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Suddenly he begins to pour forth a flood of 
eloquence - facing them as he speaks: Hill they cone 
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 CO\lS, and every now and then they 
tear up the herbage by the roots and egpose 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 tte 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? tlhy, no one shoots in the 
middle 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 follo\1 at. once, 
jealous lest he should enjoy these pleasures alone •••• 

Richard Jeffries (1879) Wildlife in a Southern County 



Part Two Chapter One Introduction 

Part one compared the winter habitat use and foraging 

behaviour ~nd ecology of the four corvid species regularly 

found in the open agricultural landscape of lowland south

ern Dritain. 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 organisation have been summar

ised by 11aite (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 an aspect of social 

organisation to investigate was not determined solely by 

its relevance to the general question of coexistence 

aDongst the four corvid species under consideration. In 

addition, a major stimulus was the fact that at the time of 

instigation of the study only one convincing demonstration 

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, bad been 

published (Krebs 1974). Thus an attempt was to be made to 

increase the number of comprehensive studies available fron 

which an assessment might be Dade of whether social loca-

tion of aggregated prey was the general phenomenon across 

the cnimal kingdom which it was held in many papers to be. 

Krebs had observed great blue 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 in waite (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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Ilany 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 nore general 

relevcnce. It was considered that a critical review of the 

literature had a place in such an investigation because of 

the general lack of rigorous testing of hypotheses current 

at the time. In fact the last few years have shown a 

considerable irr.provement in the quality of studies pub

lished in this area, which is reflected in the review given 

below. Even so, the author considers that problens 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

quately 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 uhich hypotheses, by 

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

The review will consider functionol 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 nunber of other benefits of 

aggregation have also been suggested, along with some 

costs. "Aggregation" and "group" are defined in this 

chapter as any association between two or more animals 

which involves some direct social behaviour on the part of 

at least one of the animals which brings about, or main

tains, some behavioural interaction between them. The 

animals need not necessarily be of the same species, nor 

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

The follm'ling list sLlrnr.larises the nain ldnds of advan

tages and disadvantages which have been related to avian 

grouping behaviour. 
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BENEFITS 

Prey 
a. Locating patches. 
b. Efficient exploitation of patchy environments. 
c. Defence of feeding areas. 
d. "Strength in nunbers" 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 menbers. 
j. Reduction of the risk of starvation. 

Predation 
a. "Selfish 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 Expenditure by Formation Flying 
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COSTS 

Prey 
a. CODpetition. 
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 colony, 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 corne mainly from observational study. 

Interpretation of the data in most of these studies is 

influenced by the assumption that the behaviour observed 

has been moulded by natural selection. It is conventional 

to distinguish between two different kinds of functional 

explanation - weak and strong {e.g. Hinde 1975, flilliams 
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1966). A strong functional e~planation 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 

consequences of this distinction clear - for example in 

1963 he wrote that we must not confuse 

1963) • 

There have been considerable fruitless attempts to 

define "the" strong function of avian grouping - e.g. the 

debate whether prey distribution (Murton 1971a) or predator 

pressure (Lazarus 1972) was the major selective force 

causing the evolution of bird flocking. 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 

of distinguishing strong from weak function; and thirdly, 

they can lead to failure to study problems scientifically. 

That the search for proof of a strong function is 

impossible is particularly well illustrated by studies 

relating grouping to a reduction of predation pressure. 

Showing that solitary birds suffer more predation than 

flocks is a valid process if one is concerned only to show 

a consequence of behaviour. But to conclude from such data 

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 

vould 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. Predation rate data show the weak consequences 

of solitary or flocking behaviour, given that the species 

concerned is already a gregarious one; 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 nodern 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 behaviour as the adaptive result of natural 

selection (e.g. see Feldnan & Lewontin 1975, Gould & Lewon

tin 1979, Lewontin 1977). There are two related problens 

with this criticism of the adaptationist approach, however, 

which limit its effectiveness to combat the neo-Darwinian 

explanation. 

