classes could).
The fact that intake rates of other classes cf inver-
tebrates, also probably limited in their disturbance by the
flock size of precators foraging for them, increased signi-
ficantly with flock size (figure 2.3.10b), further suggesté
that the lack of relationship for medium/large earthworns

was due to disturbance.

The fact that small earthworms formed the major part
of the earthworm diet at all flock sizes meant that the
overall effect was for an increase in total earthworn
intake rate (and of total invertebrate intake rate) with
increasing flock size, because smaller earthvorms were by
far the comnonest prey type available in the soil in winter
(chapter 1.3). Thus the disturbance cost of flocking was
more than offset by the benefit in terms of‘increased
intake rates of snall earthworms and other invertebrate
types, due to the increased efficiency of location of
denser prey patches brought about by flocking behaviour, as

just described.

5

Rooks had higher total earthworm intake rates than the
solitary carrion crows foraging on undisturbed large

earthworns (ficure 1.6.2), suggesting that the evolution of
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flocking behaviour and a probing bill was in general advan-
tageous not only in terms of enhancing ecological separa-~
tion from carrion crows, but in ellowing the efficient
exploitation of an abundant prey. .Reook exploitaticon of
this prey is almost certainly connected with the high
azbundance of rooks compared to the other three Corvid
species under consideration in lowland Britain (chapter

1.7).

The data suggest that the greatest benefits accrue at
the highest flock sizes, yet table 1.2.2 indicates that
rooks were most frequently found foraging at medium flock
sizes (50% were in flocks of 6-40 birds). Rather interest-
ingly, figure 2.3.1Cb indicates that in terms of calorific
value of intake, it was actually worse for a rook to be in
a very small flock (3-5 birds) than to be on its own or as
a pair - ©possibly because the disturbance effect had
begun to operate but was not overcome by any local enhance-
rment benefit at such low flock size. Another possibility
is that some solitary birds were on their own because they
had discovered some particularly good area on a previous
visit, and had flown directly there to forage - and thus
had high prey intake rates - whercas small flocks may
almost always have been searching flocks which had yet to
cettle at a high prey density area. These different possi-

bilities should be tested.
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lledium/large earthwerm intalke rates dropped at flock
sizes of 3~5 birds, but intake rates of enall earthworms
and other invertebrates had not yet risen sufficiently to
conpensate for this drop. Table 1.2.2 indicates that in
fact more birds foraged on their cwn or in pairs (20.9%)
than in small flocks (17.4%). Only 11.6% of rooks were
found at flock sizes where the greatest benefits accrued,
suggesting that conditions were nét often such that rboks

could maximise their prey intake rates in winter at Heele.
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B. Local Enhancement to Varying Prey Densities within

Single Grass Fields

The difference in the form and behaviour of flocks of
different species of birds can be as striking to the
observer as the difference between-spécies which adopt a
solitary way of life (or indeed other members of the sane
specieé) which adopt gregariousness. Foraging flocks of
rooks on grassland in winter were not conpact, with flock
nembers moving together in a closely integrated fashion as
can be the case with, for examnple, some winter flocks 6f

starlings (Sturpus wulcarig) (pers. obs.), or with woodpi-

geons (Colunbda

imhus) feeding on clover (llurton et al.
1971). Rather, rooks foraced at times seeningly indepen-
dently of other birds, but occasionally flew over to land
near others, sometimes briefly interacting with the birds
they landed near, and then continued foraging. "Flocks" in
the same field could contain birds foraging within a few
feet of one another and birds fifty or more yards apart.
Invéddition, as flocks movéd over a field, time-lapse
plotting indicated that flocks of the same number of birds
nevxpanded” and "contracted", as time passed, thus varying
in the total area of the field which they covered (Green

1977) .

Tt was considered that if variations in prey densities

o
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xisted on a small scale within a single ¢ress f£ield over
which a flock was fcraging, then birds which gave up
foraging on an area with poorer prey density, and showed
social attraction to flock neighbours which had iocated a
denser prey area within the field, could gain an advantage
in food-finding efficiency once foraging within a flock.
If birds showed local enhancement and also tended to leave
areas of higher prey density less freguently, then birds
would begin to cohgregate on the denser prey arcas within
the field, resulting in a "contracted" flock with a lower
mean neafest neighbour distance and a higher mean intake
rate of prey. Flocks would fexpand" again as the prey wvere
depleted and birds foraged wicer iﬁ search of other denser

prey areas.

Results

2.3.B.1 Earthworm Dispersion

Data described in section 1.3.8.2 indicate that c.75%
of grass fields showed signs of aggregation over the kind
of area which flocks could occupy. The data in section
1.3.8.4 showed that aggregations could shift in location
within a field, though this was supported statistically

only for earthworm numbers anG not biomass.



2.3 TLook Flecking — Field Observations

W
W
~1

2.3.B.2 Social Attraction

Although, as decscribed above, rook flocks were not as
coherently compact as some bird flocks, yet time-lapse
plottin§ of birds on large grass fields indicated that
birds kept closer together when foraging than was necessary
given the size of the field available to them. Plotting of
flocks on a 10.5 hectare grass field at Keele indicated
that flocks covered on average 17.7% of the field (11 = 51
flocks plotted, mean FS = 24.6), calculated by drawing
lines between perimeter birds so that &ll birds were within
the boundary. . Birds foraged independently for the most
part, but were observed to 1lift off and re-land nearer to
other birds at times during foraging bouts. A number of
flocks were selected arbitrarily‘ahd obsetved for five
minutes each; birds taking flight to re-land within the
same field were recorded as landing within or further than
5 metres frem a conspecific. This constituted a fairly
rigorous definition of choice of landing by a conspecific,
since mean nearest neighbour distance for winter flocks was
c.10 netres. The resulte indicated that 59.5% of birds
landed within 5 metres of another rook (I = 206 flights
observed). It is unknown what proportion of birds would be
expected to land within or greater than 5 aétres from
another bird if landings wvere at randoﬁ, since the area
flocks covered.on the fields used for these data were not

measured. Dut for each flock observed the area of field
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available greater than 5 metres from another bird (and
often subsequently foraged over by the flock) was certainly
consicerably greater than the area of field available
within 5 metres of any conspecific. Even if a very conser-
vative estimation of the expected proportions for random
landing is taken (50:50), the observed proportion of birds
landing within 5 metres of another rook indicates a signi-
ficaht tencdency to land near another conspecific (binomial

test, z = 3.28, p < 0.01).

2.3.B.3 Relationships with Prey Density

It would be difficult, butvnot inpossible, to map out
the variations in eartﬁworm densities accurately within a
field and then to collect behavioural data from birds
recognised as foraging on these different densities. Iow-
ever, such a comprehensive invertebrate sampling programne
wes not possible during the present study. There were
significant relationships between earthworm intake rate,
flight rate, flock size and earthworm densities when the
overall density of earthworms within separate grass fields
was measured (see A). It is necessary to assume that these
relationships woul also hold wvere the measurements of

behaviour and flock density from within the same field.
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2.3.B.4 Relationships with Flock Density

Figure 2.3.11a indicates that earthworm intake rate
tended to increase with decreasing nean nearest reighbour
distance. Flock size is also negatively correlated with
mean NND (Wfaite 1878, Chantrey & Vaite 197¢). However, a
partiél correlation for those observations of earthwornm
intake rate when both flock size and neatest neighbour
Gistance were recorded indicated that both variables were
still significantly correlated with earthworm intake rate
when the other was controlled for (partial correlation
coefficients: FS x earthworm IR, r = 0.287, p < 0.05;
mean MNID » earthworm IR, r = -0.203, p < 0.05, l-tailed;
the simultaneocus relationship is illustrated in figure
2.3.11b). Thus neither the relationship between flock sgize
and earthworm intake rate, nof that between flock density
and intake rate, could have been entirely caused by the

relationship between flock size and density.

Figure 2.3.12 indicates‘thét’the relationship between
flock density and4earthworﬁ intéké raté was cue to snall
earthvorm intake rate and not medium/large earthworm intake
rate. The extra Gata in this’figure compared to figure
2.3.11 provide a smqotﬁer hegative ;elationship between
flock density andloveiéll earthworm'iﬁtake rate. The
figure further indiéaﬁeé that intake rates of all inver-

tebrate typcs other than earthworms were not related to



Figure 2.3.11

Relationships between rook flock density, flock size and
earthworm intake rates

(a) Flock Density and feeding rate (rho = -0.442, 1 = 76, p~

< 0.001); (b) Flock size, density and earthworm intake
ratese.

Data for several flock sizes have been blocked together for
the figure (mean +/- s.e.) but statistical analysis was
performed on the original points.
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Figure 2.3.12

Relationship between prey intake rates of rooks and flock
density
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flock densgity.

o significant relationship was found between flock
density and vigilance in the present study (rho = =0.056, U

= 35, l.3).

Discussion

2.3.B.5 Earthworm Dispersion

;,,3

The data have indicated that ecarthworms were aggre-
gated within single fields (i.e. within the area over wvhich
a single flock could forage) in a high proportion of cases.
In addition, earthworms were probably hard to find (see 2).
Lastly, the Gata,indicate that earthworm densities could
shift in location within fields, but for th fields =sanpled
this relationship was significant for ecarthworm nunbers
only and not biomass. The fact that earthworn densities
were shown to be aggregated within cowpats is further
evidence that the location cf earthworm aggregations will
shift within single fields if these are grazed, sincc
earthworm densities beneath pats have been shown to vary
with the age of the pat (e.g. Boyd 1958, Holter 1979). The
higher arcas of earthworm density bencath pats will shift

about the field as each pat builds up to its maximum
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earthworm dencity then declines again as it disintecgrates.

-

iy

As in (1), however, the data cannot indicate to what ecxtent
such patterns were predictable, nor whether rcoks could

learn such shift patterns.

2.3.B.6 Prey Density, Flock Density and Behaviour

Rooks showed local enhancement within single grass
fields (within a flock) since (a) though no£ foraging as a
compact group all of the time, birds moved towards others
at intervals, and (b) birds generally kept closer to others
than the sizé of the field demanded. It is assumed that

the effect in (b) resulted from the behaviour in (a).

Data were not available to establish whether the
necessary relationships between prey density variaticns
within a single field and prey intake rate, tendency to
leave a patch, and flock density existed. Given that these
relationships existed between larger scale prey areas (A),
then perhaps an assumption that, if neasured, they would be
found to exist between smaller scale areas is not unreason-

able.

With regard to the relationship between prey density
ané flock density, two pieces of circumstantial evidence
night be offered. Firstly, rooks flying over a field

during a two-week period in llovember 1979 tended to land
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significantly more often, and fly on less cften, if birds
already cn the field wvere at lower mean !'IiDs (table
2.3.1c). This response wouldbe acdvantageous if denser
flocks tended to occur on higher prey densities. (It

should be noted that this response could alsc have "selfish

hercd™ benefits; Hamilton 1971).

Secondly, the variance in mean IND for rook flocks
foraging on a randonly dispersed prey type (stubble wheat)
was significantly less than that for rooks foraging on an
aggregated prey type (earthworms in grassland). Time-lapse
photographs were taken, with an interval of 30 seconds
between frames, of rook flocks foraging under the two prey
(conditions. The mean IND for each frame was measured, and
it was found that the variance in mean NND for flocks on
grass was significantly greater than for flocks on stubble
(variance-ratio test: F = 2.87, df =19, 15, p < 0.05).

An interpretation of these data could be that the greater
variation in flock density on grassland was the result of
birds coming together on areas of higher earthworm density,

and scattering wider on areas of lower earthworm density.

gince local enhancement could be for other, non food-
related reasons, it should be the case that birds showing
social attraction within a foraging flock had increased
feeding rates. If birds showed local enhancement and were

less likely to give up as frequently on better prey densi-
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ties, then birds will have congregated on the better prey
areas: thus it should have been the case that feeding
rates increased with increasing flock density. Figures
2,3.11 and 2.3.12 indicate that earthworm intake rate did
tend to increase with increasing flock density. Thus therc
was an advantage for rooks in having shown social attrac-

tion to other members of the foraging flock in terms of an

increase in individual prey intake rate.

Clearly, if IID were to drop to very low levels birds
would become restricted in novements and agonistic interac-
tions might increase in frequency. FHowever, the lcwest
1ean D recorced when érassland foraging occurred was one
netre. Figure 2.3.12a indicates that medium/large
earthwvorm intake rate was not significantiy negatively
related to increasing flock density, as might have been
expected on the prey-disturbance hypbthesis. However, as
already stated, NlIiDs were never very low on ¢grassland (mean
MDs on stubble were usually much lower) and thus it would
seen that down to these NIIDs prey were not disturbed - it
ceems that the disturbance effect is not connected with
distance between birds so much as a large number of birds
continually criss-crossing the area to be searched (as
mentioned earlier, flocks did not cover the ground in a

coordinated fashion such that ground covered by one bird

wvas always ignorec by others).

e ey e - -
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The fact that flock size vas positively related to the
intake rate of all invertebrates other than earthwcrms
(figure 2.3.10b), but flock density was not (figure
2.3.12b), strongly supports the suggestion that the flock
density relationship with earthworn intake rate was cdue to
birds building up on denser patches of earthworms.  All
other invertebrates were aggrecated between fields (chapter
1.3) and individual invertebrate types were aggregated
within fields =~ however, each type was not necessarily
aggregated in{the sarme place within a field, producing a
réndoﬁ distributioﬁ for all other invertebrate types com-
bined (sece figure 1.3.3); thus a measure of intake rate of
all these types combined would not cxpect to be related to
variations in flock density, which would reflect -
behavioural responses to the distribution of the most

important, aggregated, prey type (earthworms).

If Qigilance increased with increased mean NID, then
the hypothesis could be advanced that the négative correla-
tion between mean RND and earthworm intake rate was the
result of a decrease in vigilance allowing more time for
feeding as mean MNND increased. IHowever, no significant
relationship was found between mean NIiD and look-up in the
present study. It is possible that the measuré of vigi-

lance Gefined was not sufficiently sensitive to detect true

levels of vigilance for other foraging conspecifics at

o e e
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close cistances between birds. Uithout any way of knowing
whether the lack of relationship was valid or the result of
inadeguacy of measurement, it would be unfruitful to
present cGata of the kind given in (A) above. It is
therefore impossibie to make any f£irm conclusions con this
point with the data currently available. The observations
relating to the other possible food-related social mechan-

isms have been given in (a).

2.3.B.7 Conclusion

For local enhancement to small-scale variation in
earthvorm densities within single grass fields (i.e. within
the area over which a single flock might forage), all
predictions were supported by the data with the following

gualifications and exceptions:

(a) Earthworm densities were not significantly aggrégated
within a2ll grass fields sampled (or at’leaét within
the area of the field sampled); hence social attrac-
tion could only have been advantageous in terms of the
location of denser prey patches when rcoks were forag-

ing on a certain proportion of the available fields.

(b) That earthworm densities shifted in location within
single fields was established for two fields sanpled

in terms of earthworm numbers only and not earthworm
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bionass.

A

(c) The cat

O

. were not sufficient to demconstrate vhether cor
not such shifts in location of earthvworm densities as
did occur were predictable, nor to demonstrate the

capacity of rooks to learn any such patterns as night

exist.

(d) It was not possible during the present study to map

out the varying earthvorm densities within a single

grass field and to measure flight rate, earthworm

intake rate and mean NID of birds foraging on these

different densities.

2.3.3 Final Conclusion

It is concluded that the field observations of rooks
foraging on grassland have provided fairly convincing evi-
dence that individual rooks could gain an advantage, in
terms of chort-term increase in prey intake rate, by show-
ing social attraction to conspecifics alreaqy fo;aging on
different grass fields. Food-finding by local enhancement
has been denonstrated for three different genera of birds
feeding on three quite different prey types: great blue
herons foraging for estuarine fish schools (Krebs 1574),

house sparrows foraging on patches of spilt barley ¢grain
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(Barnard 1980), and rooks foraging for grassland

earthworms.,.

The field observations have also provided evidence
consistent with the view that indivicdual rocks could gain a
similar advantage (increase in prey intake rate)‘by chowing
social attraction to other members of the flock when forag-
ing on a proportion of the grass fields available to then
in winter. However, a nore detailed programme of inver-
tebrate sampling would be required before any firmer con-
clusicn could be made either for or against the hypothesis.
Such a detailed programme, by providing more information on
the frequency and predictability of prey patch shifts,
could also help to determine which members of the rook
population could benefit from local enhancement both to and

within flocks.

The differént hypotheses of the kinds of food-related
advantages, which might accrue from flocking, predict dif-
ferent causal relationships between Vatiables. A direct
influence of group size on prey=-catching ability is
hypothesised by, for example, cooperative hﬁnting. Varia-
tions in préy intake rate are seen as the direct result of
group size and behaviour, and no other variables are neces-
sarily involved. The hypothesis that vigilance decrease at

higher group size allows more time for feeding predicts a
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Girect effect of group size on vigilant behaviour, and a
direct influence of vigilant behaviour on prey intake rate.
Group size as such has only an indirect influence cn prey
intake rate, and this hypothesis makes no predictions about

the relationships of variables with prey density.

The lecal enhancenent hypothesis preéicts that 211
variables are responses to variatiéns in prey density,
except for social attraction itself, the rate of which is
indirectly nediated throuch variations in group size and
density (see tables 2.3.1b ahd c). The only soéiai influ-
ence is, therefore, one of a tendency when moving from one
area to another, to land in the vicinity of other foraging
birds. Croup size as such has no influence, direct or
indirect, on prey intake rate, but is itself a consequence
of (a) the influence of prey density on frequency of
leaving a prey patch, and (b) the tendency to local
enhancenent, Prey intake rate is influenced directly by
prey density and not by group size. Group size 1is involved
only in the sense that local enhancement to a_larger group
will result in higher prey intake rate because larger
groups tend to occur on higher prey density. The food
patch locating hypothesis therefore involves only a simple

form of social behaviour.

since the hypothesis states that the social and

behavioural variables are all causally related not to each
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other, but to prey density, variables from the field obser-
vations would have been nore fruitfully treated by nul-
tivariate analyses. Unfortunately, howvever, for practical
reasons it was not alwvays possible to record all the

variables at the same time for each separate bird observed.

Thus it was necessary to treat the variables as independent

of one another and to analyse by simple bivariate tech-
nicues. It might be noted that the variables, even thouch
often measured independently of one another, show curvi-

linear relationships which are to some extent similar.

BParnard (1980) was able to make observations of all
relevant variables on the same individuals, and similar
conclusions to those of the current study were reached (in
an independent and parallel study). 1In a situation where
predation pressure was apparently inconsequential, partial
correlation indicated that house sparrows in larger £locks
had higher intake rates of barley grains not because of a
direct influence of group size on behaviour, but because
larger flocks tended to occur on areas of greater barley-
grain density. NAs in the current study of rooks, larger
flocks tended to occur on denser prey areas because of
local enhancement and the tendency to leave areas of denser

barley less frequently.

Since correlational evidence of the kind available

fron field observations cannot prove causal relationships,

2 &
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it would be‘fruitful;to control levels of the key exogenous
va;iablesﬂidgﬁtified‘(in tﬁis case prey density) éxperimen—
tally, ahd measuﬁe variétions in the social and behavioureal
varibles in c¢uestion. The results of such an euperinent
are reported in the next chapter. A simnilar approach is to
quantify variables and run tests of different hypotheses by
conputer simglation. Chantrey (1982)’reports the results
of éuch an approach enploying valﬁes détived £ ron the field
5bservations reported in this chapter. Chéntéey found that
birds which showéd locél‘enhancement behaviour béth to
foréging flocks, ahd to birds‘within foragihg fioéks,
inéreased their intake ratés oé Patchy prey and recduced the

risk of finding tco little prey.



Part Two Chapter Four -~ Rook'flocks and food finding:

test by field experiment

2.4.1 Introduction

The last chapter suggested that wild rooks feeding on
a patchily distributed natural prey (such as earthworms,
Lumbricidae) foraged essentially independently of one .
another; but when giving up.to nove elsewhere, showed
social attraction and chose to start foraging again in the

vicinity of other conspecifics.

Individual birds probably foraged 'optimally' (ie made
decisions on how long to forage in any particular prey
patch on the basis of their intake rates of prey in that
patch compared to the average in the habitat as a whole). -
This is an assumption =~ the data available are actually
only sufficient to show that birds spent less time foraging
on areas with lower prey densities. It could be that birds
simply had an invariable search time associated with any
particular prey density, rather than the ability to
remember average patch value at any particular time and
adjust search times to these changing values. It will be
noted that the assumption does not in this case'qualita—

tively alter the arguments, it simply makes the birds more

efficient. Evidence is accumulating that animals can
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forage in this way - see e.g. Krebs (1978b) for a review,

Hodges (1981) for some recent experimental evidence.

Since birds stayed longer on better prey areas, on
average é bird coming to land near another bird which was
still foraging would move to a berter prey area. If all
birds behaved similarly, then flocks would tend to build
up on the better prey patches. It was suggested‘that rooks

could, therefore, use local enhancement to increase the

efficiency with which denser prey patches were located.

Comparable.medels have been derived frum observation
in natural settlngs by, for example, Barnard (1980), Burger
(1981), Caraco (l979a & b), Caraco et al. (1980a), Krebs
(1974), Pulllam (1976) , and Pulllam et al. (1974). Krebs'
situation was very similar, w1th prey density variations
influencing behaviour,.and predation on the.birds inconse-
quent1al as a controlllng varlable.; In Barnerd's study
also prey den51ty 1nfluenced variations in the other vari-
ables in the system, though the presence of a predation-
threat introduced another exogenous variable in one of the

two situations observed. (These two studies have been

described .in the last chapter.)

The studies on yellow-eyed junces (Junco Qhaegngrue)

by Caraco, Pulliam and co-workers were somewhat different
in that, in addition to predation threat, intraspecific

aggression (influenced by temperature and prey density) was
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an important variable influencing prey intake rate. 1In
these studies aggression increased with increasing flock
size (and this acted to reduce prey intake rates), thus
counterbalancing the advantage of higher flock size in
terms of reducing individual vigilénce for predators (which
acted to increase the time available for feeding). Thus
optimal flock size (in terms of maximising prey intake

rate) was not equivalent to maximum flock size.

In the present study, however, predation was not an
important factor (see section 2.3.A.6 above, and the non-
significant influence of human disturbance described below
in section 2.4.3.2); and neither did intraspecific aggres-
sion occur at levels high enough to influence prey intake
rates (chapter 1.7 and section 2.4.3.1 below). Maximum
flock size in the natural setting was associated with
maximisation of prey intake rate (figure 2.3.10), and the
proposed model includes no conflicting costs and benefits

of the kind defined by Caraco and Pulliam.

During normal fiéld observation ih the present study
it was noﬁ possible to obtain all reievant measures simul-
taneously, and all of the variables were observed and none
manipulatéd. Since the interpretation offered by the last
chaptér hypothésised that all behavioursvwere direct or
indirect conéequences of changes in butloqe exogenous

variable (i.e. the density of prey in the different



2.4 Rook Flocking = Field Experiment 364

patches), an experiment was designed using wild rooks
foraging for an artificially provided prey. All measures
could then be readily taken simultaneously, and the

hypothesised exogenous variable manipulated by the experi-

menter.

The model proposed here is, therefore, not simply
analysed by naturalistic observation, but is tested by a
new set of data gathered in a semi~experimental way. In

addition the data are analysed by a statistical method

(path analysis) which can test not only whether the changes

in behaviour predicted by the model occurréd, but also help
to develop modifications to take into account dnpredicted

relationships.

2.4.2 Method

wild rooké were atéracted to clearly visible bait on a
large pasture field on the campus of the University of
Keele, Staffordshire (field 1 of figure M.1lb), for a week
prior to the start of the experiment. When birds were
visiting the bait reliably a grid of nine separate, but
contiguous, plots (each.2m x 8m) was marked out on the

field. The plots were marked only by white posts at each

corner, and thus the observer was required to judge, by
tracing imaginary lines, which plot a bird was foraging on.

This will haVe introduced some error. The size of the
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experimental area was a compromise between a readily
observable area, and the need to produce plots big enough
to allow the maximum number of birds which were likely to
arrive on the test grid to forage normally. Flock sizes at
any one time were generally quite small - the maximum
recorded on one plot was 15 birds at a mean nearest-
neighbour distance of 0.4 metres. The rate of aggression
was higher than in the natural situation, but no systematic
effects were found between aggression rates and the other
measured variables. No systematic effects of high bird
density were detected on prey intake rate (compare natural-
istic observations in figqures 2.3.11] & 12). Plots,
selected randomly, were seeded with one of nine different
densities of de-husked oat groats (a palatable food with a
short handling time of low variability). Within each
separate plot the groats were scattered as evenly as possi-

ble. Figure 2.4.1 illustrates the experimental area.

For local enhancement to be a more efficient method of
jocating prey than individual search, the prey patches must
be hard to locate and unpredictable in occurrence (cf.
Barnard 1980, Krebs 1973, 1974, Krebs et al. 1972, chapter
2.3). After scattering, the plots were brushed over by
hand to settle the groats down into the grass root-layer.
Subsequent observation of birds suggested that the areas of
differing prey density could only be discovered by close

search of each plot. Prey patches in the experiment were



Figure 2.4.1

Layout of the seeded experimental area, and depiction of a
seven minute foraging sequence

The top figure shows the dimensions and prey densities within
the experimental area, and the bottom figure shows the number

of rooks on each plot at different times through seven minutes

of foraging time on the grid.

(1) Om00s to 2m30s: four rooks land to the right of the grid

and move on to the edge plot 1625 to forage.

(2) 3m00s to 3md40s: four more birds landed near to those
already foraging; one bird discovered plot 2000 and
three others quickly moved to forage there also.

(3) 3m50s to 4ml0s: two more birds land to the right of the

grid and move on to forage; one immediately joins the
other birds, which have all now reached plot 2000.

(4) 4ml0s to 4m28s: two birds land to the left of the grid
and move onto edge plot 500; six of the other birds -have

now moved across from plot 2000 to plot 1125.

(5) 5m02s to 5ml3s: one of the plot 1125 birds has foraged

across plot 625 to plot 10000; two birds have left the
grid.

(6) 5md47s to 5m53s: one bird has moved from plot 500 to plot
375; one bird has moved from plot 1125 to plot 10000; one

bird has flown in to plot 1125,

(7) 6ml0s to 6m55s: a series of moves, arrivals and depar-

tures has led to the majority of birds feeding on the

highest plot, 10000, with two more on the second highest

plot; four birds are still on plot 1125.

At this point the birds were disturbed and all flew off the

grid. This was the fullest sequence recorded illustrating the
process of location of the best prey areas. Almost all birds

which moved by flying into the grid or from plot to plot
landed near to another bird (see text).
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thus hard to find. At the start of the experiment the
location of the patches was also unpredictable, due to the
random allocation.refer;ed to above. Howévér, if a single
bird made more thén one visit to the:experimental aréa, én
subsequent visits the patches would not have been
unpredictable if the bird had visited all available prey
plots on the previous visit and could remember their loca-

tions. This could have introduced some error into the

results (see below).

Prey in the experiment were non-renewing. Since.. .
predation-induced changes in densities could not readily be

monitored, uneven depletion of prey in different plots
could have introduced further error; The experiment was

stopped when a large proportion of the prey was still

available in an attempt to reduce this error.

Data were recorded on the 8th and 9th March 1981. The
test area was watched continuously from 1500 on the 8th

(when the grid was seeded) until hightfall, and from dawn

until 0930 on the 9th, when the experiment was stopped.

Visits to the grid were recorded on videotape from a
building near the field, and later replayed repeatedly to
enable the following variables to be recorded fof each

bird:

(a) Prey Density - the number of ocat groats per m2 in the-



(b)

(c)

(d)

(e)

(£)

(g)
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plot on which the bird was foraging.

Flock Siée - the number of birds within the prey plot
(not the enfire grid) on which the subject was forag-

ing.

Prey Intake Rate = the number of oat groats ingested

during the subject's stay'on that prey plot, expressed

as the rate of ingestion per minute.

Looking Up Rate - the frequency with which rooks
'looked up' (see section M.11.7 for fﬁrther definition

of this measure of vigilant béhaviour).

Length of Stay - the duration (in seconds) of the

visit to that prey plot.:

Human Disﬁurbance - unfoitunétély a number of records
may?have ended prematurely due to disturbancé; kwhen
people walked across the fiela near to the expériﬁen-
talvgrid, thié was iecorded énd subsequently entered
as a-dﬁmmy variéblévihto the regressions to measure

the extent of this source of error.

Local Enhéncement Behaviour - when entering the exper-
imentéi grid, and when moving between plots, it was
recoréded whether or not birds landed within two yards

of another conspecific. This was a conservative

definition of social attraction, given the size of the
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entire experimental space (135 square metres) avail-
. able to incoming and moving birds which was free of

other birds.

A few carrion crows, jackdaws, magpies and starlings
visited the grid, but data were recorded only from rooks.
Though the numbers of these other species were far fewer

than those of rooks, some depletion will have occurred and

may have introduced some error into the analyses.

Each separate prey density plét was, for the purpbses
of this experiment, deemed a separate 'field‘. Hegce an
observation ended wﬁeh a bird either left the gfid éom-
pletely; or simply m&ved onto ahother of the prey plots
within thé grid. A total of\146 rook visits weie recorded
during‘the éourse of the experiﬁent, but missing déta
reduced the humbér of recordings with coﬁplete data for all
variables to 41. Logarithﬁic or ércsine ﬁransformations
were appropriatekfor several non-normél Qariables‘and to

correct curvilinear relationships.

Data were analysed using techniques associated with
path analysis (Blalock 1971, Kim & Kahout 1975, wright
1921‘:: Most frequently uéed in econometrics and sociology
(Duncan 1966, Johnston 1972), path analysis is of particu-
lar value in disciplines where quasi-experimentation is of.
necessity the rule rather than the exception (Blalock 1964,

Cook & Campbell 1979, Heise 1975). A relevant recent .
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biological example is Myers et al's (1979) analysis of the
relative roles of prey density and number of intruding

birds as proximate causes of variations in territory size

of wintering sanderlings (Calidris alba).

Path analysis' main value lies in its ability to test
the fit of hypothesised models to a set of data and to
indicate where new hypotheses need to be generated. The
study of flowcharts, with path coefficients labelled, is
the usual way in which this is achieved. The calculation,
in simple recursive systems, of path coefficients (usually
expressed as standardised beta values derived from multiple
regression equations), correlations between exogenous
variables, and disturbances associated with endogenous
variables, is straightforward (e.g. Duncan 1966, Kim &
Kahout 1975). However, unbiased estimates of coefficients
in reciprocal, non-recursive systems require the use of two
stage least squares regression (Duncan et al. 1968, Nam-

boodiri et al. 1975).

2.4.3.1 Model I - Description

The first causal model, derived from field observa-
tions of rooks foraging for natural earthworm prey (chapter
2.3), is presented in figure 2.4.2a. There is a positive

relationship between prey density and prey intake rate.



Figure 2.4.2

Causal model drawn from predictions in section 2.3.3 above,
based on observations of wild rooks foraging for natural
earthworm prey

(z)

(i)

Thiz nodel predicts that birds forage 'optinally' and
then, when moving to forege cloevhere, aluays choose to
lanu near other birds (gcee texnt fcor furtlier euplication).

Ses & ysis of mart of tnis nodel, using data
gained by attracting vild rcoks to artificial prey pro-
1 ¢ rying cdensities (I = 41 Dird visits). Paths
arc labelled with their coeifficients (ctencardised beta
values);  the curved, double-lhieaded arrcow (labelled wvith
he sinmple r value) indicates an unanalysed correlation

not part cf the model as defined; and disturbance
(crror termg) ascceclated with cach encogencus Vu[ldble
are calculated scuare root of (1 - R-scuared).
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Birds with low intake rates tend to look up more, scanning
for other feeding areas and the presence of other birds as
indicators of them; and birds with low intake rates of prey
leave to forage elsewhere sooner. Length of stay will vary

positively with flock size through the incidence of social
attraction, since the longer a bird remains on a prey area,
the higher the probability that other birds will be
attracted to feed with it, having given up elsewhere.. Thus
the model states that larger flocks will build up on higher
prey densities through the mediation of a series of

behavioural responses.

Intraspecific aggression was not very frequent, and is
not in:the natural situations studied (chapter 1.7, Lockie
1956b, Patterson 1975). . No meaningful (or significant)
relationships were found between rates of agonistic:
encounters and any of the other variables in the present
experiment, and thus . aggression rate has been omitted from

the figures to reduce unnecessary complication.’

2.403.2 Model 1 - Results

The model is generally supported by the data from the
experiment. Birds arrived independently or in small groups

and foraged over the experimental area. One feeding
sequence is descrlbed in flgure 2.4.1. Birds did show

local enhancement (95% landed w1th1n two yards of another
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bird when entering the grid, and 72% did so when moving
between prey plots). It is unknown what proportions would
be expected by chance, but if we take a conservative
estimate of 50% (conservative because in each observation
there was certainly more space available within the test
grid greater than two yards from another bird than space
available within two yards), then the observed proportions
indicate significant tendencies to land near another con-
specific (incoming birds: binomial test, z = 8.9, N =‘101,
P {( 0.001; birds moving between prey plots: N = 25, p =

0.022; both 1l-tailed).

The results of path analysis of that part of the model
for which data are available from the current experiment
are presented in figure 2.4.2b. Path coefficients (stan-
dardised beta values) are given alongside their respective
paths; the correlation coefficient .(simple r) between the
two exogenous variables is drawn with a curved, double-
headed arrow to indicate an unanalysed relationship with
causes outside of the model as defined; and the distur-
bances (error terms) associated with each endogenous vari-
able listed (conventionally calculated as the square root
of (1 - R-squared) with each directly causally prior vari-

able in the predictor 1list).

All path coefficients are significant (5% level or

petter, l-tailed) with the exception of that between Human
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Disturbance and Length of Stay, which was not in any case a

predicted part of the model, but introduced to measure a
possible source of error. The correlation between the two
exogenous variables is also not significant. 1In addition,

a significant proportion of the variability of each of the
endogenous variables was predicted by the model (table

2.4.1).

A further test of the completeness of the mbdel is an
analysis of the strength of relationships between variables
between which the model prediéted no direct relationship.
If the model were complete, correlations between variables
where no path has been predicted should be nil when the
effect of causally prior variables has been partialled out
(Nachmias & Nachmias 1976) . There are, however, several
non-predicted relationships substantially greater than
zero. These are between Human Disturbance and Looking Up
Rate (r = -0.219) and three involving Flock Size: with
Prey Density (0.218), Prey Intake Rate (0.226) and Looking
Up Rate (-0.254). Although substantial, only the last of

these partial correlations actually reaches statistical

significance.

2.4.3.3 Model I - Discussion

The relationship between Human Disturbance and Looking

Up Rate may indicate that some birds were detecting a human



Table 2.4.1

Amount of variability in the endogenous variables explained
by model I (R-squared x 100)

Variablity
Endogenous Variable  Predictors Explained (%)
Prey Intake Rate Prey Density 14.3
Looking Up Rate - = Prey Intake Rate 26.9
Length of Stay Prey Intake Rate

Human Disturbance 27.3

Flock Size Length of Stay 13.2
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approach before leaving (or without. leaving) and that some
looking up was directed at the person approaching. The
relationships between Flock Size and Prey Density, and
Flock'Size and‘Prey Intake Rate, may alse be~specific to
the test situation,\ The fotmer euggeste that sohe birds‘
may have been able to recognise the areas of greater prey
density'ditectly; This coulé'either‘have been due to the
oat groats belng more v1s1b1e to some blrds from a dlstance
or (perhaps more llkely), due to some birds making more
than one visit to the grld and rememberlng where they had
foraged prev1ously - p0551b1e in the experlmental s1tuat10n

since the location of the prey patches did not shift durlng

the course of the experlment.

The latter relationship, between Flock Size and Prey
Intake Rate with the influence of other variables par-
tialled out, has. two poésible interpretations: the opera-
tion of some form of cooperative hunting, or social facili-
tation. Cooperative hunting is usually of benefit with
prey too large or elusive for a solitary animal to exploit
(eg. Kruuk 1972, Schaller 1972; chapter 2.2). :Given the
nature of the prey in the present experiment (oat groats)
cooperative hunting seems an unlikely explanation. How-
ever, given that the prey was a novel one (at least novel
when on grassland) it is possible that some birds new to
the test grid were stimulated to feed onvthe groats by the

presence of other birds doing so. Several observers shown
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the video~tape agreed that some birds' behaviour suggested

this may have occurred.

The significant relationship between Flock Size and
Looking Up Rate also suggests a direct social influence on
behaviour - birds in lower flock sizes were tending to look
up more, irrespective of their prey intake rates, and
irrespective of the dehsity of prey on
:which they were foraging. VSince Flock Size was defined as
flock size on that prey plot,: aadunot on’the entire
experimental gr1d of prey plots, an 1nterpretat10n of thlS
relationship in terms of birds at lower flock size looking

p more for predators (e g, Dimond and Lazarus 1974-
chapter 2.2) seems unlikely - birds in other 'flocks' on
adjacent prey plots were in fact only a few metres away, as
close as members of the same flock foraging for natural
prey would be (chapter 2.3). Thus birds.at low 'flock
size' on one prey plot were’hot necessariiy, in termsvof
their normal foraging dispersions, at a low flook size~‘and
therefore, one might assume, be unllkely to respond to the
threat of predation as if they were in a low group size.

It seems more likely that in the test situation birds
foraging in an plotkwith a‘iower 'flock‘size' tended to
look up more to observe the behaviour and/or whereabouts of

birds on other plots within the test grid or outside.

Whatever the true explanation, model I was clearly
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inadequate in failing to posit any direct effects of flock

size on behaviour. A new model is therefore proposed.

2.4.4.1 Model II - Description

The modification in the new model must be to incor-
porate direct effects of Flock Size on behaviour. It seems
that the assumption of model I that “"The only social
influence is ... one of a tendency when moving from one
area to another, to land in the vicinity of other foraging
birds" (section’2.3.3 above) is incorrect. The experimen-
tal data suggest rather that a social influence on
behaviour can occur before a move-on decision is taken. As
stated above, explanation of group size effects in relation
to defence against predation seem unlikely in the present
experiment (and section 2.3.A.6 above gives evidence that
such an'explanation can at best only partly explain similar
relationships in a natural situation). There is, however,
a way in which a-direct social influence on behaviour could
increase the efficiency with which prey patches are -
located; énd it is this modification which is incorporated

into model II and then tested.

In the natural situation, it was observed that birds
tended to shdw social attraction more frequently to larger

flocks (table 2.3.1b). Since larger flocks tended on
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average to build up on better prey densities (fiqure
2.3.5), it was suggested that a tendency to choose larger

flocks, rather than simply any other conspecific, when

moving on, would on average increase the efficiency with
which the densest prey patches were located. Since it is
the case that larger flocks tend to occur on the densest
prey areas, then a continuous monitoring of the size of
one's own flock relative to the sizes of flocks available
elsewhere could result in an increase in the efficiency
with which the best prey patches are found. 1If a larger
flock became available, then a bird which gave up sooner
than it normally would if it were simply obeying optimal

foraging criteria, and went to forage with that flock,

would on average mo&e to a denser prey‘area. VOptimal
foraging theory states thaﬁ decisions on when to |

give up ahd.move'to another patcﬁ are made on the basis of
a compariéon of ihtake rates of prey on that pafch cqmpared
to the averagekintake rate experiencéd’in the habitat as a
whole (eg. Krebs 1978). 1If, however, a giving-up decision
based on é compérison of one's own flock size with other
flock sizes avéilable on other prey patches took pre-
cedence, then‘such a system could be more efficient than
one based solely on optimal foraging criteria, since the
time neededlto samplé the differeﬁt préy levels availabie

in the habitat would be reduced.

such a concept is comparable to the reduction in
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'risk!'! associated with flocking found in several studies
(Caraco 1981, Chantrey 1982, Krebs 1974, Thompson et al.
1974). Birds which foraged in flocks were less likely to
starve (or grow fat) - on average they did better by
reducing their risk of suffering an extreme of low (or
high) prey intake rates. Correspondingly, rooks which
moved when a bigger flock size was available elsewhere
might move from a bad patch to a good one and sometimes
might move from a good patch to an equal or poorer one -
but on average, because of the tendency for flocks to build
up on the best prey areas, the move would be to a better

prey patch.