Firstly, the proposition that sone 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 non-functional 

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 tile proposition of another alternative hpothesis to 

test. As each functional hypothesis is disproved, another 

is erected in its place. For everyone rejected, there 

would always be another possibility to propose 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

tion 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 predator 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 demonstrated 

to have a present-day disadvantage in relation to a partic

ular ecological variable, and yet that same variable could 

have actually been the prime selective force acting 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 contenporary 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 sone 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 tendency to think in 

terms of a particular evolutionary history to a behaviour 

seems to produce a failure (of which exacples 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 nethod 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; 

ec) 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 

contrast benefits as mutually exclusive, and increasing 

linearly with group size. But many earlier studies have 

suggested that this need not necessarily be the case. For 

example, 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), Ilurton et ale 

(1971) and 11ard (1965) 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. Nany more recent studies 

have shown such a different balance of ~osts and benefits 

for different flock members (e.g. naker et ale 1981, 

Barnard & Sibly 1981, Caraco 1979b, Jennings & Evans 1980, 

Rohwer & Edwald 1981). 

A mixture of benefits and costs occurring at different 

flock sizes may also mean that the greatest return to a 

particular bird may come at an optimum rather than maximum 

flock size. Page & Uhitacre (1975) and Siegfried & 

Underhill (1975) are two examples where the reduction in 

predation risk to a bird was lowest at an intermediate 

flock size due to the fact that the benefit of flocking 

versus predation (probably in these cases the benefits of 

increased vigilance or reduced likelihood of being the prey 

selected on any particular attack) began to be outweighed 

by increased costs at the highest flock sizes (probably 

increased conspicuousness of the groups attracting more 

predators, or the presence of many birds inhibiting escape 

movements). Caraco et ale (1980) have recently demon

strated that yellow-eyed juncos (Junco phaeonotus) 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 

Defore describing ways in which the functional study 

of avian grouping can be carried out adequately, several 

common faults in the design, execution, analysis and 

interpretation of studies will be illustrated. These 

faults include the design of data collection to 'prove' one 

experimental hypothesis, not test between alternatives; the 

acceptance of the experimental hypothesis on insufficient 

data; poor design and interpretation due to a confusion 

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 exam

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' prejudice for a 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. 

llowever, their data do not allow one to establish or 

reject anyone of the considered costs or benefits reli

ably. The five disadvantages cited are supported only by 

very circumstantial evidence for example it is stated 

that the risk of parasitic infestation by a flea (Cerato

Dhvllus riuarius) increased with increasing colony size. 

However, no data are given, or studies cited, to indicate 

whether the minimum and maximum number 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. 

218 

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 

swallow 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 requirements (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 forage together, but these are the only data given 

regarding foraging behaviour. The reason given for the 

lack of data is that since the birds "ranged far from the 

colony while foraging, we could not examine grouping ten

dencies during actual foraging" (p.4S). The social forag

ing hypothesis is therefore rejected without any data being 

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

The only other possible advantage considered is a 

reduction of the predation effect on breeding success. It 

is shown that considerable reproductive synchrony occurred. 

It is not shown that reproductive success differed between 

those breeding synchronously and asynchronously, though 

another study (Ernlen & Demong 1974, 1975) is cited as 

deconstrating this. Despite the fact that Ernlen & Dernong 

found that the major cause of this differential mortality 

was due to starvation and not predation, Hoogland & Sherman 

conclude that the function of such synchrony is to 

increase breeding SUccess by a selfish herd 'swamping' of 

predators. Thus they support a functional explanation 

without giving data of their own and without data on the 

frequency of occurrence or success rates of predators (Mead 

& Pepler 1975, a study not cited, give data which suggest a 

possible increase in predator attendance at colonies at the 

time of synchronous fledging). 

A series of experiments are 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 (Cvanocitta 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. No data are 

given on the detection, or mobbing, of raptors, despite the 

fact that Mead & Pepler suggest that they are more impor

tant predators at the colony than mammals, and hunt by 

surprise appearance over the top of the colony in a nanner 

which is difficult to reconcile with an early detection, 

followed by mobbing, hypothesis. 