The implications of this hypothesis for the model are
illustrated in figure 2.4.3a. Flock size, in addition to
being determined by variables in the model, now becomes
involved in a reciprocal system. Flock size has a negative
effect on looking up rate - 1if a bird is in a small
flock, then on average it will not be on the best prey
patch available, and a larger flock is likely to be avail-
able elsewhere. Hence it looks up more to monitor the
whereabouts of other flocks. An increase in looking up
reduces the amount of time available for feeding and hence
jooking up rate can cause variations in prey intake rate as
well as be the result of changes in prey intake rate.

Flock size will not necessarily, however, affect length of

stay since the vigilance for a larger flock will not always



Figure 2.4.3

Explication (a) and test (b) of model II

This model differs from the first in predicting a social
influence on behaviour before move-on decisions are made,

creating a system involving several reciprocal relationships.

kuvtp



PREY

. DERSITY’

+.

- LOCAL ENIARCEMERT
' PROBABILITY

OR BXIT

SAME SYSTEM OPERATING WITHIN
OTHER PREY PATCHES

3

N .
4 Other Birds'

PROBABILITY
OR ARRIVAL

LOCAL ENUANRCEMENT

Flock Size

Other Birds'
Length of Stay

ﬁ‘ Other Bixds'
Local Enhancement

Probability on Exit




L e € s i R

HZIS v ‘arnd an m||||||ll hom. ’

Proesk]
vze e~ . oNINOCOT

v

. Nma'

€9¢€”

] XNLS 30
[24:] Uv

BIONTI

1o

81¢°

[TRVEUNLSIQ
S NYFOR
AN
\
N




2.4 Rook Flocking - Field Experiment 378

be successful, if no such larger flock is available. Being
in a small flock will, then, always increase looking up and
therefore decrease intake iéte, but will not always result
in a chénge in hqw long the bird will fbrage 6n that patch.
It is not one'; own flock size which will determine length

of stay, but the size of other flocks available elsewhere.

In addition, a series of reciprocal relationships will

exist between a bird's own and other flock sizes, local
enhancement probabilities, and lengths of stay =~ for

example, the probability of showing social attraction when

moving.on will be influenced by the size of the flocks
available (the probability increasing with the size of the
flocks available); and reciprocally, a higher probability-
of showing local enhancement will therefore increase the

size of that flock when the bird joins it.

In summary, then, model II étates that birds adopt a
mlxed strategy for dec1d1ng when to move on from a prey
patch, based sometlnes on optlmal foraglng crlterla, and
sometlmes on soc1al st1mu11. The hypothesxsed model

states:

(a) - Move on to forage elsewhere when intake rate of prey

falls below the mean intake rate for the habitat as a

whole.

(b) When moving, always land near another conspecific, and
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choose a larger flock rather than a smaller one.

(c) PBut when a larger flock than the one in which you are
foraging at the moment is seen to be available, then
moVe on to that prey patchbregardless of present prey

intake rate.

2.4.4,2 Model II - Results

Strictly speaking the new moéel, prééuced by a scru-
tiny of the result of ﬁesting the originai ohé, shduld how
be tested by a nevw experiment manipulating both prey den-
sity and the size of other flocks available (or by the
relevant observations of naturally occurring flocks). How-
ever, as.a.first step to testing the adequacy of the new
model, path analysis may be applied to the original data
set. This test of model II is of course 'ad hoc' in the
sense that it was developed from a test of.the previous
model, but is itself tested by the same data set. It is
stressed again that the method is only quasi-experimental,
a way of analysing mainly observational (correlational)
data which can help to suggest new hypotheses. A more
formal test of the new model would be produced by repeating
the experiment, but this time also manipuiating the new key
ékégéﬁous variable identified‘ - 1i.e. the size of other

flocks available on other prey areas.
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The results of path analysis for that part of the
revised model for which data are available from the present
experiment'are preséntéd in fiqure 2.3.3b,’reciprocal.éaths
having been estimated by two-stage least squares regres-

sion. All of the new predicted paths are significant. It

should be noted that some key paths were not calculable
wiﬁh the data available (in ﬁaiticular those between .
behaviour and the size of other flocks in the area), and
that the disturbance terms associated with the endégenous
variables might be further lessened were these data avail-b

able.

There is an improvement in the amount of variability
in each endogenous variable predicted compared to model I
(table 2.4.2). Finally, only one non-predicted path now
appears which is substantially greater than nil, that
between flock size and prey intake rate with other causally
prior variables partialled out (r = 0.226). It is not,

however, statistically significant, and may be the result
of an error specific to the experimental situation (see

discussion of the same relationship in model I, section

2.4.3.3 above).

2.4.4.3 Model II - Discussion

The modified model does provide a better fit to the

data gained from the field experiment. However, data are



Table 2.4.2

Amount of variability in the endogenous varlables explained
by model II (R-squared x 100)

: ‘ ‘Variablity
Endogenous Variable Predictors - Explained (%)
Prey Intake Rate Prey Density
Looking Up Rate 34.1
Looking Up Rate Prey Intake Rate »
Flock Size 34.9
Length of Stay Prey Intake Rate
S Human Disturbance 27.3

Flock Size '~ Length of  Stay - 13.2



2.4 Rook Flocking - Field Experiment 381

missing for the important paths involving behaviour and
flock sizes on other prey areas. A full test of the new
hypothesis would require a further experiment where these
data were also measured. Whether or not the additional
mechanism proposed in model II also operates in natural
situations is of course unknown, though (theoretically at
least) the necessary measures could also be taken from

naturally-occurring flocks.

It has been argued that showing local enhancement
differentially to different flock sizes when moving will be
a more efficient way of locating the densest prey patches
than choosing to land near any bird at random; and that
giving up to move to an area where a larger flock than
one's own is foragiﬁg, sooner than the giving-up-time
decreed by optimal foraging criteria dictates, will in turn
bring a further increase in the efficiency of dense prey
patch location. Though intuitively reasonable, there is in
fact no quantitative proof of this. A comparison of these

different strategies by simulation is in preparation.
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Appendix One

summary of Invertebrate Densities and Dispersions from All
Soil Core Samples Taken During the Study

Table 1 - Densities

Densities of invertebrates other than earthworms are
expressed only as the mean number of individuals per
core, since the sampling procedure was not standardized
for these groups and thus population estimates calculated
from these data may be unreliable.

Contents of the cores have been separated into
earthworms (Lumbricidae) and any other invertebrate (see
Methods and Prey sections for a summary of the main
invertebrate groups represented in the cores). The
latter has been split into those found above the soil
surface of the core and those found below. The disper-

sion of 'all' invertebrates (excluding Lumbricidae) is
also given = this can exceed the sum of 'above' and

'below' invertebrates since some individuals could not be

categorized as occurring above or below the soil surface
with certainty.

Table 2 = Dispersion

See lMethods section for an explanation of the two
techniques for testing the statistical significance of
deviations of samples from a random distribution. The
variance/mean ratio test was not computed for inver-
tebrates other than earthworms, since the sampling pro-
cedure was not standardized on those groups and therefore
population estimates based on the samples may be unreli-
able. However, the test for coherent clumping of dense
cores was considered to be valid for these groups and was
computed (see Methods section for justification).



Abbreviations

NAG Non-agricultural Grass
TLU Ungrazed Temporary Ley
TLG Grazed Temporary Ley
PP Permanent Pasture

DUNG Samples from beneath cow pats

AG Aggregated distributibn

- Not significantly different from random distribution
ov Overdispersed

() (Blanks indicate missing data)



lfean N of Other
Invertebrates
per Core

Table Al.l: DENSITIES
| Barthworm
| Density per
| Square lletre Position Relative
to Soil Surface:

Bio

N of
Crop Field Date Cores Nos (g) Above Below Either
WINTER
NAG 56 20-11-79 42 49.3 31.8 0.33 0.19 0.71
56 9~ 2-80 42 181.3 85.5 0 0.20 0.20
6 14-12-79 42 466.2 208.5 0 0.10 0.21
6 9- 2-80 42 310.8 195.5 0 0.21 0.21
57 21-11-79 42 61.7 32.1 0.12 0.48 1.05
57 9- 2-80 42 129.5 94.5 0.03 0 0
7 23-11-79 42 265.2 112.2 0.09 0.14 0.43

166.5 66.0

TLU 37 29-11-79 42 0.05 0.21 0.43

TLG 20 25-11-79 42 | 333.0 123.3 0.07 0.62 0.93
22 27-11-79 42 240.3 93, . . .
22 11- 2-80 42 233.1 ag.g 8 0° g.gg 8.33

PP la 6- 2-78 52 | 370.0 131.5 0.15 0.25 0,42
1d 12-11-79 42 | 376.2 192.7 0.05 0.29 0.33
la 11-12-79 42 0 0.21 0.21
la 12- 1-80 42 252.8  86.9 0.02 0.40 0.50
la 11- 2-80 42 | 541.5 207.2 0 0.09 0.09
la 23-12-80 10 466.2 129.5 0 0.41  0.41
1b 8-12-79 42 | 314.5 164.6 0.05 0.14 0.31
1b 9- 2-80 42 235.4 120.1 0 0.45  0.45
33a 11-12-79 42 | 271.3 101.7 0.17 0.24 0.43
33b 14-12-79 42 | 492.1 165.8 | 0.10 0.30 0.47
33b 9- 2-80 42 | 388.5 108.5 | O 0 0
352 15-12-79 42 414.4 108.8 | O 0. 0.
35b 11-12-79 42 | 296.0 120.2 0 0.09 0.09
30 15-12-79 10 | 310.8 121.7 | =~ - -

DUNG la 14-11-79 10 854.7 624.2 | -~ 0.70  0.70
la 23-12-80 10 | 543.9 274.5 | - 0 0

Outside Study Area:

191.2 125.8
30.8 32.7

86.3 91.6
154.2 69.7

PP Mk.D1l 2-12-79 42
Mk.D2a 2-12-79 42

Mk.D2a 27- 2-80 42
Mk.D2b 2-12-79 42

0.02 0.07 0.19
0.07 0.09 0.45

0.02 0.21 0.33
0.02 0.05 0.19

Mk.D2b 27- 2-80 42 178.7 109.5 0 0.09 0.12
Oxonl 28-12-79 10 70.6  41.2 0.54 0.54 1.27
Oxon2 28-12-79 10 129.5 35.6
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|
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Mean N of Other
Invertebrates
per Core

Tab.Al.l(cont.): DENSITIES

| Earthworm
| Density per
| Square Metre Position Relative

to Soil Surface:

|
N of | Bio
Crop Field Date Cores | los (g) Above Below Either
------------------------ l__..._—.._.._-......_. - o - S~ o S . o e = s o o
SPRING
NAG 57 21- 5-80 10 25.9 15.5 0 0 0
TLG 20 20- 5-80 10 21.6 5.4 0.08 0.25 0.75

18 8- 5-81 10 259.0 25.9

PP la 5- 3-80 10

410.1 152.2 | 0 0.08 0.08
la 14- 3=80 42 | 388.5 178.2 | 0.02 0.36 0.43
la 27- 3-80 10 | 466.2 161.9 | 0 0.10 0.10
la 15- 4-80 42 | 453,2 151.1 | 0.08 1.92 2.17
la 29- 4-80 42 74.0 23,1 | o0 0.64 0.98
la 13- 5-80 10 25.9 5,21 0 0.30 0.70
la 30- 3-81 10 | 518.0 132.1 | 0 0 0
la 21- 4-81 10 | 520.1 131.7 | 0.10 0.10 0.30
la 27- 4-81 42 | 388.5 84.1 | 0 0.12  0.21
la 3- 5-81 42 | 647.5 159.3 | 0 0.21  0.30
la 31- 5-81 10 | 595.7 108.8 | 0 0.30 0.30
1b 3- 5-81 ‘42 | 595.7 130.8 | 0 0.18  0.20

DUNG la 20- 5-80 10 77.7  46.6 | - 0.70  1.20

SUMMER

PP la 13- 6-80 10 | 155.4 40.1 | 0 0.10  0.20

DUNG la 13- 6-80 10 | 233.1 85.5 | - 0.20 1.40

AUTUMN
PP la 18- 9-79 42 252.8 111.3 - - -
la 4-10-79 42 413.2 170.2 0.06 0.43 0.79
la 3- 9-80 10 233.1 85.7 0 0.10 0.10
725.2 347.1 - 1.30 2.10

DUNG la 19- 9-79 10

OQutside Study Area:

pp  Oxonl 12-10-79 42 92.5 -

oxon3 11-10-79 42
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Other
Invertebrates

Table Al.2: DISPERSION

Grid-Pattern

Oxonl 28-12-79
Oxon2 28=12-79

|
|
!
|
| Earthworms | lethod (llos)
| |
v/ | Position Relative
I Ratio Grid-Pattern | to Soil Surface:
| MNethod Method |
Crop Field Date I (Nos) (Nos) (Bio) | Above Below Either
------------------- e RSP
I |
WINTER | |
l !
NAG 56 20-11-79 | AG - — | oy - _—
56 9- 2-80 | AG i
6 14-12-79 | AG |
6 9~ 2-80 | - ]
57 21-11-79 | - - ov I AG - -
57 9- 2-80 | AG |
7 23-11-79 | - - - | - -— -
! |
TLU 37 29-11-79 | AG AG - | - -
| .
TLG 20 25-11-79 | p<.075 oV ov : AG --
22 27-11-79 | -- AG  AG | -~  AG
22 11- 2-80 | == i
l !
PP la 6- 2-78 | AG I
la 12-11-79 | - AG ov | ov AG
la 11-12-79 | AG - ov | - —
la 12- 1-80 | AG AG NG | AG - _—
la 11- 2-80 | p<.1l0 ]
la 23-12-80 | - |
l1b 8-12-79 | AG AG - | ov ov
lb 9- 2-80 | - |
33a 11-12-79 | AG AG AG | AG -
33b 14-12-79 | p<.1l0 |
33b 9- 2-80 | - |
35a 15-12-~79 | AG |
35b 11-12-79 | AG ov ov | - -
30 15-12-79 | AG |
I I
DUNG la 14-11-79 | AG I
la 23-12-80 | - |
| !
4 | l
Ooutside Study Arca | |
| |
PP Mk.D1 2-12-79 | AG ‘ AG ov | AG ov
Mk.D2a 2-12-79 | - AG AG | ov AG AG
Mk.D2a 27~ 2-80 | AG ov ov | AG -
Mk.D2b 2-12-79 | - —~— ov | ov
tk.D2b 27~ 2-80 | AG AG AG : AG AG
|
| |
| |
I |




Tab.Al.2(cont.): DISPERSION I Other

____________________________ | Invertebrates
|
| Grid-Pattern

| Earthworms | lethod (Nos)
| |
| v/u | Position Relative
| Ratio Grid-Pattern | to Soil Surface:
| Method Method |
Crop Field Date I (Nos) (Nos) (Bio) | Above Below Either
------------------- [ om o e e o e e e | e e e e o e e
| |
SPRING l |
' |
MAG 57 21- 5-80 | - [
| |
TLG 20 20- 5-80 | p<.075 |
18 8~ 5-81 | - I
' |
PP la 5-3-80 | ~-- |
la 14- 3-80 | AG AG AG | -—— ov
la 27- 3-80 |  -- ,
la 15- 4-80 |  =-- |
la 29~ 4-80 | AG —— - ] AG AG
la 13- 5-80 |  -- |
la 30- 3-81 | - I
la 21- 4-81 | - I
la 27- 4-81 | - |
la 3- 5-81 | - |
la 31- 5-81 | - |
1b 3- 5-81 | -- ;
| !
DUNG la 20—~ 5-80 | - |
l I
I I
| I
SUMMER ] |
| I
PP la 13- 6-80 | - |
| l
puNG la 13- 6-80 |  -- |
| |
] |
| |
AUTUMN : :
PP la 18- 9-79 | - AG -- |
la 4-10-79 | AG AG AG | ov — -
la 3- 9-80 | AG |
| |
DUNG la 19- 9-79 | AG I
! I
| |
Outside Study Area | |
! |
PP Oxonl 12-10-79 | AG AG | AG ov ov
Oxon3 11-10-79 | - AG | AG AG AG
| |
| |




Appendix Two

Dispersion of Invertebrates from Samples of 42 Cores
Taken as a Symmetrical 6 x 7m grid

See lethods section for an explanation of the two
techniques for testing the statistical significance of
deviations of samples from a random distribution. The
variance/mean ratio test was not computed for inver-
tebrates other than earthworms, since the sampling pro-
cedure was not standardized on those groups and therefore
population estimates based on the samples may be unreli-
able. However, the test for coherent clumping of cense
cores was considered to be valid for these groups and was
computed (see Methods section for justification).

Contents of the cores have been separated into
earthworns (Lumbricidae) and any other invertebrate (see
liethods and Prey sections for a summary of the main
invertebrate groups represented in the cores). The
1atter has been split into those found above the soil
surface of the core and those found below, with Enchy-
traeidae treated separately. The dispersion of 'all'
invertebrates (excluding Lumbricidae and Enchytraeidae)
is also given = this can exceed the sum of 'above' and
'below' invertebrates since some individuals could not be
categorized as occurring above or below the soil surface
with certainty.



Keys

(a) Actual numbers/weight within each core

Earthworms Other
Nos Biomass Enchytraeidae Inyertebrate§
0 0 Absent | 0
® 1-2 <0.59 Present - 1
3-4 <l.5g - 2-3
>4  >l1.5q - >3

(b) Deviation of each core from the sample mean I

i
s ; < : ? i
: ' ; ' : g : i :
Between--2 standard deviations and the-mean
' : § . ‘ ! § i ¢
: : ! : : : i f :
e ; 5 , R
() Mean to +2 s.d. : i ;o RN
R
> 42 s.de ' | R S




Figure A2.1

Date: 20-11-79 ‘ ‘
Crop: Non-agricultural Grass

Field: 56 (SJ 814452)

 (a) Earthworm HNumbers: Density per Square Metre = 49.3

Test for Dispersion ignoring spat1a1 relatlonshlps between cores:
Chi-square = 70.10 p < O. 005 > 0. 001
Conclusion: Aggregated

Actual numbers in each core Standard deviation units

Test for Dispersion using spatial relationships between cores:

Expected dense-dense joins if sparse and
ik ST W dense cores were randomly mingled:

Mean with 95% confidence limits = 6.85 +/- 0.67

Observed dense-dense joins 7
Conclusion Random

Dense = >0
sparse = 0




(b) Earthworm Biomass: Density per Square Metre = 31.8 gm

‘D o

. ;
°

Actual biomass in each core

Standard deviation units

Test for Dispersion using spatial relationships between cores:

= Expected dense-dense joins = 6.85 +/- 0.66
Observed dense-dense joins = 7
- - Conclusion = Random

|
Dense = >0
Sparse =

i
o




(c) ‘Invertebrates other than Earthworms (Numbers)

®
« O
; ®
.
o ®
°
Below Soil Surface Enchytraeidae
Exp. D-D joins = 8.37 +/- 0.72 Exp. D-D joins =
Obs. D-D joins = 9 v Obs. D-D joins =
Conclusion = Random . Conclusion =

. O
o| o o o

Above Soil Surface All (excluding Enchytraeidae)
Obs. D~D joins = 5 Obs. D-D joins = 27

Conclusion Overdispersed Conclusion Random




Figure A2.2

Date: 21-11-79
Crop: Non-agricultural Grass

Place: 57 (SJ 812449)

]
(=)
s
L ]
~J

(a) Earthworm Numbers: Density per Square Metre

Test for Dispersion ignoring spatial relationships between cores:
Chi-square = 40.48 p < 0.5 > 0.4 :
Conclusion: Random

. o
o ¢ 0 o
[ . o
B L
[ — . . To
IE o o ©
Actual numbers in each core Standard deviation units

rTest for Dispersion using spatial relationships between cores:

Expected dense-dense joins if sparse and
- dense cores were randomly mingled:

5
Random

Mean with 95% confidence limits

Observed dense-dense joins
Conclusion

1
v
o

Dense =
sparse = O




(b) Earthworm Biomass: Density pet Square Metre = 32,1 gm

‘( ® . ® ® ® ©
|
* e | o | @ ° 0o o
) 'S o
e ® Q{
o | e | e o
o |0 ® (-]
i » Ty [
Actual biomass in each ceore Standard deviation units

rest for Dispersion using spatial relationships between cores:

Expected dense-dense joins = 35.15 +/- 1.22
Observed dense-dense joins 27
Conclusion = Overdispersed

pense = >0
sparse = 0




»

|
|

(c) Invertebrates other than Earthworms {Numbers)

Below Soil Surface

Exp. D-D joins

Enchytraeidae

“Exp. D-D joins
Obs. D-D joins
Conclusion

Obs. D-D joins = 19
Conclusion = Random
e
L
® L
o

Above Soil Surface

Exp. D-D joins
Obs. D-D joins
Conclusion

1.52 +/- 0.33
2
Aggregated

IEEEE

@
®
]
“All (excluding Enchytraeidae)

Exp. D-D joins
Obs. D-D jOinS
Conclusion

35.15 +/- 1.22
35
Random




Figure A2.3

Date: 23-11-79

Crop: Non-agricultural Grass
Field: 7 (SJ 813455)

(a) Earthworm Numbers: Density per Square Metre

265.2

Test for Dispersion ignoring spatial relationships between cores:

Chi-square

51.73
Conclusion: Random

p < 0.15 > 0.1

o | o () o
[ ¢ L L

o |0 O|e]o
° o o

Actual numbers in each core

o

o
o0
©0|0|0 |0

Standard deviation units

Test for Dispersion using spatial relationships between cores:

Dense = >0
Ssparse = 0

Expected dense-dense joins if sparse and
dense cores were randomly mingled:

Mean with 95% confidence limits

Observed dense~dense joins
Conclusion

45.64 +/- 1.29

46
Randon




(b) Earthworm Biomass: Density per Square Metre = 112.2 gm

10|60 . o|o|o °
e o | & (| ®
e oo ||| O o )
° o
° (0|0
o o o
Actual biomass in each core Standard deviation units
rest for Dispersion using spatial relationships between cores:
- " Expected dense-dense joins = 38.49 +/- 1.25
B v . Observed dense-dense joins = 39
' Conclusion = Random

b S

’Dense = >0.2 g
Sparse

]
A
o
.
N

Q




(c) Invertebrates dther than Earthworms (Numbers)

Below Soil Surface

Exp. D-D joins = 8.37 +/- 0.72
Obs. D-D joins = 9

| O | O
®
° o ® o
| O ®
| O | e
) Enchytraeidae"

Exp. D-D joins =
Conclusion =

27
Aggregated

Conclusion Random
o
L
®
[

Above Sdil Surface

Exp. D-D joins = 0.91 +/=- 0.26
obs. D-D joins =1 ’
conclusion = Random

All (excluding

Exp. D-D joins
Obs. D-D joins
Conclusion

Enchytraeidae)

11.87 +/- 0.84
11 T
Random




Figure A2.4

Date: 29-11-79
Crop: Temporary Ley Ungrazed 3
Field: 37 (sJ 807447) ‘

(a) Earthworm Numbers: Density per Square Metre = 166.5

Test for Dispersion ignoring spatial relationships between cores:
Chi-square = 63.08 = p < 0.025 > 0.01
Conclusion: Aggregated

® ° ® ® @ © &0 Q
s ° o | o o o
Ojo | D)oo @ Kk+) oo
o |o|p|le || e]|e 0|0 Q
o (oo o o
ol o ° ©
Actual numbers in each corel Standard deviation'units

Test for Dispersion using spatial relationshipsvbetween cores:

Expected dense-dense joins if sparse and
dense cores were randomly mingled:

26,02 +/- 1.12

35
Aggregated

Mean with 95% confidence limits

Observed dense-dense joins
Conclusion

Dense = >1
sparse = 0-1




(b) Earthworm Biomassﬁ

Density per Square Metre =

66.

0 gm

Actual biomass in each core

®|® 00
° O e 1O
O e | |O| OO
Ofo|o|o]|e]|a|e
e o | @ ¢ °
‘o | e o

Standard deviation units

Test for Dispersion using spatial relationships between cores:

Dense
sparse =

>0.1 g
0-0019

Expected dense-dense joins
Observed dense-dense joins
Conclusion

28.91 +/-.1.16
30
Random




(c) Invertebrates other than Earthworns (Numbers).

L S ®
o o 0 ©
® e o ol @
! ® ® o

Below Soil Surface ' ' - Enchytraeidae

Exp. D-D joins = 4.26 +/~ 0.54 Exp. D-D joins = 4.26 +/- 0.54
Obs. D-D joins = 4 - Obs. D-D joins =6
conclusion = Random ’ Conclusion = Aggregated.
® ° o 0 o| o
[ o ©®
o
L @
@

Above Soil Surface All (excluding Enchytraeidae)

Obs. D-D joins = Obs. D-D joins 17
Conclusion Conclusion Random




Figure A2.5

Date: 25-11-79 _
Crop: Temporary Ley Grazed
Field: 20 (SJ 823442)

Test for Dispersion ignoring spatial relationéhips bétwéen‘éores:A
Chi-square = 53.57 p < 0.075 > 0.05 ‘
Conclusion: (Random) > :

- S e G0 S s S GRS SRS SR GED G SR SR T TN GRS SRS GRS SR SO S G G G5 S G Shn St e S SN SR SN VD GEL Sm G NS GV S S S A SN e G S T G A G G S e G G G - . .

® ® %@ [ - IR - ]
s || O®|e o | o
oo oo oo o
o |l @| e | o |0 e @@ > ] ]
O o e (O] o| |o o{o|o
OIO|O|e|0|0]e olojo|o| |
'Actual‘numbers‘ihrééch”cote | - Sféndard deviatian units

Test for Dispersion using spatial relationships between cores:

Expected dense~dense joins if sparse and
dense cores were randomly mingled:

38.94 +/~- 1.25

33
Overdispersed

Mean with 95% confidence limits

Observed dense-dense joins
Conclusion




(b) Earthworm Biomass: Density per Square Metre = 123.3 gm

Actual biomass in each core

e OO O] ©|o0 o
+ OO o|o |0
o lwloe oleo
. lolo olo
o | o] o e O] )
MERH - IERER I o0

Standard deviation units

rest for Dispersion using spatial relationships between cores:

Expected dense-dense joins
Observed dense-dense joins
Conclusion

35015 +/- 1.22
31
Overdispersed




(c) Invertebrates othér than Earthworms (Numbers)

O
| °
0
0/0|Ole
°

o | ®
| O o | 0O o
" Below Soil Surface | ‘ Enchytraeidae
Exp. D-D joins = 26,02 +/- 1.12 ;Exb. D-D joins = 15.98 +/- 0.94
Obs. D-D joins = 31 o ‘Obs. D-D joins = 13
Conclusion = Aggregated = = . Conclusion = Overdispersed
o o o
ool e O
° )
Ol
o @
O el ofe
Above Soil Surface | AAll (excluding Enchytraeidae)

35.15 +/- 1.22
35
Random

Exp. D-D joins
Obs. D=-D joins
Conclusion

Exp. D-D joins =
Obs. D-D joins =
Conclusion

]
i




Figure A2.6 _ .

Date: 27-11-79
Crop: Temporary Ley Grazed
Field: 22 (SJ 821447)

Test for Dispersion ignoring spatial félétionships between cbres:,
Chi-square = 46,07 p < 0.3 > 0.2 '
Conclusion: Random : .

o ® e 0|0 )
AR O . o|o|o o
o ® L ] ® 0|0 |0
O [o2|[e]|0 |0 ololole
® | . o
O] o
Actual numbers in each core | Standard deviation units

Test for Dispersion using spatial relationships between cores:

Expected dense~dense joins if sparse and
dense cores were randomly mingled:

Mean with 95% confidence limits 41.99 +/- 1.27
Observed dense-dense joins 44 :
Conclusion = Aggregated

Dense = >0
Sparse = 0




(b) Earthworm Biomass: Density per Square Metre = 93.4 gm

s|oloe| o |®|e]e o o
oo O]« O . ° ]
e OO Ol O olo|o
° CE RO « R ) 0|0
D . ¢ . - |e

o Ol 1O o le o (-]

Actual biomass in each core ”  Standard deviation units

rest for Dispersion using spatial relationships between cores:

38.49 +/~ 1.25
42
Aggregated

Expected dense-dense joins
Observed dense~dense joins
: Conclusion

| pense = >0.15 g
Sparse 0 - 0.15 g




(c) Invertebrates other than Earthworms (Numbers)

Below Soil Surface

Exp. D-D joins = 5.48 +/- 0.60
Oobs. D-D joins = 6 : o
Conclusion = Random

Above Soil Surface

Exp. D-D joins =
obs. D-D joins
Conclusion

o ® @
L o o
® ®
e O
o
Enchytraeidae

Exp. D=D joins

rObs..D-D joins

Conclusion

8.37 +/= 0.72
11 ,
Aggregated

All (excluding

Exp. D-D joins
Obs. D=D joins
Conclusion

Enchytraeidae)

10

Aggregated




Figure A2.7

Date: 12-11-79
Crop: Permanent Pasture
Field: 1la (SJ 819452)

(a) Earthworm Numbers: Density per Square Metre = 376.2

Test for Dispe;gion ignoring spatial relationships between coreé:;
Chi-square = 48.75 p < 0.2 >0.15 = . '~ .
Conclusion: Randomn :

O|o || o | o ol o o

e | ® oo | & o | o i 0 MK

) °® ® ° ° ) O 0! 0
e ) e | o | o o0 )
. . eio|0 j ©

o |o |0 }o L ©|0 o o

Actuai numbers in each core . E Standard deviation units

rest for Dispersion using spatial relatibnéhips between éores:

Expected dense-dense joins if sparse and

| dense cores were randomly mingled:
Mean with 95% confidence limits = 15.98 +/- 0.94
Observed dense-dense joins = 19
Conclusion = Aggregated

]
b

Dense = >3
sparse = 0-3




(b) Earthworm Biomass: Density per Square Metre = 192.7 gn

o
o o0 0|0
© 0|0
L © 0
0|0 0|0
©
Actual biomass in' each core | Standard deviation units

rest for Dispersion using spatial relationships between cores:

31.95 +/- 1.19
30
Overdispersed

Expected dense-dense joins
Observed dense-dense, joins
Conclusion




(c) Invertebrates other than Earthworms (Numbers)

@@@

° O °

®
Below Soil Surface Enchytraeidae
Exp. D-D joins = 5.48 +/- 0.60 Exp. D=-D joins =
Obs. D-D joins = 3 Obs. D-D joins =
Conclusion = Overdispersed Conclusion =
o
o ®
[ L ol o] 0
.
®
Above Soil Surface All (excluding Enchytraeidae)
Exp. D-D joins = | Exp. D-D joins = 6.85 +/= 0.66
Obs. D-D joins = Obs. D-D joins = 8
Conclusion = Conclusion =

Aggregated




Figure A2.8

Date: 11-12-79
Crop: Permanent Pasture
Field: 1la (SJ 819452)

Test for pispersion ignoring spatial rélétionsbips‘bétweeh cores: .
" Chi-square = 74.47 p < 0.001 > 0.0005 :
Conclusion: Aggregated J : e

o (O] oo o

OO |Ofc|e]e oo oo °
° ° @% o]0
° e 1O o ©°
] e |0 o
63» o | e o |eo | o o

Actual numbers in each core o Standard deviation units

mest for Dispersion using spatial relationships between cores:

Expected dense~dense joins if sparse and
dense cores were randomly mingled:

Mean with 95% confidence limits

Observed dense-dense joins
Conclusion

26.02 +/- 1.12
27
Random

Dense = >3
Sparse = 0-3




(b) Earthworm Biomass: Density per Square Metre = 193.6 gm

ole
o

©0|-

L]

Actual biomass in each core Standard deviation units

Test for Dispersion using spatial relationships between cores:

Expected dense-dense joins
Observed dense-dense joins
Conclusion

38.49 +/- 1.25
32
Overdispersed

pense = >0.,45 g
sparse

i}
(=)
1
o
L ]
[ -
(8]
Q




(c) Invertebrates other than Earthworms (Numbers)

® 0| 0 | @
° ° ol o
Ol e ° ol e ol o
° ° °

Below Soil Surface | o Enchytraeidae

4.26 +/- 0.54 Exp. D-D joins

Exp. D_D J:o]:'ns = = 41099 +/"' 1.27
Obs. D-D joins = 4 Obs. D-D joins = 44
Conclusion = Random Conclusion = Aggregated
L
L | _
. BE
®
o
Above Soil Surface All (excluding Enchytraeidae)

4.26 +/- 0.54
4
Random

Exp. D-D joins
Obs. D-D joins
Conclusion

Exp. D-D joins
Obs. D-D joins
Conclusion




Figure A2.9

Date: 12-1-80
Crop: Permanent Pasture
Field: 1la (SJ 819452)

(a) Earthworm Numbers: Density per Square Metre

252.8

Test for Dispersion ignoring spatial relationships between cores:

55.95 p < 0.05 > 0.025

Chi-square =
Conclusiqn: Aggregated
® ® ] L ] ® ®
® ® ® ® L
® * e
e ® o e
o o | e ®
d‘_ o |l e

o -
0|0

o 00
©

° ©

Acﬁﬁal numbers

in each core

Standard deviation units

Test for Dispersion using>spatia1 relationships between cores:

Dense =
Sparse =

Expected dense-dense joins if sparse and
dense cores were randomly mingled:

Mean with 95% confidence limits

Observed dense-dense joins
Conclusion

20.69 +/- 1.04
23
Aggregated




(b) Earthworm Biomass: Density per Square lletre = 86.9 gm

©|0

O
oo o
.| [-]o| [o]e °o|o
® ole ° ° o
O ) ol o . o

Actual biomass in each core Standard deviation units

Test for Dispersion using spatial relationships between cores:

28091 +/- 1016
36
Aggregated

Expected dense-dense joins

o

v Observed dense-dense joins
e Conclusion

pense = >0.25 g
Sparse

it
o
]
o
.
N
wm
Vo]




(c) Invertebrates other than Earthworms (Numbers)

® °
o e O e @| ©
ol o e
o o| ° ° °
ojo|eo ° ° °
Below Soil Surface Enchytraeidae
. Exp. D-D joins = 15.98 +/- 0.94 Exp. D-D joins = 15,98 +/- 0.94
obs. D-D joins = 13 ' o - Obs. D-D joins = 23
Conclusion = Random : A Conclusion = Aggregated
| @ ®
® e O
o [ o
° °
o |
ejo o
Abbve Soil Surface All (excluding Enchytraeidae)
N <0d = 0.46 +/~- 0.19 Exp. D-D joins = 23.28 +/~ 1.08
Exp. D-D Joins = . Obs. D-D joins = 24
obs. D-D joins = 2 .
. Conclusion = Aggregated Conclusion = Random




Figure A2.10

Date: 8-12-79

Crop: Permanent Pasture
Field: 1b (SJ 822453)

—— — e - . — . T - T - 0 " - S S S G G G S G M PP S S S s e B S S S S S S G > Trv T G T - AT G S D W T L S G G e G TI G W

Test for Dispersion ignoring spatial relationships between cores: .
Chi-square

74.63
Conclusion: Aggdregated

p < 0.001 > 0.0005

¢ o

[ ]

L L] ° . - - ;

o L] ® . . :
r—-v

e {06 @ e

Actual numbers in each core

Standard deviation units

Test for Dispersion using spatial relationships between cores:

Sparse = 0-2

Expected dense-dense joins if sparse and

dense cores were randomly mingled:

Mean with 95% confidence limits
Observed dense-dense joins

Conclusion

41.99 +/- 1.27

46
Aggregated




(b) Earthworm Biomass: Density per Square Metre = 164.6 gm

Actual biomass in each core Standard deviation units’
Test for Dispersion using spatial relationships between cores:
Expected dense-dense joins = 31.95 +/- 1.19

Observed dense-dense joins = 29
Conclusion = Random

Dense = >0.3 g
sparse

!
o
1
o
*
w
Q




(c) Invertebrates other than Earthworms (Numbers)

o ]
°
o o
o L
e
o @ ®
Below Soil Surface : Enchytraeidae
Exp. D-D jo%ns =.2.,28 +/- 0.40 Exp. D-D joins = 2,28 +/- 0.40
Obs. D-D joins = 1 Obs. D-D joins = 2
Conclusion = Overdispersed ; Conclusion = Random
o L o
o o 0| ©®
o
L
el @ ® |
Above Soil surface bAll.(excluding Enchytraeidae)

= Obs. D-D joins = 6
Conclusion Overdispersed

Exp. D-D joins
Obs. D=D joins
Conclusion




Figure A2.11

Date: 11-12-79

Crop: Permanent Pasture
Field: 33b (SJ 812445)

(a) Earthworm Numbers: Density per Square letre = 271.3

Test for Dispersion ignoring spatial relationships between cores:

Chi-square
Conclusion:

62.87 p < 0.025 > 0.01

Aggregated

Actual numbers in each core

o ° o
. o | o oo
Ole 0] o
o (o (o0 o
o |o o ® o

Standard deviation units

Test for Dispersion using spatial relationships betweén'cores:

Dense = >0
Sparse = 0

Expected dense-dense joins if sparse and
dense cores were randomly mingled:

Mean with 95% confidence limits

Observed dense-dense joins
Conclusion

]

38.49 +/- 1.25

46
Aggregated




(b) Earthworm Biomass: Density per Square Metre = 10l1.7 gnm

O *|0|0]|" ’ ° o|o
D e|o . o
0| |0|O o oo
Ole | o
3 O|e|Of- o o
o |eje|®| |O ojle| |o
Actual biomass in each core Standard deviation units

Test for Dispersion using spatial relationships between cores:

28.91 +/- 1.16
31
Aggregated

Expected dense-dense joins
Observed dense-dense joins
Conclusion

nu

Dénse = >0.2 g
sparse 0 - 0.2 g




(c) Invertebrates other than Earthworms (Numbers)

®
L o ©
® o - (]
° ° o leo
o ©
o L | @ )
Below Soil Surface - , Enchytraeidae
EXpe. D-D-jo%ns = 5,48 +/~ 0.60 Exp. D-D joins = 11.87 +/- 0.84
Obs. D-D joins = 7 Obs., D-D joins = 7
Conclusion = Aggregated - Conclusion = Overdispersed
L o
e
; [ L
;
| ®
!
! [
@ ®
Above Soil surface All (excluding Enchytraeidae)

Exp. D-D joins = 8.37 +/- 0.72
Obs. D-D joins = 8
Conclusion = Random

Exp. D-D joins =
Obs. D=-D joins =
Conclusion

]
]




Figure A2.12

Date: 11-12-79
Crop: Permanent Pasture
Field: 35a (SJ 811443)

Test for Dispersion ignoring spatial relationships between cores:
Chi-square = 62.35 p < 0.025 > 0.01 '
Conclusion: Aggregated

o (i3] . ) o
° e je | @ o /]
oo | ® | o K/ o
o Olo oo ) o

e [Qle|e O [ 0
o . o |l o | @ 0|0
Actual numbers in each core‘rr | Standard deviation units