Thus a series of benefits and costs are appraised, and 

accepted or rejected on inadequate evidence, or on nil 

evidence but on a confusion of the difference between the 

evolutionary history of a behaviour and current survival 

value. The study was designed in a way which made distin

guishing between any of the alternative hypotheses impossi

ble. 

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 (1980) assumed on the 

basis of other studies that flocking could reduce predation 

rates. He then proposed a model which predicted that ~hen 

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 winter (so food was probably scarce), 

and on uniformly sandy stretches of beach (so food, he 

assumed, was probably randomly or over-dispersed). The 

data supported the two predictions of his model each of 

ten species observed was clumped in dispersion both intra

and inter-specifically. 

nowever, Stinson 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 except for one key factor the 

dispersion 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 one 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 nost 

invertebrate types in nature are known to be aggregated in 

dispersion (e.g. Southwood 1978). If 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 & Makepeace (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 & 

Makepeace 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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However, no causal link between the two was made to 

adequately suggest that it was the increase in mutual 

interference which caused the reduction in breeding suc

cess. Two circuQstantial 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 frequently 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 & Makepeace themselves are aware 

(p.531), this is in no way adequate evidence to prove a 

causal link for example 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 docs 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 individuals from other 

disciplines (e.g. Bateson 1978, Lewontin 1977). This exam

ple is used, rather than a grouping one, since the study 

itself was very well designed and executed in its prelim

inary stages (design, data collection and analysis). It is 

only the final step (acceptance or rejection of the experi

mental 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 number of times 

northwestern crows (Corvus caurinus) needed to drop whelk 

shells before they broke open, and could be eaten, depended 

on the height from which they were dropped. By multiplying 

the number of drops required to break a shell at each 

height by that height, and by calculating the amount of 

energy expended in handling the prey compared to the energy 

gained from eating the different sized whelks available, 

Zach was able to make quantifiable predictions based on 

optimality theory. Zach predicted that if crows were 

trying to maximise energy intake and minimise 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 largest whelks when a choice was offered to them. 

The second prediction was partially supported the most 

frequent drop was about 5m, but crows did not frequently 

drop from heights up to 11m. Zach himself considered that 

the crows might depart from his prediction if tllere were an 

unmeasured cost of dropping from the greater heights, for 

example 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 is their assumption that natural 

selection has produced maximally efficient animals (pp.57-0 

and 66). The point of describing the Zach study, and Krebs 

& Davies' interpretation of it, is that the predictions of 

the optimal foraging model were not fully supported it 

was predicted that the crows would drop from between 4 and 

11m, but in fact dropped most frequently at just over 5m, 

and not at all heights. 

Krebs & Davies give four reasons why an optimality 

model's predictions may not be supported by the data. 
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Firstly, some constraint may not have been identified (for 

example a need to achieve intake of different kinds of 

protein may require the 2doption of a different diet than 

that which maximises energy intake). Secondly, the animal 

may have some other goal (for example minimising the risk 

of 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 and 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 ~ay be poorly adapted, not 

maximally 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 hypothesis which is supposed to be 

under test that the animal forages optimally is in 

fact not falsifiable, and the process is therefore not open 

to scientific inquiry. 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. Bad he found 

that crows dropped only from c.lOm, 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 

speculations to explain the particular results obtained. 

The point is that the experimental hypothesis of optiEal 

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

mental 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 example above was used because it is described in 

an undergraduate text. Both Krebs and Davies have of 

course produced functional studies of behaviour which were 

both equally well designed, and in which the results did in 

fact support their predictions, as will be described below. 

The fault common to all four of the examples described 

above was data which were not adequate to fully test the 

hypotheses in question, due to design faults often caused 

by muddled thinking about, or dogmatic belief in, the 

theories of natural selection and function. The follovling 

section attempts to set the limits to what best can be 

achieved at present in the scientific study of fUnction 

at any rate, they represent 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 pheno~cna which are open 

to scientific inquiry. Any scientific study should proceed 

through a ser ies of steps which r.lay be summar ised as: 

1. ., .... 
3. 
4. 
s. 
6. 
7. 

Observe 
Design 
Predict 
Test 
Analyse 
Interpret 
If necessary, repeat 2-6 

Observation should be the first step for any study of 

function, whether the study is to be carried 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 hypotheses, but also all the relevant variables 

which must be taken into account. The design of the study 

can be aided by drawing flowcharts where the variables are 

linked by arro\~s in different possible networks of causal-

ity (examples can be found in chapter 2.4 below). 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 nade to ensure that 

all possible confounding variables have been identified. 

Relevant examples 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 subordinates in poor or abnormal condition 

(e.g. Kenward 1978, Nurton et ale 1971), or for birds 

breeding on the edge of colonies to be younger, less 

experienced breeders (e.g. Coulson 1968, review in nyder 

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 ~lhich 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 & Brown 

(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 someone 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 hypotheses which are 

testable by further observation and measurement of 

behaviour. neasurement will enable the decision to be made 

of whether the null hypothesis (that sociality has no 

effect on fitness) may be rejected. Predictions alterna

tive to the null hypothesis may be general (that sociality 

increases fitness via the particular mechanism specified), 

or particular (that under a certain level of environmental 

condition 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. An 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 naterial, 

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 survive to 

reproduce. Outside of laboratory conditions 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, clutch 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 

measure fledging success in anyone 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 ale (1976) are two examples 

where some effects of colonial breeding in herring gulls 

(Larus argentatus) were measured in terms of survival 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 \lith 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 

offspr ing \'lere follm'led 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 young, 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 (Crotophaqa sulcirostris) 

breeding in groups in anyone season, but oales which bred 

in groups did have higher total reproductive 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 ar.lOunt of tine spent 

foraging, vigilant, preening or involved in agonistic 

encounters may all r.1ake an independent contr ibution to 

fitness. If a situation appears to have several costs and 

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) is 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 multiple regression, or the analysis of covariance 

becomes essential. Multivariate analyses 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? If so, can 

one choose between alternative experimental hypotheses? 

Uere 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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experi~ental hypothesis if the data 'cannot support it. 

Tinbergen et al. (1962) is often cited as a classic 

example 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 (1974). Although 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 great blue herons 

(nrdea herodias) used the presence of other feeding bires 

to indicate the location of dense, transient patches of 

estuarine fish. Current survival value 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 ti~e scanning for predators was discounted, 

since at anyone prey density single birds did not have 

lower prey intake rates than flock birds. Krebs showed 
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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), Car~co et al. (1980), Pulliam 

(1976) and pulliam et al. (1974) studied a situation where 

the costs and benefits of flocking were mingled in a 

somewhat more complex way. Yellow-eyed juncos had 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 was 

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 balance 

of the cost and the benefit - at higher temperatures food 

was easier to come by and aggression rates increased in the 

flock; and when cover from predators was available, or when 

a predator was in the vicinity, vigilance rates were lower 

or higher (respectively) at any particular flock size. 

Thus it was possible to model the effect 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. Barnard 

(1980), Barnard & Stephens (1981) and Earnard, Thompson & 

Stephens (1982) are similar examples of quantification of 

the effects of different variables in combination on short

term prey intake rate. 

The study of grey-crovmed babblers (PomatQstoI;luS ~

poralia) by Brown & Drown (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 size and 

quality, and the age of the breeding female. However, 

multiple regression indicated that the partial contribution 

of group size vIas indeed the most important predictor of 

the observed variation in breeding success. This strongly 

suggested that the behaviour of 'helpers' at the nests (for 

example feeding the nestlings or joining in territory 

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-quality territory. 