Test for Dispersion using spatial relationships between cores:

Expected dense-dense joinsg if sparse and
dense cores were randomly mingled:

' Mean with 95% confidence limits = 20.69 +/- 1.04
g Observed dense-dense joins = 18
: Conclusion = Overdispersed

Dense = >1
Sparse

]
o
!
-




(b) Earthworm Biomass: Density per Square Metre = 120.2 gn

o
v O o
o oo
° el @ | -
000 o|o
o ® © o
Actual biomass in each core | Standard deviation units

Test for Dispersion using spatial relationships between cores:

Expected dense-dense joins
Observed dense-dense joins
Conclusion

41 099 +/- 1027

40
Overdispersed




(c) Invertebrates other than Earthworms (Nunmbers)

o [
o o [
® ®
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@
| -
Below Soil Surface | Enchytraeidae
EXp. D-D joins = 0.91 +/- 0.26 . Exp.:D-D joins = 4.26 +/- 0.54
Obs. D=D joins =1 ‘ . Obs. D-D joins = 4 :
Conclusion = Random Conclusion = Random -
[
o @
o
B Above Soil surface All (exéluding Enchytraeidae)

1

Random

= : Exp. D-D joins
= , Obs. D-D joins
Conclusion

Exp. D-D joins
obs. D=D joins
Conclusion




Figure A2.13

Date: 2-12-79 )
Crop: Permanent Pasture
Field: Market Drayton 1 (SJ 707351)

(a) Earthworm MNumbers: Density per Square Metre = 191.2

Test for Dispersion ignoring spatial relationships between cores:

Chi-square = 66.72 p < 0.01 > 0.005
Conclusion: Agdregated

2 ol e K-
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o | @ ® ° o

o |0 @ |0 0 o

oo |0 | @ o | e {00 |©0} 0O ©|0
o | e o | o 0|0 |0

Actual numbers in each core | Standard deviation units

Test for Dispersion using spatial relationships between cores:

Expected dense-dense joins if sparse and
dense cores were randomly mingled:

T

Mean with 95% confidence limits = 20.69 +/- 1.04

Observed dense-dense joins = 24
Conclusion = Aggregated

Dense = >1
Sparse =

|
o

|
P




(b) Earthworm Biomass: Density per Square Metre = 125.9 gn
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Actualtbiomass in each core Standard deviation unitém

Test for Dispersion using spatial relationships between cores:
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Overdispersed

Expected dense-dense joins
Observed dense-dense joins
Conclusion

Dense = >0.2 g -
sparse = 0 = 0.2 g




(c) Invertebrates other than Earthworms (Numbers)
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Below Soil Surface ‘ Enchytraeidae
Exp. D-D jo%ns = 1,52 +/- 0.33 Exp. D-D joins = 0.91 +/- 0.26
obs. D-D joins = 2 ‘ Obs. D-D joins =1
Conclusion =hAggregated : Conclusion = Random
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o
@ ] )
o -
Above Soil Surface ' A1l (excluding Enchytraeidae)

= Exp. D-D joins = 3.19 +/- 0.47
= Obs. D=-D joins = 2 -
Conclusion Overdispersed

Exp. D-D joins
Obs. D-D joins
Conclusion




Figure A2.14

Date: 2-12-79
Crop: Permanent Pasture
Field: MNarket Drayton 2a (SJ 709355)

Test for Dispersion ignoring spatial relationships between cores:
Chi-square = 44.01 p < 0.4 > 0.3
Conclusion: Random -
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: 6.85 +/— 0-66
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Conclusion
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Dense = >0
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(b) Earthworm Biomass: Density per Square Metre = 32.7 gnm
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(c) Invertebrates other than Earthworms (Numbers)
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Below Soil Surface

Exp. D-D joins = 5.48 +/~ 0.60
Obs. D-D jOinS = 16
Conclusion = Aggregated

Enchytraeidae

Exp. D-D joins
Obs. D-D joins

1 :

Above Soil Surface

Exp. D-D joins = 0.46 +/- 0.19
obs. D-D joins = 0
Conclusion = Overdispersed

Conclusion Aggregaﬁed
o
o | o
)
All (excluding Enchytraeidae)

Exp. D-D joins
Obs. D-D joins
Conclusion

21

Aggregated




Figure A2.15

Date: 27-2-80
Crop: Permanent Pasture
Field: Market Drayton 2a (SJ 709355)

Test for Dispersion ignoring spatial relationships between cores:
Chi-square = 56.58 p < 0.05 > 0.025
Conclusion: Aggregated
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Test for Dispersion using spatial relationships between cores:

Expected dense~dense joins if sparse and
dense cores were randomly mingled:

10.04 +/- 0.78

6
Overdispersed

Mean with 95% confidence limits

Observed dense-dense joins
- Conclusion

I
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Dense =
Sparse = 0




(b) Earthworm Biomass: Density per Square Metre = 91.6 gm
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Actual biomass in each core

0o o

Standard deviation units

Test for Dispersion using spatial‘relationships between cores:
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. Expected dense-dense joins = 10.04 +/- 0.78
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4 i Conclusion = Overdispersed
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(c) Invertebrates other than Earthworms (Numbers)
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Exp. D-D joins

Obs. D=-D joins
Conclusion.

Below Soil Surface :

.6.85 +/- 0.66
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Aggregated

Above Soil Surface

Exp. D-D joins
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Conclusion
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Enchytraeidae

Exp. D-D joins

—‘5948 +/- 0.60

Obs. D-D joins = 7 :
,QOnglusion-= Aggregated
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Conclusion
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Figure A2.16

Date: 2-12-79
Crop: Permanent Pasture
Field: Market Drayton 2b (SJ 711355)

(a) Earthworm Numbers: Density per Square Metre = 154.2

Test for Dispersion ignoring spdtial relationships between cores:“
Chi-square = 47.27 p < 0.2 > 0.15
Conclusion: Randon : r
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Actual numbers in each core | | Standard deviation units

Test for Dispersion using spatial relationships between cores:

Expected dense-dense joins if sparse and
dense cores were randomly mingled:

26.02 +/- 1.12 ;
20
Overdispersed

llean with 95% confidence limits
Observed dense-dense joins
Conclusion

Dense = >0
Sparse = 0




(b) Earthworm Biomass: Density per Square letre = 69.7 gn

® Ojo | ° o o
° o | o | o |(] o
. CIN o R
O O . oo o
Ol o . oo o
° olo|e|o
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Test for Dispersion using spatial relationships between cores:

]

31.95 +/- 1.19
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Overdispersed

. Expected dense-dense joins

Observed dense-~dense joins
Conclusion




(c) Invertebrates other than Earthworms (Numbers)

Below Soil Surface

Exp. D-D joins
Obs. D-D joins
Conclusion

Enchytraeidae

Exp. D-D joins
Obs. D-D joins
Conclusion

Above Soil Surface

| Exp. D-D joins =
Obs. D-D joins =
Conclusion

All (excluding

Exp. D-D joins
Conclusion

Enchytraeidae)
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Overdispersed




Figure A2.17

Date: 27-2-80
Crop: Permanent Pasture
Field: .Market Drayton 2b (SJ 711355)

(a) Earthworm Numbers: Density per Square letre = 178.8

Test for Dispersion ignoring spatial reiationships between cores:
Chi-square = 56.51 p < 0.05 > 0.025 ‘
Conclusion: Aggregated
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Actual numbers in each core | Standard deviation units

rTest for bispersion using spatial relationships between cores:

Expected dense-dense joins if sparse and

I " dense cores were randomly mingled:
i Mean with 95% confidence limits = 28.91 +/= 1.16
Observed dense~dense joins = 35
Conclusion = Aggregated

Dense = >0
sparse = 0




(b) Earthworm Biomass: Density per Square Metre = 109.5 gm
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Actual biomass in each core
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Test for Dispersion using spatial relationships between cores:

wDense = >0.,05 g
Sparse = 0-0.05 g

Expected dense-dense joins
Observed dense-dense joins

Conclusion
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(c) Invertébrates other than Earthworms (Numbers)

o
o
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Below Soil Surface Enchytraeidae
Exp. D-D joins = 0.91 +/- 0.26 Exp. D-D joins =
Obs. D-D joins = 2 ' Obs. D~D joins =
Conclusion = Agg:egated Conclusion =
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, Above Soil Surface All (excluding Enchytraeidae)

Exp. D-D joins
Obs. D-D joins
Conclusion

Exp. D-D joins = 0.91 +/- 0.26
Obs. D-D joins = 2
" Conclusion = Aggregated




Figure A2.18

Date: 14-3-80

Crop: Permanent Pasture
Field: 1la (sJ 819452)

(a) Earthworm Numbers: Density per Square Metre = 388.5

Test for Disperéion ignoring spatial relationships between cores:

Chi-square

77.84  p < 0.0005.

Conclusion: Aggregated
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Expected dense-dense joins if sparse and

dense' cores were randomly mingled:

Mean with 95% confidence limits

Observed dense-dense joins
Conclusion

49.45 +/- 1.31
58
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(b) Earthworm Biomass: Density per Square lMetre = 178.2 gn
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Test for Dispersion using spatial relationships between cores:

’

Expected dense-dense joins

Observed dense-dense joins
Conclusion

31.95 +/- 1.19
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(c) Invertebrates other than Earthworms (Numbers)
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Below Soil Surface Enchytraeidae
Exp. D-D joins = 6.85 +/- 0.66 Exp. D-D joins = 49.45 +/- 1.31
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‘Conclusion = Random « Conclusion = Aggregated
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Above Soil Surface All (excluding Enchytraeidae)
Exp. D-D joins = Exp. D-D joins = 10.04 +/-.0.78
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Conclusion = Conclusion = Overdispersed




Figure A2.19

Date: 29-4-79 : ,
Crop: Permanent Pasture
Field: la (SJ 819452)

Test for Disperéionjignoring spatial relationships between cores:
- Chi-square -= 57.92 - p < 0.05 > 0.025
Conclusion: Aggregated : :
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Test for Dispersion using spatial relationships between cores:
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5.48 +/= 0.60
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Randon

Mean with 95% confidence limits

Observed dense-dense joins
Conclusion
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Dense = >0
Sparse = 0




(b) Earthworm Biomass: Density per Square Metre = 23.1 gm
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(c) Invertebrates other than Earthworms (Numbers)
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Below Soil Surface

Exp. D-D joins
Obs. D-D joins
Conclusion
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Exp. D-D joins = 18.26 +/- 0.99
Obs. D-D joins = 14
Conclusion = Overdispersed

Above Soil Surface

Exp. D-D joins
Obs. D-D joins
Conclusion

All (excluding Enchytraeidae)

Exp. D-D joins = 28,91 +/- 1.16
Obs. D-D joins = 33
Conclusion = Aggregated




Fiqure A2.20

Date: 18-9-79

Crop: Permanent Pasture
Field: 1la (SJ 819452)

(a),Earthworm Numbers:

Density per Square Metre = 252

Test for Dispersion ignoring spatial relationships between cores:
Chi-square
Conclusion: Random

35.62

P < 0.7 > 0.6
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Test for Dispersion using spatial relationships between cores:

Expected dense-dense joins if sparse and

dense cores were randomly mingled:

Mean with 95% confidence limits
Observed dense-dense joins

Conclusion

57.51 +/"" 1.32
61
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(b) Earthworm Biomass: Density per Square Metre = 111.3 gm
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Test for Dispersion using spatial relationships between cores:
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31.95 +/- 1.19
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(c) Invertebrates other than Earthworms (Numbers)

khkhhhkhkkkhkhkkhhkdd

* .
* DATA MISSING *
* . *

khkhkhkkhkhkhkkkkhkkikkk

Below Soil Surface . Enchytraeidae
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Conclusion = - o -~ Conclusion

Above S0il Surface All (excluding Enchytraeidae)
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Obs. D-D joins Obs. D-D joins
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Figure A2.21

Date: 4-10-79
Crop: Permanent Pasture
Field: 1la (sJ 819452)

AN

(a) Earthworm Numbers: Density per Square Metre = 413.2

Test for Dispersion ignoring spatial relationships between cores:
Chi-square = 57.68 p < 0.05 > 0.025
Conclusion: Aggregated
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Test for Dispersion using spatial relationships between coresé

Expected dense-dense joins if sparse and
dense cores were randomly mingled:_
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Mean with 95% confidence limits

Observed dense-dense joins
Conclusion

Dense = >2
Sparse = 0-2




(b) Earthworm Biomass: Density per Square lMetre = 170.2 gm

Actual biomass in each core Standard deviation units

Test for Dispersion using spatial relationships between cores:

]

35.15 +/- 1.22
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(c) Invertebrates other than Earthworms (Numbers)

o Olo

Below Soil Surface ~ Enchytraeidae

Exp. D-D joins

Obs. D-D joins = 12 Obs. D-D joins =
* Conclusion = Random Conclusion =
. ° °
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Above Soil Surface - All (excluding Enchytraeidae)
Exp. D-D joins = 0.46 +/- 0.19 Exp. D-D joins = 13.84 +/~ 0.89
Obs. D-D joins = 0 Obs. D-D joins = 12
Conclusion = Overdispersed Conclusion = Random




Figure A2,22

Date: 11-10-79
Crop: Permanent Pasture
Field: Oxon 3 (Port lMeadow) (SP 488089)

(a) Earthworm MNumbers: Density per Square Metre = 30.8 '

Test for Dispersion ignoring spatial relationships between cores:
Chi-square = 36.86 p < 0.7 > 0.6
Conclusion: Random

e
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® ° ®
Actual numbers in each core Standard deviation units

'

Test for Dispersion using spatial relationships between coreé:

Expected dense-dense joins if sparse and
dense cores were randomly mingled:

Mean with 95% confidence limits

Observed dense-dense joins
Conclusion

1.52 +/- 0.33
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Aggregated

Dense = >0
. Sparse = 0




(b) Earthworm Biomass: Density per Square Metre =
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(c) Invertebrates other than Earthworms (Numbers)
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Below Soil Surface

Exp. D-D joins = 10.04 +/- 0.78
.Obs. D-D joins = 13 _
Conclusion‘= Aggregated

Above Soil Surface

Exp. D-D joins = 1.52 +/- 0.33
Obs. D-D joins = 2
Conclusion = Aggregated
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Obs. D-D joins
Conclusion
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Figure A2.23

Date: 12-10-79
Crop: Permanent Pasture
Field: Oxon 2 (Farmoor) (SP 439068)

Test for Dispersion ignoring spatial relationships between cores:
Chi-square = 67.92 p < 0.005 > 0.001
Conclusion: Aggdregated
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Test for Dispersion using spatial relationships between cores:

Expected dense-dense joins if sparsé and
dense cores were randomly mingled:
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Mean with 95% confidence limits
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Conclusion




(b) Earthworm Biomass: Density per Square lletre =
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(c) Invertebrates other than Earthworms (Numbers)
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Above Soil Surface - 211 (excluding Enchytraeidae)
Exp. D-D jo%ns = 13.84 +/~ 0.89 Exp. D-D joins = 49,45 +/- 1.31
Obs. D-D joins = 15 Obs. D-D joins = 44 :

Conclusion = Aggregated Conclusion = Overdispersed




Appendix Three

Analysis of variance summary tables

(a) Earthworm Numbers by Grass Field

Sum .of Variance
Source Squares df Estimate
Field 175.93 13 13.53
Error 795.36 574 1.39

Total 971.28 .587

9,766 *E %

Pairwise comparisons between fields (Scheffé/:;st);

homogeneous subsets, no pair of which differ at
p < 0.10; fields may be identified by reference to

figures 1.3.1 and 1.3.5:

Set 1: 56 57 38 22 30 7 33b 35a
Set 2: 38 22 30 7 33b 35a
Set 3: 22 30 7 33b 35a
Set 4: 30 7 33b 35a

1b 20
1b 20 1a 35b
1b 20 1a 35b 6

1b 20 1a 35b 6 33a



(b) Earthworm Biomass by Grass Field

~ Sum of Variance
Source Squares daf Estimate F p
Field 23,95 13 "1.80 7.309 %%
Error 141,34 574 0.25

Total 164.73 587

Pairwise comparisons between fields (Scheffe test);
homogeneous subsets, no pair of which differ at

p < 0,10; fields may be identified by reference to
figures 1.3.1 and 1.3.5:

Set 1: 56 57 38 22 33b 35b 7

Set 2: . . 38 22 33b 35b 7 35a 30 20
Set 3: 22 33b 35b 7 35a 30 20 1b 33a
Set 4: 35b 7 35a 30 20 1b 33a 1a

Set 5: ’ b 33a 1a 6



(c) Earthworm Numbers by Crop

Sum of Variance
Source Squares df Estimate F p
Between 32.35 2 16.18 10,078 EE%
Linear 26 .64 1 26 .64 16.524 rax
Non-Linear 5.71 1 5.T1 3.561 NeSe
Error 938.93 585 1.60
Total 971.28 587

Pairwise comparisons between fields (Scheffe test);
homogeneous subsets, no pair of which differ at

p < 0.10; fields may be identified by reference to
figures 1.3.1 and 1.3.5:

Set 1: Non-agricultural Grass, Ley
Set 2: Permanent Pasture



(d) Earthworm Biomass by Crop

Sum of Variance

Source Squares df Estimate F p
Between - 4,21 . 2 .. 26,10 T7.670 %%¥
Linear 2.91 1 2.91 10.534 Exs
Non-Linear 1.30 1 1.30 4,738 *
Error 160.52 585 0.27

Total 164.73 587

Pairwise comparisons between fields (Scheffe test);
homogeneous subsets, no pair of which differ at

p < 0.10; fields may be identified by reference to
figures 1.3.1 and 1.3.5:

Set 1: Non-agricultural Grass, Ley
Set 2: Permanent Pasture



(e) Field by Date of Sampling -
earthworm numbers

Source

Sum of

Squares

Variance
Estimate

Field
Date
F xD
Error

Total

177.13
0.57
49.81
706.87
934,38

582
595

(f) Field by Date of Sampling -
earthworm biomass

Sum of

Squares

Variance
Estimate

®%%

582

595

4,45



(g) Two Areas of Field 6 by Date of Sampling -
earthworm numbers

Sum of Variance
Source Squares df Estimate F p
Field « 58.35 1 58;3ﬁ 36.96 xR%
Date ?.15 1 2.15 1.36 ns
F x D 25,15 1 35:15 15,93 #as
ﬁrror 258.88 164 1.58
Total 344,52 167

(h) Two Areas of Field 6 by Date of Sampling -
earthworm biomass

Sum of Variance
Source Squares df Estimate F p
Field 13,26 1 13.26 36.90 * %%
Date 0.05 1 0.05 0.14 ns
FxD 1.36 1 1.36 3.78 .056
Error 58.94 164 0.36

Total 73.61 167



(i) Two Areas of Field 1 by Date of Sampling -
earthworm -numbers -

Sum of ‘ Variance
Source Squares daf Estimate F p
Field 28.59 1 28.59 20.89 %%
Date 1.02 1 ‘ 1.02 0.75 ns
FxD 10.86 1 10.86 7.94 * 3
Error 235.37 172 1.37
Total 275.84 175

(j) Two Areas of Field 1 by Date of Sampling -
earthworm biomass

Sum of Variance
Source Squares df Estimate F p
Field 2.60 1 2.60 6.44 *
Date 0.16 1 0.16 0.40 ns
FxD 0.77 1 0.77 1.92 .168
Error 69.36 172 0.40

Total 72.89 175



(k) Vigilance of four Corvid species at different
-flock sizes

Sum of " Variance

Source Squares df Estimate F p
Main - 24,023.0 4 6005.8 67.28 k¥
Error 12,407.6 139 89.3:

Total  36,430.6 143



Summary of significant differences

rates between different crop types
explanation of statistics, see appe

(a) carrion crow; nag, tlu, tlg and

[] ]

] t

Microhab. i |
or Feeding i i
Action Prey ' F p
e ] - v o - - - - 1
""""""""" i ':
S. Pick Med.EW i 3.78 * |
S.Probe Med.EW | 4.41 %% |}
Jab Med.Inv. | 3.40 LA
Dig Med.Inv. E 3.32 * E
Below ] '
I 2.82 LA

Surface All EW

Summary of significant differences
rates between different crop types:
(b) magpie; nag, tlu, and pp compa

[} 1

] 1
Microhab, H ]
or Feeding 1 ]
Action Prey E F p E
""""""""""""
S. Pick Sm. Inv. | 5.44 ¥% |
S=C Turn Sm. Inv. | 5.93 #% |
S=C Turn Med.Inv., | T.77 ¥*x |

in prey intake

(for
ndix 7):

pp compared.