To test this, Brown & Brown (1981) removed the extra 

birds from some of the territories - if they, rather than 

territory quality (etc.) indeed caused increased breedin0 

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 

where the possible effects of the confounding variables of 

territory size and quality, and breeding-pair quality, have 

been controlled for unambiguously. 

Davies & Houston (1981) is a good example of where 

modelling of observed costs and benefits produced quantita

tive predictions about e,:actly when pied wagtails (l.l.QJ&,.

cilIa ~) vJOu1d gain a benefit from a11mling a second 

bird to occupy its winter territory and aid in its defence. 

The territorial birds studied exploited a renewing prey 

source. On days when food abundance in the territory was 

high, many birds attempted to intrude on the territory to 

feed. The authors were able to develop a model which 

quantified the benefits and costs of defending the terri

tory alone or with a satellite (which helped in territorial 

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 

satellite present did not produce 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 uhich 

served to maximise prey intake rates. 

The work outlined in the following two chapters has 

attempted to follow the guidelines set out above. Field 

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 

key exogenous variable is then manipulated experimentally . 
and further measurement is made to see whether the 

predicted changes in behaviour resulted (chapter 2.4). In 

addition Chantrey (1982) further tested the patch-location 

hypothesis by comparing,the relative food-finding efficien-

cies of 'rooks' which showed social attraction with '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 observations. 

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. liow-

ever, enough studies have been traced to provide a good 

sample of the kinds of functional categories which exist. 

Each entry is classified not only by the type 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-

ducted in the field or laboratory, or by theoretical con-

siderations (including computer simulation of constructed 

models), or by comparisons between many species. The 

reason for this should be clear from the preceding sections 

of this chapter; many fUnctional speculations have been 

made but relatively fe\J hypotheses 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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behaviourul/ecological category studies may be listed as 

reviews, comparisons of patterns of variation in social 

organisation and ecology between many species, or theoreti-

cal formulations or models, including tests of such models 

by computer simulation. studies which actually 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 

unmeasured: or because no direct measurement of fitness (or 

approximation to it) was taken, but the cost or benefit \laS 

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 
workers 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 one 

aspect of behaviour at a time. It is hoped that the 

preceding sections of 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 

No fully comprehensive review of the ecological fac-

tors involved in bird aggregation, or of studies concerned 

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 uncritically. 7he 

present review is thus complementary to those already 

published in its aims. Some of the reviews listed cover 

the general question of the functions of bird sociality, 

others one aspect in detail (for example vigilance, Dimond 

& Lazarus 1974; information-centres for food-finding, Bayer 

1982, Ward & Zahavi 1973; cooperative breeding, Brown 1978, 

Em1en 1978 & 1982b, Koenig & Pite1ka 1981). 

A1exaneer 1974; Allee 1931, 1938; Bayer 1982; 
Bertram 1978; Brockmann & Barnard 1979; Erown 
1964, 1974, 1975, 1978; Brown & Orians 1970; 
Burger 19B1a; C1utton-Drock 1974; Cody 1971b; 
Crook 1965, 1970a, 1970b; Crook & Goss-Custard 
1972; Curio 1978; Darling 1952; Davies & Krebs 
1978; Davis 1952; Dimond & Lazarus 1974; Em1en 
1978, 1982b; Fisher 1954; Gochfe1d 1980b Graul 
et a1. 1977; Hainsworth & Wolf 1979; Hamilton & 
watt 1970; Harvey & Greenwood 1978; Humphries & 
Driver 1970; Koenig & Pite1ka 1981; Krebs 
1978a, 1979; Krebs & Barnard 1981; Krebs & 
Davies 1981; Lack 1966, 1968; Lazarus 1972; 
EcKinney 1978; Ilason & Lott 1976; lleinertzhagen 
1959; Iioriarty 1976; norse 1977; I10ynihan 
1962; tlurton 1971a; Orians 1969, 1971; Rand 
1954; Rubenstein 1978; Schoener 1971; Selander 
1972; Ward & Zahavi 1973; Welty 1962; Wiens 
1976; Hiley 1974; E.O. Hilson 1975; tJitten
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 others foraging and joins 

any which locate a patch, rather than if it forages 

independently over the same area. The prey must of course 

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-ter~ 

increases in prey intake rate, though it may be advanta

geous for prey intake rate to stay the sane 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 attention of associates to a 

particular object or environnental situation" (Thorpe, 

1963, p.137). Social attraction may occur on a large scale 

(between flocks on patches some 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 tree, 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 qual ita-

• tively but represent the same kind of behavioural response 

by individuals to environments at either end of a prey 

patch size spectrun. Dirds showing 'fine-grain' local 

enhancement will be observing and responding to others 

within a foraging flock, but birds showing only 'coarse-

grain' social attraction may forage quite independently 

from other birds once at the feeding site. 

Few 'studies have demonstrated the existence of local 

enhancement, with a consequent increase in individual prey 

intake rate, unambiguously. Barnard (1980) has done so for 

house sparrows (Passer domesticus) feeding on patches of 

spilt barley grain, and I:rebs (1974) for great blue herons 

foraging for estuarine fish schools; while Bertin (1977) 

and Gochfeld & Burger (1982) have probably demonstrated it 

in less complex situations where no other explanations of 

increased prey intake rate following local enhancement 

seemed possible. (*) 

(*) To detail all the possible prey and predator situa
tions, and the different kinds 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
lems 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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No studies have unequivocally deQonstrated 'fine

grain' local enhancement within a foraging flock. Eowever, 

it might be noted that Berrera's data are interesting in 

that the feeding rate of species which were usually to be 

found in mixed-species flocks ,,,as twice as high vlhen 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. In addition, niche overlap 

increased when in mixed groups for those species which were 

frequently found in such flocks (and whose feeding rate was 

increased), but the niches of infrequently aSSOCiating 

species (whose feeding rate did not increase) was, on the 

contrary, reduced. An interpretation of these data could 

be that those species with increased niche 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. 

rlany other studies have described probable local 

enhancement, but have failed to prove an increase in prey 

intake rate, or failed to emphatically discount other 

possible explanations of observed increases in prey intake 

rate. The many circumstantial accounts of local enhance

ment (and the suggestions of common sense) suggest that it 

is probably of widespread occurrence in many species: 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 demonstrated that the learning mechan

isms necessary can occur, with a series of experiments 

using red-billed weaver birds (Quelea quelea). 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 

departures of birds to feed from colony or roost is clumped 

but, although this is necessary, it is certainly not suffi

cient to prove the existence of the mechanism. For example 

~ndersson et al. (1981) demonstrated that departures from a 

black-headed gull colony were clumped, but field experi

ments 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. In 

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 ~epartures from the colony are clumped; but that the 

birds which follow others out go to a new food source, 

positioned such that the following bird could not have seen 

birds foraging on it from its position uithin the colony or 

roost (i.e. they were not simply showing straightforward 

local enhancement); and that 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 

Broom et al. 1976; Buskirk 1976; Crook 1964, 
1965; Custer & Osborn 1978; De vos 1979; Dilger 
1960; Erwin 1977, 1978; Fry 1972; Karr 1971; 
Lack 1966; Newton 1967, 1972, 1976, 1979; 
Schoener 1968b; Simmons 1967; Stacey & Bock 1978; 
lValsberg 1977; Hard & Zahavi 1973; Hatling 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 1982.) 

Empirically established - laboratory/roost 

De Groot 1980. 

Circumstantial - field/flock - competing hypotheses not 
eliminated. 

Hafner et ale 1982; Vines 1981. 
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Circumstantial - field/flock - passing birds land near 
foraging flocks, rather than elsewhere or by non-foraging 
flocks, and·begin to forage with them. 