Pairwise
Differences
(Scheffe
p < 0.10)

nag: rest
nag: rest
tlu: rest
tlu: rest

tlu: rest

in prey intake
red,

Pairwise
Differences

(Scheffe
p < 0.10)

pp,nag:nag, tlu
pp,nag:nag,tlu
pp,nag:nag,tlu



Summary of significant differences in prey intake
rates when other species were absent or present:

| Effect:

{ C = Carrion Crow
Microhab. ! J = Jackdaw
or Feeding { M = Magpie
Action Prey ! R = Rook | F p

________ ] - o - - o - 1 - ] - - - o - - - - .-
B E

ROOK Intake Rate: : !
S. Pick Sme. Inv. { J oy ,43 %
D. Probe Sm. Inv. { C i 5.52 %
D. Probe Sm., Inv. | J i 3.94 ,052
D. Probe Sm. EW I Cx M ' 4,80 *
D. Probe Lge.EW | C | 4.26 %
Dig - .Med.Inv. | M i 5.33 %
Dig Med.Inv. { C x M i 8.36 *#
Dig Medo.Inv. | J x M b 17,24 %%
Dig Sm. EW i Cx M i 5.86 *
Dig Sm. EW i J x M ! 5.69 %
Jab Med.EW I CxJ ! 4,36 %

[} ]

] ] .

i ! t p
---------------------- PR

| |
S. Pick Med.Inv. | Any i 2.09 *
D. Probe Sm. Inv. | Any i 2.92 #%
Dig Med.Inv. | Any i 2.58 %
Jab . - . Sme Inv. | Any | 2.43 *

] !

(UERYUR A SRVT Y TRP T T WY Sy F79Y oy Uy Ry [ Sy V) P WY SYRY Y P o) - [ ST IR ST S AT W



Effect:

]
[}
i C = Carrion Crow
Microhab. i J = Jackdaw
or Feeding i M = Magpie
Action Prey i R = Rook | F p
______________________ leecmccccceccmrecm——————
! i
C. CROW Intake Rate: | | !
S. Pick Med.Inv. | R I 4,49 *
S=C Turn Med.Inv. | M ! 12,60 *¥x
Dung Turn Med.Inv. | M 4,46 *
Dung Turn Sm. EW i R I T7.92 #¥
D. Probe Med.Inv. | M i 4,59
] 1
| [
| i t p
1 ]
—————————————————————— | Emawm e | - e -
| i
Pounce Sm. EW i Any o2.14 #
Dung Turn Sm., Inv. | Any I 2.13 *
L b i e e o b b b b B b | B LR G i | b ML AL Lk b AL
i | F P
1] ]
---------------------- | = a . | - --—-
1 \
] ]
JACKDAW Intake Rate: | |
S. Probe Sm., Inv. | C I 8.77 *#
1 1
[} ]
i i t p
---------------------- : - - - : - e @ - e -
| i
S=C Turn Sm, Inv. | Any i 2.10 %
R RN AT AT R ATE NS I TN F S I Rre
| | F p
...................... P I
i d
MAGPIE Intake Rate: H d
Pick Sm. Inv. | C ! 8.15 *=*
Pounce Sm, Inv. | C | 6.29 ¥
] i
i it P
] ]
...................... R B
: :
Pounce Sme Inv. | Any i 3.22 %%
Pounce Med.Inv. | Any i 2.06 ¥

L L e Y ST TS TYURT WP [ R el W T SRRl [ URTT T8 VO SR )y SR o



Appendix Five

Rook breeding biology and earthworm abundance; rook and
carrion crow mortality.

Figure 1: Fron Ilurton & Vestwood (1977), based on vari-
ous sources. S0lid area at top of figure indicates the
annual light cycle; solid line change in rook testis
diameter; histogram indicates number of clutches laid in
cach nonth - dark bars Oxford, light bars Cambridgeshire;
diagonal bar represents primary moult score; lower part
of figure represents ecarthworm biomass (+- c.e.).

Rooks time their breeding such that young are in the
nest when earthworm availability is at a peak. Rooks
moult when earthworm biomass is lowest.

rTable 1: From liurton & Westwood (1977): rooks breeding
outsicde the time of maximum earthworm availability pro-
duced fewver fledglings.. '

Figure 2: Fron liurton & Westwood (1974): significant
relationship between the maximum numbet of rooks present
in a Cambridgeshire study area during the breeding season
and the nininun biomass of earthvorms curing the previous
suamer. Populatioh size in the breeding season was
related to the mininum earthworm availability in the
previous sumner, the period of lowest earthworm availa-
bility (fig.l) in the annual cycle. Population size was
not related to earthworm availability during the current:
or previous breeding season, nor to the density of stub-
ble grain available during the previous vinter.

Figure 3: From Holyoak (1971): rook mortality, outside
of the breeding season, peaks during the sumnmer ronths,
the period of moult (fig.l) and of lowest earthwornm
availability (fig.l).
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Breeding success and productivity of Rook in relation to clutch size and to season
T

Number - Percentage of eggs Percentage of young Number
clutches Percentage of eggs  hatched which fledged chicks
laid laid which gave fledged from eggs fledged
(no. eggs) hatched young laid per brood
Total for season -
March 138 (505) 66 84 56 20
1-15 April 58 (197) 73 85 62 21
16~30 April 20( 5%) 51 93 47 13
May 7¢19) (58) 27 (16) 04
Clutch size '
in March
1 4( 4) 23) (100) (25) 03)
2 17( 34) 68 . 96 65 13
3 371D 73 85 62 19
4 50 (200) 72 . 84 : 60 24
5-1 30(156) 56 79 44 23
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Appendix Six

Morphological characteristics of four corvid species

(Actual measurenents may be found in table 1.2.1)

(a) Ratios between species for various measures (the larger
species is divided by the smaller in each case).

(b) Ratios between different measures within each species
(the measure across the top has been divided by the measure

down the side in each case).



Appendix Six

(a) Patios between species

WEIGET IAveragel Ratio with species: |
lwith 3 | l
iother | |

Species ISpecies| C.Crow Rook Jackdaw Magpie |

| |
carrion Crow | 1.97 | - :
Rook I 1.70 | 1.21 - I
Jackdaw I 1.73 | 2.26 1.86 - |
lagpie I 1.85 | 2.45 2,02 1.08 - |
LENGTH IAveragel Ratio with species: ]
minus tail lwith 3 | |
» lother | : I
Species Ispeciesl C.Crow Rook  Jackdaw llagpie |
------------- | mmmmmm | e
| | :
Carrion Crow | 2.35 | - l
Rook | 1.55 | 1.85 - |
Jackdaw I 1.76 | 2.72 1.47 - I
Magpie | 1.63 | 2.47 1.33 1.10 -
TAIL |averagel Ratio with species: |
lother | |
Species :Species: C.Crow Rook  Jackdaw Magpie |
S |
carrion Crow | 1.25 | - I
Rook ] 1.25 | 1.11 - I
Jackdaw | 1.47 | 1.40 1.26 - I
Hagpie | 1.45 1 1.24 1.38 1.10 -



Appendix Six

7ING IAverage| Ratio with species: |
lwith 3 | I
IOther | |
Species Ispecies! C.Crow Rook Jackdaw Magpie |

I I
Carrion Crow | 1.39 | - :
Rook I 1.34 | 1,05 - I
Jackdaw I 1.32 | 1.38 1.31 - |
Magpie I 1.55 1 1.73 1.65 1.26 - |
TARSUS IAveragel Ratio with species: I
lwith 3 | I
lother | [
Species ISpecies! C.Crow Rook  Jackdaw lagpie |
------------- e B e
| ! :
carrion Crow | 1.23 | - |
Rook |- 1.13 | 1l.12 - l
Jackdaw I 1.22 | 1.35 1.20 - I
Magpie | 1.13 | 1l.21 l.08 1l.11 - I

BILL LENGTH |Averagel Ratio with species:

lwith 3 | :
Iother | |
Species Ispecies| C.Crow Rook  Jackdaw llagpie |
------------- e | o e ————
| | :
Ccarrion Crow | 1.36 | - |
Rook ] 1l.45 | 1.08 - |
Jackdaw | 1.48 | 1.59 1.72 - I
| 1.36 | 1.42 1.54 1.12 -

Magpie

pILL DEPTH IAveragel Ratio with species:

lwith 3 | :

Iother | |
Species :Speciesl C.Crow Rook Jackdaw lagpie |
-------------------- R e I

. , :
Carrion Crow | 1,29 | - |
Rook I 1.22 1 1.09 - !
Jackdaw I 1.32 1 1.41 1.30 - !
lagpie I 1.22 1 1.37 1.26 1.03 - I



Appendix Six

(b) Ratios within species

Bill Bill
Jeight Length Tail Wing Tarsus Length Depth

Weight C -
R -
J -
I -
Length C 0.99 -
(minus R 1.51 -
Tail) J 1.19 -
I 1.00 -

Tail C 3.00 3.03 -
- R~ 2.76 1.82 -

J 1.86 1.56 -

M 0.99 0.99 -

Wing €  1.72 1.73 0.57 -

R 1.49 0.98 0.54 -
J 1.05 0.88 0.56 -

n 1.21 1.21 1.23 -

Tarsus C 9.42 9.51" 3.13 5.49 -
R 8.64 5.72 3.13 5.81 -
J 5.59 4.68 3.00 5.34 -
1 4.63 4.63 4.69 3.82 -

Bill C 10.59 10.69  3.52 6.17 1.12 -
Length R  8.05  5.32 2.92 5.41 0.93 -
J  7.43 6.22  3.99 7.10 1.33 -
M 6.13 6.13 6.22 5.05  1.32 -
Bill C  29.26 29.52  9.74 ' 17.05  3.10 2.76 -
Depth R 26,17 17.31 9.49 17.60 3.03 3.25 -
J 18.22 15.26 9.78 17.41 3.26 2.45 -

16.33 16.33 16.55 13.45 2.66 2.66 -

[ecad
==Y



- Appendix 7

Foraging rates of four corvid species on grassland in winter

sunnary tables of rean foraging rates (with standard
deviation). See liethods scction for how calorific and
protein ingestion rates were estimated. The results of
both parametric and non-paremetric (Kruskal-tallis) one-
way analysis of variance are given for comparison. All
variables were tested even though some groups had no
non-zero scores, to allow inspection of where violation
of assuniptions becan to cause cGifferences in levels of
significance betwcen parametric and non-parametric tests
(see liethods). The results of all possible pairwise
comparisons amongst the four species are also given
(Scheffe test); species separated by a colon differ
significantly from one another.

Table 7.1

Total ingestion rates and rates for the different inver-
tebrate types distinguished during direct observation of
foraging birds.

Table 7.2

Peck rates (both successful and unsuccessful) for the
different microhabitats.

Table 7.3

Peck rates for the different feeding actions.

Table 7.4

Ingestion rates, by microhabitat,

Table 7.5

Ingestion rates, by feeding action.



Table 7.6

Ingestion rates, by cearthworm/cther invertebrates, by
micrchabitat.

Table 7.7

Ingestion rqtes, by earthworm/cther invertebrates, by
feeding action.

Table 7.8

Ingestion rates, by invertebrates, by microhabitat.

Table 7.9

Ingestion rates, by invertebrates, by feeding action.



oY g 7 l P o de g h
PRSSON s - VIR0 n & 5 0F ne Qiff t i ;
. I: CIR210n rates fcor tho Glligerent invertebrate ty

"o il 1.32 1.53 1.83 1.34
1110.2400 0.2736 0.0507 0.0824
ipIC.0400 0.0434 0.0070 0.0111
it

—

curing dJdircet otservation in the field, and t ~}P?S‘CG§IHCQ
: cion i e f iy ONG total ingestion
i rates, fcr four zpecies
H
Yean (s.d.) rates per minute: o = funbers ingested per wmin.
~ = Rcal ingested per nin.
? o= ¢ of protein-containing naterial
ingested per min.
Lo IPairvizel ]
b 1 2 3 4 IDiffer~ | i
I lences ! A=V K=~
It Carricn I (Scheffeal !
Trey Type L1 ook Crew Jackdavw {lagnie Ip<,10) r »Lou2 D
. !”f ' ! ] |
Snall Iy oe.41 0.52 1.71 0.03 1 1,2:3,4121.01 #%%| 247,00 #*%%
P I(C.S7)  (2.72)  (1.26) (C.00) 1 3:4 ! ]
IB010.0022  0.C835  0.0115 0.50352 | ! l
IPIC.CC04 0.C005 ©.0015 £.0008 | | !
P | I I
fodium INl Q.25 0.G4 .16 0.34 1 2:1,3,4114.52 *%%] 33,02 *#*%
’ PE(2.38)  (0.79)  (0.25)  (C.40) | ! i
1X10.0450  0.11¢ 8.2287 0.0025 | ! |
I21C.005% £.0142 ©.0%26 0.0079 | ! ]
] I ! ] l
3 Teliorns tul €.31 0.2 0.CG 07 1 1:2,3,4114.68 *%%] 33,06 *%%
P i(g.73)  (0.58) (0.23) (2.13) | I I
Fl1o.c22¢ L0222 0.0105 0.0136 ! !
1210.,21¢4 ©.C0C0g ¢.CCle 0.C024 | ] |
I ! ] !
Wioram il 9.0C 2.06 ¢ 0 P 1l,2:3,41 7,55 *%%| 25,05 #%%%
P 1{(6.23)  (C.13) ! ! !
F10.0346  C.025 C c ! ! !
I210.C001 0.0046 0 c | ! !
I ! ! |
Levjorm I 0.06 .10 G 0 | - I 2.28 nsl 13.90 *+%
I 1(0.2¢ (3.54) ] | |
17710.0632  C.09042 v | i I
IP10.C112 0.0167 0 ¢ ! i !
f_1 i | ]
i ! ] !
Tctal Cther 1371 0.67 1.16 1.387 1.27 | ! ]
Invertebrates 1210.,042€ (0.1202 0.0402 0.0688 | | !
I»10.0C063 0,0153 0.0051 0.C087 | ! :
| ! J
Total llorms Ittt 0.65 0.37 0.06 0.07 i 1 l
tw106.1204 0.1533 ¢©£.0105 0.0136 | ! !
IP1C.0327 0.0281 0.001% 0©€.0024 1 ! |
f 1! ] ! !
o | ! I
! ! f
! | !
| | f
! | ]




Table 7.2 = DPeck rates for the different nicrohabitats

Feeding Actionsl
Combined

All Feeding
Attempts, Both
Successful and

liean

mLETonmusmETsoTTI e

I

|

|

!

|
Unsuccessful I 1

I
lMicro Hebitat | Rook
S=osxomooSomncms |

]
Above £o0il I 1l.41
Surface 1(1.22)

|
Leneath I 0.32
Clods/Etones 1(0.61)

|
Tithin/ | 0.36
Deneath Dung 1(0.73)

|
Beneath Soil | 3.6°
curface 1{(2.22)

]

!

(s.d.) Rate per Ilin.

2
Crow
2,21

(2.08)

0.3¢
(6.73)

1.00
(2.24)

0.37
(1.02)

3

4

Jackdaw llagpie

2.81
(2.32)

0.95
(1.56)

1.56
(2.29)

=g e —F Pt g g~ p =R = =p Pt

2.07
(1.40)

0.96
(1.006)

0.55
(1.38)

e e St s e B s B e S £ s PH e ) mee St o ST s S Avs S awe T S mew Se e e
=k g g d e B adad g g R R R R B R

|Pairvisel
| piffer-1|
| ences |
| {(3cheffel
p<.10) |

|
!
I
I
!
!
I
|
I
|
|
I
|
!
I
!

5.60 *%*|

25,30 **x%

10,37 %%

179,73 ***



|Table 7.3 = Peck rates for the different feceding actions

'All Feeding llean (s.d.) Rate per liin. ! I

EEsSmoEomrTERESSS SEmsom oIt =

f—=e g pocr R aiep st i g = R R ]

Deep Probe 1.52 0.08 0.03 0.02 1:2,3,41 90,81 ***| 131,41 ***
(1.61) (0.37) (0.12) (2.07) | - I
I I

Dig 0.39 0.0° ) 0.02 1:2,3,41 18,25 **x%x| 57,03 ***
(C.68) (0.64) (C.08) I |
. , !

‘Jab .78 0.20 0.04 0.03 1:2,3,4] 51,73 **%x| 1(05.88 *%%*

1
(2.73)  (£.63) (0.14) (0.13)

R s -

T o O T e T T I T St s Trae e v e e oy it o g e A mem T e e e b T | ST AT IS ST EIITRD

e e L S N T I T N NN N E T RS S =

| |
' Attenpts, Coth | IPairvisel |
' Successful and | 1 2 3 4 | Differ-| I
‘Unsuccessful | | ences | A=V | K=
: | Carrion | (scheffel !
Feeding Action | Rook Crovw Jackdaw llagpie | p<.10) | F n | X e
,===============l===============================l========I==========,===========
] ! I I
Surface Pick I 1.27 1.57 2.13 1.65 | 1:23 I 3.5C * | 8.34 *
1(1.13) (1.81) (1.85) (1.13) | | I
| ! | |
‘Pounce | 0.04 0.31 0.28 0.21 | 1:4,2 | 4,11 **] 205,50 **+*
1(0.27) (0.77) (0.90) (0.35) | | I
| 1 | I
“Jump | O 0 0.26 0 I 3:1,2,41 9,02 ***x| 35,32 *%%
' | (0.22) ! ] |
| ! | !
Surface Prcbe | 0.10 0.33 0.13 0.21 | 2:1,3 | 4,83 **| 14,50 %%
' 1(0.22) (0.62) (0.31) (0.35) | | ]
! | | I
========:======l=============2==========:=:====l::::::::'::::::::::'::::::ﬂ:m::
; ! | I |
‘Clod/Stone Turnl 0.32 0.39 0.95 0.96 | 1,2:3,41 2.03 **%%x| 25 26 *%u%
L 1(0.62) (0.73) (l.56) (l1.06) | ! !
] I ! |
e O e T T R e e e L e e N L
I ! | I
{Dung Turn I 0.36 0.98 1.56 0.85 | 3:1,4 | 5.55 **%x| 18,22 %*=%
Wl :(0.73) (2.24) (2.29) (1.84) : : :
@ Dung Crumble I ¢ 0.02 0 0 ! - | 1.48 nsl 6.68 ns
| (C.15) | I I
| | ! I
| I ] !
| ! I !
I ]
! |
l ]
! I
! I
| l
| !
! |
I i
| |



Table 7.4 - Ingestion rates for the different microchabitats

- liean (s.d.) rates per minute: I llumbers ingested per min.

Kcal ingested per mnin.