Anderson & Horwitz (1979); Arnstrong 1946,1947, 
1951, 1971; Ashmole 1963a, 1971; Dalda & Bateman 
1972; Caldwell 1981; Crook 1964, 1965; Fisher 
1954; Frings et al. 1955; Greig-Smith 1978b; 
namilton & Gilbert 1969; Harrington 1978; Hick
ling 1957; Hinde 1959, 1961; Hinde & Fisher 1951; 
Hoffman et ale 1981; Houston 1974; Jackson 1938; 
Kahl 1964: Kushlan 1977; Leek 1971b, 1972; Ligon 
1971; LOf.lan & Tamm 1980; I-1arsha11 1961: l1eine rt
zhagen 1959; Hurton 1971a; nurton, Coonbs & 
Thearle 1972; nurton & Isaacson 1962; Durton, 
Isaacson & tlest\>lood 1966; f1urton & tlest\vood 1977; 
Newton 1967, 1972: Nichols 1912; Pinowski 1959; 
Thorpe 1951, 1963; Tristram 1899; Verbeek 1973; 
Vuilleneir 1967; Ua1sberg 1977; Nard 1965; 
Hillis 1972a. 

Circumstantial - field/flock - passing birds are attracted 
to flocks after changes in the calls, or other behaviour, 
of birds in the flock. 

Frings et a1. 1955; Hoffman et a1. 1981; 
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rIarshall 1961; nichols 1912; Pinov/ski 1959; 
nillis 1967, 1972a. 

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

Drent & Swie rstra 1977; Krebs 1974.; r~urton 1974. 

Circumstantial - field experiment/flock - passing birds 
land near raodels (b) increase in number landing \lith 
increasing ~odel flock density. 

I1urton 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 1977; Inglis & Isaacson 1978; 
Krebs 1974; Murton 1974. 
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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 beco~es scarcer and/or more patchy. 

Balda & Bateman 1972; Cody 1971a; Crook 1965; 
Fogden 1972; Hinde 1952; Lovari 1978; norse 
1970; Moynihan 1962; Newton 1967, 1972; Powell 
1980; pulliam et ale 1974; Siegfried 1971a; 
Snyder & Snyder 1970; Uatling 1975; Williamson & 
Gray 1975. 
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Circumstantial - field/colony - colony ~embers, and/or 
neighbours within colonies, forage together. 

Balda & Bateman 1972: J.H.F. J.U.F. Davis 1975; 
Erwin 1977; Feare et al. 1974; Horn 1968; Hunt & 
Hunt 1976a; Krebs 1974; Lack 1966; Newton 1967, 
1972; Walsberg 1977; Hard & Zahavi 1973. 
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Circumstantial - field/colony - colony members leave colony 
synchronously to forage. 

Andersson et al. 1981; Custer & Osborn 1978; 
Emlen 1971; Evans 1982; Feare et al. 1974; 
Gaston & Nettleship 19B1; Hoogland & Sherman 
1976; Horn 1968; Krebs 1974; Hard & Zahavi 1973. 

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

Diamond 1976; Enlcn 1971; Emlen & Dcmong 1975; 
Nard & Zahavi 1973. 

Circumstantial - field/colony - colonial breeding occurs 
(or colony size increases) as food becomes scarcer and/or 
more patchy. 

Crook 1965; Kushlan 1976a, 1976b; I1ader 1975; 
Newton 1967, 1972; t'lalsberg 1977; Hard & 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 1969; Hamilton et ale 
1967; nouston 1976; Nurton et al. 1972; Siegfried 
1971a; Hard 1965; Hard & Zahavi 1973; Zahavi 
1971a. 
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Circumstantial - field/roost - roost nembers sVlitch feeding 
sites1 menbers of different roost sometimes use the same 
feeding sites; etc. 

Broom et a1. 1976; Peare et ale 1974; Murton et 
a1. 1972. 

Circumstantial - field/roost - communal roosting occurs (or 
rcost size increases) as food becomes scarcer and/or more 
patchy. 

Broom et a1. 1976; Pogden 1972; Gy11in & Ka1-
lander 1976, 1977a; nami1ton & Gilbert 1969; 
Hamilton et a1. 1967; ~ush1an 1976a; Lack 1966; 
Newton 1967, 1972; Siegfried 1971a; tJard 1965; 
Ward & Zahavi 1973; Zahavi 1971a. 