,
monon

Surface I 1(0.23) (0.71) (C.11) (0.008)
[1Cc.1280 0.0240 0.0045 0.0018
I1P10.C332 0.0036 0.00C56 (0.0002

P g of protein-containing material
ingested per min.
Feeding Actions |
Conbined I
|
All I |[Pairwvisel !
Invertebrate | | | Differ~| |
Prey Types I 1 2 3 4 | ences | 5=-v | -1
I | (Scheffe! |
liicro Habitat | | Rook Crow Jackdaw llagpie | p<.10) | F n | X2 P
I ] | I
Above Soil 1ttl 0.30 0.91 1.05 0.87 1 1:2,3,41 C.EQ **%*| 20,07 **%
Surface I 1(0.51) (1.C08) (1.21) (C.74) | | !
Ix10.0248 0.1877 0.0313 0.0458 | | |
I?P10.0041 0.0305 0.0045 0.0070 | | !
(I | I |
Reneath 11t 0.09 0.10 0.39 0.20 } 3:1,2 | 3.21 | 7.01 *
Cleds/3tones | 1(0,29) (0.29) (1.04) (C.45) | I I
Ixic.0104 0.0109 0.0CC5 0.0092 | I I
IPIC.0016 ©.0015 0.0011 0.C012 | I I
: o ! ] |
;within/ Il 0.07 0.40 0.47 0.32 | 1:3 | 2.72 ] 3,68 *
— DBencath Dung | 1(0.22) (1.19) (1.08) (0.93) | I !
: 1X¥10.006¢ 0.0558 (0.0063 0.0216 | l I
IP10.0011 0.0077 0.0008 0.0027 1| ! I
, b I I I
‘Beneath Soil 111 0.59 0.15 0.02 0.02 | 1:2,3,4156.45 ***]12]1 .17 **%*
' ! | |
I | |
| | |
| | i
| I |



‘Table 7.5

Ingestion rates for the different feeding actions

llean (s.d.) rates per minute: 13

All

Invertebrate

Prey Types

‘Feeding Actionl

Surface Pick

Pounce

Junp

‘Surface Probe

Turn

Clcd/Stone

SO

Crumble

[y — PR p e g

l=
b

1 0.23

I 1(0.44)
IX10.0161
iP10.C026
b

1111 0.03

I 1(0.26)
X10.0062
IP10.0011
(I

Il o

P

11 0

12l 0

(I

1171 0.03

I 1(0.22)
IK10.0024
I1P10.0004

inl 0.09

I 1(C.29)
IK10.0104
I1Pi0.0016

Il 0.07

I 1(Cc.22)
%10.0068
I210.0011
[

Il o

2

Carrion
Crew

0.64
(0.86)
0.0691
0.0104

0.17
(0.67)

0.102¢
0.01€0

0

0
0

0.11
(0.€2)
0.0158
0.0021

0.35
(1.19)
0.0558
0.0077

0.01
(0.05)
0.0001
0.0C003

ingested per mnin.

L3

Jackdaw liagpie

0.73
(0.93)
0.0244
0.0036

0.01
(0.05)

0.0001
0.00003

0.26
(0.88)

0.6017
0.C002

0.06
(0.31)

0.0052
0.C007

0.47
(1.03)

0.0063
0.0008

0

0.68
(0.63)
0.0361
0.0050

0.10
(0.24)
0.0071
0.0011

0

0
0

0.08
(0.35)
0.006G6
0.0009

0.20
(0.45)
0.0092
0.0012

0.32
(0.93)
0.0216
0.0027

0

OO

E=3-— - fore gt oo g p e R ng e e R g

T T T N T NN T =R

|Pairwvisel
| Differ-|
| ences |

| (Scheffel
pP<.10) |

Mlumbers ingested per min.

Kcal ingested per min.
g of protein-containing material

A-V

F p
G40 *%*%
4,56 *=*
G.02 **%
2.0% ns
2.52 ns
2.67 *
0.73 ns
30,02 **%*

* k%

* %%k




Table 7.6 - 1Ingestion rates, by earthworm/other invertebrate, by nicro-
habitat

i

‘lean (s.d.) rates per minute: N
K

Nunbers ingested per mnin.
Kcal ingested per min.

P g of protein-containing naterial
ingested per mnin,
Feeding Actions |
Combined [
I
Conmbined Prey | |
Types: Earth- | |
worms and Other | IPairwise! !
Invertebrates | | | Differ-| i
- v e - I 1l 2 3 4 | ences | A-v | Z-1
licro- . Preyl | | (Scheffel I
Habitat Typel | Rook Crow Jackdaw llagpie | p<.10) | E p Il X o
s===sos=so=ssss | = | ssssssssTssonsssSso oo onESenex | oo rnx | oormenonns | cxnonnomms
1|
2bove Other I[NNI 0.18 0.63 0.99 0.79 1:2,3,24112.83 ***| 36,02 ***
Soil I 1(0.37) (0.85) (1.23) (0.71) '

Surface X10.0061 0.0557 0.0208 0.0362

| I I
! ! I
I ! !
I I !
IPI0.0608 0.0071 0.0027 0.0046 | I I
I ! | !

Yiorms {11l 0.10 6.25 0.06 0.07 | 2:3 I 4.03 *%| 19,73 ***
j I 1(0.39) (0.72) (0.25) (0.13) | | I
i IX10.01€7 0.1320 0,0105 0.0136 | I !
' | I I
| | !
! ! |

| IPI0.0028 0.0017 0.C006 0.0002

i

i 1

tlorms 13! 0.50 5.04 0.01 0.01
I 1¢(0.71) (€.31) (0.05) (C.06)
IK10.1603 0.0106 0.0008 0.0008

3 IP10.0284 0.0019 0.0001 0.0001

1:2,3,4132.64 **%]111,85 **%

I210.0033 0.0234 0,001 0.0024
I
soomsoosmnnnmonx | o s csr s oo sorensssnnsz | SRS | srssssssS | SESESIREES
I I | |
{7ithin/ Other Il 0.04 0.34 0.47 0.32 | 1:3 I 3.41 *| 13.58 **
Beneath I 1(0.18) (0.8%) (1.08) (0.93) | I I
Dung IX10.0012 0.0429 0.0063 0.0216 1 ! !
iP10.0001 0.0054 0.0008 0.0027 | | |
I I o |
Worms 0] 0.02 0.06 0 0 I - | 1.60 nsl 5.85 ns
I 1(0.12) (C.41) ! ! |
I¥10.0056 0.0130 0 0 | | i
IP10.0010 0.0023 0 0 | I |
I | | I
P | I I
zomomoo=srosnx | = | ersrmssssssosnssssessrsnsrmmrsn | cresnnen | soxoaooe= | ssssessssz
| I | | I
i Eeneath Other 1111 0.06 0.08 0.39 .14 1 3:1,2 | 3.26 *| 4.3%2 ns
1 Clods/ I 1(0.24) (0.26) (1.04) (0.41) | ! |
'Stones . IX10.0047 0.0081 0.G085 0.00%2 | | |
/ IPl0.0006 0.0010 0.0011 0.€012 | | |
I ! | I
Worms Il 0.03 0.01 0.01 .01 | - | 2.57 nsl|l 7.44 ns
I 1(0.13) (0.08) (C.06) (0.C5) | I I
Ix10.0057 0.0028 0.C008 0.C0C9 | | |
ip10.0010 0.0005 0.0001 0©.0001 | | |
b ! I I
somszmmmxosozes |z | ssossosossossosrsSasnrrenrnnnss | soosssss | srsoneEzzo | s=sosssssSs
" I : I | I
EBeneath Other |11l 0.37 0.11 0.02 0.02 | 1:2,3,4118.54 *%*%| 57,15 **%
Soil | 1(0.56) (0.64) (0.11) (0.08) | ! |
| surface IZ10.0376 0.0136 0.0045 0.0018 | | !
I
!
|
|
|
!
]



earthworm/other inverte
= umpers 1ngescted per

= >al. ingested per min.
= g O proteln—containin

i1 1 0.03 08 |
PR O35 ¢0,09Y “ €005 - (0.22) ) | |
| 0.0006 0.0044 0,0001 .0036 | | |
|P10.0001 0.0006 0.00003 .0005 | | |
| 1 I I I
Worms NI 0,03 Byl 0 0,02 253 Jir3 o8 AL e, 181 X%
| 1(0.26) (0.66) (0.08) | I I
IKI0.,0057 0.,0984 0 0.0035%] | |
IPI0,0010 0.0174 0 0.0006 | | I
=] | I |
bl | | |
Jump Other INI O 0 0.26 0 F 321 52,481 902 #%EY. 35,32 *4%
Py (0.88) [ I I
IKI O 0 0.0017 0 I I |
Pl O 0 0.0002 0 | | |
1 | | |
sl | | I
Surface Other INI 0.01 0.09 0.06 0.268,° | 11a2 v Leld WD Bk *
Probe | 1(0,06) (0528) {0150 760 .27): | | |
IKI0O.0001 0.0137 0.0052° 0.0052 | | |
IPl0.00003 0.0017 0.0007 0.0007 | | |
39 I | |
Worms [N| 0.01 0.01 0 gau X, @) = Iyossluinsd il . 98T ns
| 1(0.08) (0.05) ¢0405) 1 | |
IKI0.0023 0.0021 0 0.0014 | | I
IPI0.0004 0.0004 0 0.0003 | I |
| | | I |
sEzscsssssss=s| = | ssssssssnsssrnssssnsssssssnsnss | szsss=ss | szsssza=s | ss=ss=sse=
Bl | I |
Clod/ Other INI 0,06 0.08 0.39 D YA .3 eX, 20 1..3526 *| 4,39 ns
Stone 1T 10240 €B326) 61 ,04) JCOLELY ¥ | I
Turn IK10,0047 0.0081 0.0085 0.0092 | | |
IPI0.0006 0.0010 0.0011 0.0012 | I I
|| | | |
Worms (NI 0.03 0.01 0.01 0.01 | = I 2457 *nsl: . 7.44 ' B8
Pl S 0e 13 008 Y ' (0405) «~ €. 06) -1 | |
IKI0.0057 0.0028 0.0007 0.0008 | I |
IP10.0010 0.0005 0.0001 0.0001 | I |
Fl I I |
SEmssszszszznz | = | ssssssossssossssnrEsssnsnnssnss | ssssssns | sssssnnss | sssssnsnns
ey | | I
Dung Other INI 0.04 0.33 0.47 TP Iy e | B.36 ®]1 013,317 5%
Tarcn b OLTON "0 .89) % SRI0BY .. 0,937 I |
IK10.0012 0.0428 0.0063 0.0216 | I I
iPIO.0001 0.0054 0.0008 0.0027 | | I
Pt I I |
Worms INI 0.02 0.06 0.01 1043 e Sl - |3 60 RE |95 B85 N8
P ARO0N 2 i S ) s - 000 DY G0505) 1) | |
IKlI0.0056 0.0130 0.,0013 0.0013 | | |
ipl0.0010 0.0023 0.0003 0.0003 | I |
el ‘ | I I
P4l | | |
Dung Other IN! 0 0.01 0 0 | - | . 8.T13 - nelam2;2] e
Crumble P (0.05) | | I
IKI 0 0.0001 0 0 | | I
iPlI O 0.00003 O 0 I I I
(I | I |
==s=ss=czsssso= | = | sssssssssssssssssssssssssnnsss= | s==s=sss | s=s==ssss | szsscos=ss
vl | | I
Deep Other INI| 0.18 0.01 0.01 .01 171:2%3,4[17:06 ***],52,27 %%k
Probe 0L 42)7 T10. 040 €0, 06) *¢0.03) . I |
iIKI0.0187 0.0008 0,.0005 0.0009 | | |
iIP10.0024 0.0001 0.00007 0.0001 | | |
N | ! I !
Worms INI 0.27 0.03 0.01 0.0k | 1:22,3,;4118,15 #»%| 66.25 **%
a0 5T) - (053N Y 4 (0205)  ¢05:06) ] I |
IKl0.,0984 (0.0060 0.0008 10,0009 | I |
I1PI0.0174 0.0011 0.0001 0.0001 | I I
Fdi | | I
(I | | |
Dig Other IN| 0.11 0.07 0.01 (1 o4 - I L e BT R i ¥ *| 16.89 ***
- L (0832), " (0563] 4 (D5 (0,062 J | |
IKI0.0134 0.0090 0.,0009 0.0009 | | |
IiPI0.0017 0.0011 0.0001 0.0001 | I |
e | ! |
Worms INI 0.03 0 0 0 B T T R Xl 9963 ®
I+ 1 (0%16) | | I
IK10.0063 0 0 0 | | |
|P10.0011 0 0 0 | I |
el | I | I
il | | |
Jab Other INI| 0.07 0.03 0.02 0,01 | 1%4 1~ .2s706 bh S T Rl
Lo LGOS 2600 A0S L) 0. 1TY = (005 |} I I
IKI0.0055 0.0038 0.0045 0.0009 | I |
IP10.0007 0.0005 0.0006 0.0001 | | I
B | I |
Worms IN| 0,19 0.01 0.01 .00 31 12243,4811) 53 *&%}"39. 29, FE*
Q5334 (05086) (0:0%) . £0.05) | | |
IKI0O.0557 0.0046 0.0008 0.0008 | | |
IPI0.0099 0.0008 0.0001 O0.0001 | I |
| | |

SES=msm=ss



T&;)J_c 7 O e
lee {s.d.) ra
reeding
LU‘{.iO;..;
CC-': A;}il-l‘.‘\.
1Cro Prey
abitat Type
;»‘f)’{’(: :‘C\ll
Soi
sSurface
Small
Medium
VIO
M.Worm
L.Worm

nurnunnTeNDONn

Beneath Fail

Clods/
Stones
Small

Medium

S.Worm

M.Worm

RN Un

Within/ Fail

Beneath

Dung
Small
Medium
S.Worm
M.Worm

LUBLUILALURE U DR R ]

Beneath Fail
S0il
Surface
Small
Medium
S.Worm
M.Worm
L.Worm

e

ates,

IlllIlll""llll""l'llllllﬂ“lllillll"llllllllll“lllll'llllll

L&)

I 1,280

I 1(2.56)
sy,

INI 0.17

I 1(0.34)
IK10.0012
IPI0.0002
|

INI 0.20

I 1€(0.37)
IKI0.0365
IP10.0046
%3

InNl 0.36

| 1(0.58)
IR10.0649
IPI0.0115
(.

INI 0.08

I 1(0.23)
IKI0.0323
IP10.0057
L]

Nl 0.06

I 1(0.28)

IK10.0632
IP10,0112

0.21 0.05 0.05
(0.56) (0.15) (0.14)
0.03 0.01 0.01
(0.22) (0.06) (0.05)
0.0002 0.0001 0.0001
0.00004 0.00002 0.00002
0.07 0.02 0.01
(0.43) (0.11) (0.06)
0.0134 0.0045 0.0018
0.0017 0.0006 0.0002
0.03 0.01 0.01
(0.31) (0.06) (0.04)
0.0064 0.0013 0.0013
0.0011 0.0002 0.0002
0.01 0 0
(0.03)
0.0015 0 0
0.0003 0 0
0.01 0 0
(0.03)
0.0026 0 0
0.0005 0 0

Ingestion r: by 1invertebrate, by micro-
tes per minute: = Numbers ingested per min.
= Kcal ingested per min.
= g of protein-containin iaterial
ingested per min.

(I

I |Pairwisel l

Y 1 2 3 A IDiffer- | l

L1 lences | ~ [ -1

! 9 Carrion | (Scheffe |

I 1 Rook Crow Jackdaw Magpie | p<.10) | F p | 2 8
;;:y::::::;::::::L:»::::::::-==m:==|r:::::::[:::;;;::;;«=~:=~:-:-
el 311 1229 175 de20- )3 | 2.98 F Ba2

I 141.16) (1.50) (1.46) (1.01) | | I

yiel | ! I

1N 0.62 | 1;2:3,4113.73 **%|" 32.1

yoif (0.64) | ! I

IRIC ) ()4 | : 1

I[P10 0.0005 | | |

L4 { | |

IN| 0.03 0.29 0.08 PErERG 113095 wER=F7 D4 *%
0. 109 (0.41) (0.20) %223 l I

IKI0.0050 0.0534 .0147 I i !

IPI10.0006 0.006! 001¢ l l !

it l i |

INl 0,10 Ol 0.06 D87 il - L 0.5 - nsl 1%.16

| 1(0.39) ROS32Y, HADSZBA 1. (BTN | |

IKl0.0187 0.01¢ 0.0105 0.0136 | | |

I1P10,0033 00,0035 0,0019 0.0024 | | |

k=] | [ |

INI O 0.05 0 0 | 2:1,3,4111,09 **%| 32,39 ***
i (0.12) | | I

IRl 0 0.0208 0 0 I | I

IP| O 0.0037 0 0 i | |

I | | |

INI O 0.09 0 0 | — ' 2.87 *| 20.43 %%
|| (0.64) | | !

IKl © 0.0916 0 0 I I |

IP1 O 0.0162 0 0 | | |

gl I | |
l"l“"lllllll’lllll""llll"ﬂ”"ll"llll"lllln""ll"ll”ll’ll""llllll"","ll""ll"""",llllll""""llll"
Bl | I |

EL1 0423 0.29 0.57 0.76 | 1:33,4 | 8.81 **x| 28,37 **x
I 1(0.43) (0.58) (0.91) (0.84) | 2:4 | |

1 I | |

IN|l 0.04 0.04 0.35 0309 < " Sl 841 532000 %% M 22 Ve
1+1€(0.20)  (0.16) (0.,97) " (0,28) | | |

IK10.0003 0.0003 0.0024 0,0006 | I I
IP10.00006 0.00006 0.0003 0.0001 | | I

o8, | I |

INlI 0.02 0.04 0.03 0.05 | = L 034 ongild 3 34y Hs
b 160.12)  (0.16) €03315); . €0.15) .4 I |

IK10.0044 0.0078 0.0062 0.0086 | | I

IP|10.0006 0.0010 0.0008 0.0011 : : :

Il

INI 0.03 0.01 0.01 0.01 1" 1:¢3,;4 | 2.99 Ehin TeS54 1018
I 1¢(0.13) (0.05) (0.06) (0.04) | | [

IK10.0057 0.0015 0.0013 0.0013 I I I

IP10.0010 0.0003 0.0002 0.0002 | I |

't ! | |

INI O 0.01 0 0 | - LT3 T aelis 2421 s
2 (0.05) | | |

IRl 0 0.0014 0 0 I I |

Pl O 0.0002 0 0 | | !

I | I |
IllIﬂnﬂll"llIlllllllll"llll"lln!lIlllll”""ll"llﬂ""ﬂlﬂll“llllllllliIllll"nllll“llll|llﬂﬂ"ll"ll"llll
o | | |

b 0.29 0.60 1.10 0.2 | 3:1,2,41 7.10 ***| 20,41 ***
D I50)  GEE2Y 4 3P2) . (a.82) .| ! I

iy | | I

InNl 0,04 0.11 0.45 Us2l -2l 32052990 15,68 *2% |1 15,6] “¥&*
| 1¢(0.16) (0.37) (1.02)  (0.62) | | |

IKI0.0003 0.,0007 0.0030 0.0014 | | I
IP10.00005 0.0001 0.0004 0.0002 | I |

N | ! |

INl 0,01 0.23 0.02 0.11 | 221,3 | 6,17 **%| 16.58 *%*
I 1(0.04) (0.66) (0,08). (0.37) | | !

IK10.0009 0.0421 0.0033 0.0201 | I |

IP10.0001 0.0053 0.0004 0.0026 | | |

Fed | I I

INI 0.02 0.06 0 0 ! = L 4. 38" nEl "'5%16 .08
I 1(0.09) (0.,40) | I |

IKI0.0033 0.0107 0 0 i | I

IPI10.0006 0.0019 0 0 I | |

28 I | |

INI 0.01 0.01 0 0 i - |71.16 nsl 4.29 ns
1 0.05) 4 £0505) | | |

IK10.0023 0.0022 0 0 I | |

IP10.0004 0.0004 0 0 I | I

| I |

II!““HI!““"IlI"lllllllln"llll‘lllllllll“llll"ll

| I |
I 1:2,3,4153.33 *%**[]160,1] ***
I I I

l l |
| 1:2,3,4112,46 *%%]| 37,2] #*%*
I I |
| ! !
| | |
I I I
I 122,3,4] 9.78 *%%| 34,63 *#**
[ I I
| I !
I I |
| I |
| 1:2,3,4125.89 *%**%| 84,51 #*%
I I I
I I |
| I |
l I I
I 1:2,3,41 8.45 **%| 25,19 #%%*
| I |
I I |
! I I
I | I
I 1:32,3,41 4.26 *%| 12,30  **
I ! I
I I I
I I I
I I I
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Table 7.9 is very large, and has therefore been
scanned as two images



1 races, 1 J o4 o - Y Ieedi
é (s.d.) rate r minut bers ingest el .
= 1l ingested ins
= { rotein-c taini I rial
] sSte Per ]
e |Pairwisel |
T 2 | ifer-| I
S | es | - I i
Feedin Prey | | Carrioz | ( 2ffel |
Actio Type | | Rock rovw J de agpie | 50 K1 5 L |
SEssssssmzssss | = | ssssssssssnosnncsnnsssnsssnsnen | sosmssns | sossoones | snsmss
Surface vl AN 0 0.¢ 1.40 « 97 I - | . nsl A
Picl LA L 1 0) (1,229 (1.37) (0.92) | I i
W I I I
11 INI 0.1 0.31 0.62 $51 0 1 1:3 | 7.56 %%%* [ (2357 ##
OB 32) (0.61) (0.85) ( 59 il | I
IKI10.00] 0.0021 0,0042 4 | I I
IP10.0( 0.000: - 6 0005 | | I
g I I I
ium INI 0.C 1 i 0.13 | 1:2,4 | 9.19 ##% | 27.2] %%
P (0510) (0.3 (0.16) (( ¥ 3 1 |
K10 3 0 5 | I |
iP10. i 0. 3 I |
i i I I |
Worm (NI 0.06 .08 0.06 S el - Y 2 s | i
bl £0627) (0.30) (0.25) (0.1 V) I i
IK|10,0107 0.0143 . 0.0105 0.0087 | I I
IPI0.0019 0.,0025 0.001¢ 0.0015 | ! |
b ‘ I I |
Worm [N] O 0.02 0 0 b ' 231 23,815,155 pE*] 15,80 w%*
el (0.09) | | I
iK1 0 0.0102 0 0 | | |
1P| O 0.0018 0 0 I I I
¥l | I |
L.Worm IN| 0 0.01 0 0 | - 5 nsl 6.68 ns
b (0.04) | I |
IK|l ‘0 0.0070 0 0 I | I
IPl 0 0.0012 0 0 I | |
[ | | I
.| | | I
Pounce Fail “LerrQ:s01 0.14 0.28 0 0ol 5 e (I 4 | 3.68 *| 18.32 *%%
Al e0s07) (0.35) (0.90) 0L 2a¥ | | |
J: i) I | I
Small INI C.Dl 0.01 0.01 0081 . 4:1 3, 20.74.83 | 21.98 *%*3
§o RGO s 03) (0.05) (0.02) (0.16) | | |
K10, 0001 0.0001 0.0001 0,0004 | | I
IP10.00005 0.00005 0.00005 0.0001 | I |
fu bl | I I
Medium |N| 0.01 0.02 0.01 Ol ) - 11 2577 {" 18.6 %
I 08 02) . (0.08) (0.03) (0.07) | | I
IK10.0006 0.0044 0.0006 0.0032 | | |
IPI0.0001 0.0006 0.0001 0.0004 | I |
¥4 I I |
S.Worm . INI 0.03 0.02 0 0202 % ] - ' 063 nsl 5.13 ns
b 160726 (0.11) (0.08) | | I
IKI0.0057 0.0044 0 0.0035 | | I
IPI0.0010 0.0008 0 0.0006 | | I
Il | | |
M.Worm NI O 0.02 0 0 | - b 5 ES I 15.80 *%%
i) 0.08) | I I
1Kl 0 0.0094 0 0 ! | I
IP1 0 0.0017 0 0 | | |
1] I | |
L.Worm |N| O 0.09 0 0 I - | 2558 g4 1350 RX
8y (0.64) | | I
IK | 0.0845 0 0 I | |
IP1 0 0.0150 0 0 | | I
=1 | I |
il I I |
Jumg Small INI O 0 0.26 0 I 330 52,41 9. Q2F*%k] 35,32 %t
], (0.88) I I I
X1 0 0 0.0017 0 I | I
IPl O 0 0,0002 0 I | |
el I | I
bl | [ |
Surface Fail | | 0.07 0:22 0.07 ES B s e e e S (e < (e e g et O T R
Probe | 1(0.18) (0.50) (0.23) (0.25) : | }
et I
Small [Nl 0.01 0.02 0.03 0.0 | - I™2.80 5 ;ne 1M 698 4ns
| 1(0.06) (0.07) (0.11) G0 2R 7 | |
IK10.0001 0.0001 0.0002 0.0003 | I |
IP10.00003 0.00004 0.00005 0.00007 | | I
| I I | |
Medium INI| 0.01 0.07 0.03 U008, S ELa2 E e *| 12.09 *%
! I(O 05) (0.26) (0.12) {0.09) .1 | I
IKI0.0006 0.0136 0.0049 0.0049 | I I
IP10.0001 0.0017 0.0006 0.0006 | I !
{5 | | |
S.Worm IN| 0.01 001 0 0 . Bl ¥t ) - b s7 - Anei F 597 s
I 1(0.08 ) (0.03) (0.05) | | !
IK10.002 0.0009 0 0.0014 | I I
PO, 0004 0.0002 0 0.0003 | I |
|1 I | !
M.Worm: IN| O 0.01 0 0 | - S 75 ans Iss - 2591 . S nE
) (0.03) | | |
IKI 0O 0.0011 0 C | | |
IPl:0 0.0002 0 0 I | I
nuanununnoruonn IIIIH:" nunnunRRUuOUOBRHRIN UGN lll: tnnunnwnn ll:llll nuenawn ll:ll nupunnnanRnn
Clod/ Fail [Nl 0.2 0.29 0% 5 076 ol 133,47 1.8.81 *%%| 28,37 *%*
Stone | 1(0.43) (0.58) (0.91) (0.84) | 2:4 | I
Turn Pl I I |
Small INI| 0.04 0.04 0435 00D T 1321 ,2,8108520 ** | 73228 nE
L {0%20) (0.16) (0.97) (0.28) | I |
IK10.0003 0.0003 0.0024 0.0006 | | |
IP10.00004 0.00004 0.0003 0.0001 | I I
LR | I I
Medium IN| 0.02 0.04 0.03 Qs | - .34, nsl 3938, Ths
Lagl (053,25 (0.16) (&, Loy 5D, 55 | | |
IKI0.0044 0.0078 0.0062 0.0086 | | |
IP10.0006 0.0010 0.0008 0.0011 | | I
g | | I
S.Worm Nl 0.03 0.01 0. 01 0 SR8 o I 2,99 *E - 7«54 . . Mg
i 1€0.13) (0.05) (C.04) (0.05) | | |
IK10.0057 0.0015 0.0013 0.0013 | | |
IP10.0010 0.0003 0.0002 0.0002 | I |
L | | |
M.Worm INI 0 s 0 0 | - ol S I dwed bt NS
Lo (0.04) | | |
I 150 0.0014 0 0 [ | I
oA 0.0002 0 0 | | |
llll"llﬂ""ll“"llllI‘l"II"ll"llllllIlllll""llll""llll""llllll"""ll"ﬂ""""ll:Illlﬂllll““ll:ll"llllllllﬂll“:ll"llllll“"llllllll
8 | I I
Dung Fadld | {1 e.29 0.59 1510 0.22 | 3:1,2,41 7.07 *%*%| 20,29 *#*%
Turn N80 :59) 1 4€) ,42) EI2) & U BN | I
R | ! |
Small IN| 0.04 0.10 0.45 0521 §:3:1,2 % | 5.81 *&k| J§.19 %%k
Il 1€(0.16) (0.37) (L B2¥ - £ 062N | |
IK10.0003 0.,0007 0.0030 0.0014 | | '
IP10.00005 0.0001 0.0004 0.0002 | I I
4 | | |
Medium [IN| 0.01 0«23 0.02 011 1 2%143 | 6.17 **%| ]J§.58 k&%
I 1€¢0.04) (0.66) (0.08) . (0337) | | |
IK10.0009 0.0421 0.0033 0.0201 | | |
IPI0.0001 0.0053 0.0004 0.0026 | | I
fee § | | |
S.Worm [Nl 0.02 0.06 0.01 bl i p ) - 11.38 «nsl " 616" 'ns
I 1(0.09)  (0.40) (0.04) (0.05) | | |
IKI0O.0033 0.0107 0.0015 0.0015 | | |
IPI0.0006 0.0019 0.0003 0.0003 | | |
R | I I
M.Worm [Nl 0.01 0.01 0 0 | - 0. 76" *n8] 2.68. nas
I 1(0.05) (0.04) | | |
1 e L N T [ N ORI b R S L
IP10.0004 0.0004 0 0 | | |
Pt | | |
Lot | | |
Dung pails 1510 0.02 0 0 | - | 1.68 ns| 6.68 ns
Crumble e (0.10) I I |
Jea | I |
Small [N| O 0.01 0 0 | - 120533 ned " 12 L2508
| (0.05) | | |
IKI 0 0.0001 0 0 | | |
IP] 0O 0.00002 0O 0 | | I
Pl | | |

ﬂllllllﬂ""ﬂ"nﬂll""llllnll"ﬂ"ﬂ"""N""l’l"l‘lll”"""ﬂ"""""""nllnIlln"ﬂll"n"lll“llll"llllﬂlllll"""ﬂ"ﬂ"”ll"

%) | | I
Deep Bailk 147 130S 0.04 0.03 0.02 | 1:2,3,4165.,25 **%|1]10,14 ***
Probe L0280 (0,200 %0.12) . " (05033 *1 | I
%' | I I
Small INI 0.08 0 0 0 | 1:2,3,4] 8.84 **%| 29,51 *%*%
I 1(0.26) I I I
IK10.0006 0 0 0 I I I
IPI0.0001 0 0 0 | I i
K | I |
Medium INI 0.10 0.01 0.01 0.01 | 1:2,3,4110,73 ***| 3] ,63 ***
I 1€(0.27) (0.04) (0.05) (0.03) | I I
IK10.0182 0.0008 0.0006 0.0009 | | |
IP10.0023 00,0001 0.00007 0.0001 | | |
S _Vorm 2n‘ (AR L Sy n N1 N N X i, O = »E«w -~ **ﬁ\ A ™ o S



eadh o VRSN O AR

K10.0001 0.0001 0 0002 0.0003 | I |
IP10.00003 0.00004 0.00005 0.00007 | I |
1 | | I
Medium [N| 0.01 0.07 0.03 03 . ila2 . 3.28 *] 12.09 k% |
LG 0BY, 0260 (0312) a0 09) ] I |
IK10.0006 0.0136 0.,0049 0.0049 | | |
IP10.0001 0.0017 0.0006 0.0006 | I !
e [ | I
S.Worm |IN| 0.01 0,01 0 PR - b @37, 'ns iy 3591 g
710008 £(0.03) (0.05) | | [
IxI0_ D022 D, 0000 sl O, DT A L i I'
IP10.0004 0.0004 0 0 | I |
1o ; | I I
(- I | |
Dung Fail [ | 0 0.02 0 0 | - i 1.68 nsl 6.68 ns
Crumble I (0.10) I I |
BN ! I I
Small INI O Q.01 0 0 | = P e R N % e Y
& (0.05) | | i
IK| © 0.0001 0 0 I I |
IPl O 0.00002 0 0 | | I
it | I |
lII)Illlﬂ"!lllll"llllll"IllIlllll!nllllllnllll""llﬂ"I!llllllllﬂ"llﬂ"ll"llllilllIlllll!""llll"l l"ll"ll"""l’!lllnlllllllllllillllll
| | I I
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IK10.0239 0.0005 0.0004 0.0004 | | |
IP10.0042 0.0001 0.0001 0.0001 I I I |
e - | | | :
i M.Worm Il 0.05 0.01 0 o I 132,3,41 5.04 *%| 15,40 **
— WTWIIT 17100.21)  (0.03) I I I
IK10.0224 0.0015 0} 0 | | |
IP10.0040 0.0003 0 0 | | |
b I | |
L.Worm IN| 0.01 0.01 0 0 | = 077 Viasl, 1271  ins
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Appendix Eight

Data not included in this thesis

Other data than those described in this thesis were

collected during the period funded by the studentship held
by the author, but were not considered to fit the main
"storyline" of the thesis. Publications are in press or

preparation in the following areas, with the exception of
(4) where insufficient data exist at present:

(1)

(2)

(3)

(4)

(5)

(6)

Seasonal trends in habitat use by four Corvid species.

Caching and recovery of food by rooks and carrion
crows (see VWaite, in press).

Seasonal trends in rook social and foraging behaviour
and ecology.

Comparison of carrion crow and rook social organisa-
tion in the breeding season, in relation to food

supply.

Long-term detailed census of the utilisation of a

single permanent pasture by four Corvid species, in
relation to seasonal and metereological trends, graz-

ing intensity, and invertebrate fauna.

The foraging behaviour of 'third birds' within carrion

crow territories in winter, compared to the foraging
behaviour of the resident pair.



tempop.dat" for output as Fil

4 ‘ri t "Schoener (1968) niche overlap index (theta) - random qeneration®
6 print #2:"Schoener (1968) niche overlap index (theta) - rLMxﬂii.:jﬂp;zgfimf'
HopEInt N g ation
¥ print 7 e

52 print "version for matrix input of 4 species data®

33 print "(usually in order: rook croy,:.ltiﬁ3 magpie) "

54 print " (dat: 1 : . B} 8
55 print e L n
56 print ~§35 4
27 Print

58 print

__'::iut

61 print

62 print ut 1
63 print

rint LEGLS L

55 print "output is store in tempop.dat"

70 if n<l then 300¢( ]

g0

90 1 el

01 ol i
2=0\r1=0\r 2=
96 w3=0 £

10 O n

120 t v(1i) *x (1)

121 £2=t2+4v (i) *v (i)

122 £3=t3+v (i) *z (i)

123 téd={ -x (1) ? Y (1)

124 t5 +x (1) ¥z (1)

125 t6=t6+y(i)*z (1)

130 ol=0l+v(i)

140 pl=pl+x (i)

142 qgl=ql+y(i)

144 rl=rl+z(i)

150 02=02+v (i) *v (i)

160 p2=p2+x (i) *x (i)

162 g2=q2+y(i) *y (i

164 r2=r2+z(i)*z (i)

170 next i

180 ml=ml+o0l/n

190 m2=m2+pl/n

192 m3=m3+ql/n

194 mé=mé+rl/n

200 sl=sl+sqgr(o2/n)

210 s2=s2+sqr(p2/n)

212 s3=s83+sqr(g2/n)

214 sd=sd+sqr(r2/n)

220 bl=bl+((1/(02/(0l%*0l)))-1)/(n-1)

230 b2=b2+((1/(p2/(pl*pl)))=-1)/(n-1)

232 b3=b3+((1/(g2/(gl*gl)))=-1)/(n-1)

234 b!zf"+((1/(r2/(r1*r1)))-1)/(A-1)

240 if ml<m2 then 260

250 dl=dl+ml-m2

255 if m2<=ml then 270

260 dl=€l+n2—rl

270 wl=wl+sqr(((sl*sl)+(s2%s2))/2)

280 al= l+¢cr(o°*u?)

340 if ml<m3 then 360

350 d2=d2+ml-m3

355 if m3<=ml then 370

360 d2=d2+m3-ml

370 w2=w2+sqr(((sl*sl)+(s3%s3))/2)

380 a2=a2+sqr(o2 *r')

440 if ml<m4 then 460

450 d3=d3+ml-m4

455 if m4<=ml then 470

460 d3=d3+mé-nl

470 w3=w3+sqr(((sl*sl)+(sd*s4))/2)

480 a3=a3+sgr(o2*r2)

540 if m2<m3 then 560

550 dé4=d4+m2-m3

555 if m3<=m2 then 570

560 dé4=d4+m3-m2

570 La=.4kgkr(((u7*”u)+(53*53))/2)

580 ad=ad+sqgr(p2*qg2)

640 if m2<m4 then 660

50 d5=d5+m2-m4

655 if mé4<=m2 then 670

15=d5+mé-m2

670 wS=wS5+sqgr(((s2*s2)+(sd*g4))/2)
aS=ab5+sqr(p2*r2)

m3<m4 then 760

=d6+m3 -mé

~J
D
[

~J
($3]
O ¢
o
(’\ -

b5 i- mé<=m3 then 770
760 d6=d6+mé-m3

770 wé=w6+sqr(((s3*g3)+(sd*sd))/2)
780 a6=ab6+sqr(g2*r2)

4 8L JEor 2Pm: 10 £ B

784 el=v(i) /ol
186 e2=x(1i)/pl

788 e3=y(i)/ql

790 ed=z(i)/rl

800 if el>e2 then 806
802 fl=fl+e2-el
804 if e2>=el then 810
806 fl=fl+el-e2

810 if el>e3 then 816
812 f2=f2+e3-el

814 if e3>=el then 820
816 f2=f2+el-e3

820 if el>e4 then 826
822 f3=f3+ed-el

824 if ed>=el then 830
826 f3=f3+el-e4

8630 if e2>e3 then 836
832 fd4=f4+e3-e2

834 if e3>=e2 then 840
836 fd=fd+e2-e3

840 if e2>e4 then 846
842 f5=f5+el-c2

844 if ed>= then 850
846 i5=f5+eé—c4

850 if e3>e4 then 856
852 f6=£f6+ed-e3

854 if ed4>=e3 then 860
856 f6=f6+e3-e4

860 next i

870 print i -(0.5%f1) ,1-(0.5%£2) ,1-(0.5*%£f3) ,1-(0.5%f4) ,1-(0.5*%f 5) ,1-(0.5%£6)

1390 goto 2900

1500 open "tempdata.dat® for input as file #1
1510 dim v(200) ,x(200),y(200) ,z(200)

1520 for i=1 to n

1530 input #1l:c, v(i) ,x(1i) ,y(i) ,z (1)

1540 next i

1550 dim v2(2008) ¢ 22(200) ,v2(200) ,22(200)
1560 dim c(4,100)

15618 c¢9=]

18062 for i=h ko 4

1563 for j=1 to 100

1564 c(i,j)=0

1565 next j
1566 next i

1570 let x9=int(rnd*n)+
2580 if'¢il,;x9)=1 then goto 1570
1590 let v2(c9)=v(x9)

1600 let c(1,x9)=1

1610 let ¢9=c9+1

1620 if ¢9 <= n then goto 1570
621 c9=1

1630 let x9=int(rnd*n)+1

1640 if c(2,x9)=1 then goto 1630
1650 let x2(c9)=x(x9)

1660 let c(2,x9)=1

1670 let c9=c9+1

1680 if c9 <= n then goto 1630
1681 c9=1

1730 let x9=int(rnd#*n) +1

1740 if c(3,x9)=1 then goto 1730
1750 let y2(c9)=y(x9)

1760 let c(3,x9)=1

1770 let c9=c9+1

1780 if c9 <= n then goto 1730
78l c9=1

1830 let x9=int(rnd#*n)+1

1840 if c(4,x9)=1 then goto 1830
1850 let z2(c9)=z(x9)

1860 let c(4,x9)=1

1870 let c9=c9+1

1880 if c9 <= n then goto 1830
188Y for disleto 200

1882 v(i) v2(1i)

2883 " %(1) = x21)

1884 y(i) = y2(i)

1885 z (i) z2(1)

1886 next
1900 goto 90

2900 if h9=100 then end
2910 let h9=h9+1

2911 print "Iteration";h9
2920 goto 1561

3000 end

t(
)

]

-

10:print "thl“ calculates t for the difference between randomly"
20 print "generated mean theta (for N = 100 iterations) and the"
30 print "observed theta" \print

40 print "input observed overlap value”;\input a

50 print "input calculated overlap value";\input b

60 print "input calculated s.d.";\input c

70 d=abs(b-a)

80 e=sqr(100/101)

90 print "t = ", (d*e)/c

100 if (d*e)/c >= 1.984 then 120

110 print "not significantly different from random" \print
115 goto 40

120 print °* 'significantly different from random (p < 0.05 or less)" \print
130 goto 40

140 end
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