LOCATING SMALL-SCALE PREY PATCHES 

Theoretical 

Chantrey 1902; llorse 1978; Thompson & Vertinsky 
1975; Thompson, Vertinsky & Krebs 1974. 

Empirically established - field experiment 

Roell 1978. 

Empirically established - laboratory 

Barnard & Sib1y 1981; Brockman & Barnard 1979; 
Krebs 1973; Krebs et ale 1972; Sasvari 1979. 

\ 
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Circumstantial - field/flock - birds observed to ch2nge 
area of foraging in response to another's discovery of food 

Alvarez 1975; Austin u Smith 1972; Barnard et ale 
1982; Grieg-Smith 1970a; Herrera 1979; MacDonald 
& Henderson 1977; Morse 1978; Rowley 1978. 

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

Barnard 1978; Barnard & Sib1y 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 where 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 ~lhere 

initial observations suggested that local enhanceQent for 

food-finding might be operating, but failed to find evi-

dence that this was in fact so; or whose evidence suggests 

that a prey patch-finding interpretation of behaviour may 

be incorrect. For example, Kruijt et ale (1972) found that 

black grouse (Lyrurus tetrix) were more attracted to models 

as their number and density increased; however, this was 

carried out near lek grounds during the breeding season, 

and thus serves as an example that to show attraction to 

conspecifics or models (to show that local enhancement 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-

mente 

Similarly, Davis (1970) found that although starlings 

(sturnus vulgaris) did tend to flock more as food becane 

scarcer or patchier, this was also the time of the year 

when hormone levels \lere lowest and territorial behaviour 

least pronounced; Davis speculates that this reduction in 

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 1978) • 

The kinds of evidence required to test the 

'information-centre' hypothesis have been described in the 

introduction to this section of the review~ there have also 

been several attempts to test the hypothesis which have 

failed to find supporting evidence. Andersson et a1. 1981, 

Fleming 1981 and Loman & Tamm (1980) all failed to find 

recruitment to artificially provided food in black-headed 

gulls, pied wagtails, and ravens and hooded crows, respec

tively. Bayer (1981) and Pratt (1980) have questioned 
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Krebs' (1974) data which claimed to have shown that birds 

left the colony in groups for the feeding grounds. Snapp 

(1976) and Counsilman (1974) found that colonially breeding 

swallows (Uirundo [usticn) and com~unally roosting Indian 

mynas (ncridotheres tristris) foraged independently of one 

another and not in flocks. 

The food-finding function of mixed-species flocks has 

also been ~uestioned in some instances. floynihan (1962) 

and tlillis (1972a) are two examples where the species in 

the flocks took very different prey whose distributions 

were unlikely to be correlated. Uillis also found that 

some species left flocks to feed when a good area of prey 

was located elsewhere (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 llorse (1970) 

found that feeding niche overlap decreased when some 

species came together in,flocks, thus reducing the likeli

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 anount of food \lill be less if all birds fly out from 

a central 'refuge', than if each flies fron a separate 

fixed territory within the total area (liorn 1968 has den on-

strated this simple energy-saving concept mathematically). 

Secondly, a single flock of birds foraging systematically 

over an area will decrease the likelihood of individuals 

foraging in areas recently exploited by another bird. This 

strategy will be particularly valuable when prey is renew-

ing. 

However, simple and intuitively likely.as these con-

cepts are, there is as yet no convincing evidence that 

either definitely occurs in the vild. The best evidence so 

far has been provided by Drent's (1980) study of barnacle 

geese (pranta leucopsis). Drent demonstrated a regular, 

periodic return to different areas. The return time 

between areas closely matched the tine 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 (Planta90 

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 
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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 1980; Pleasants 1979; Stacey 
& Dock 1978; Nalsberg 1977. 

Theoretical 

Cody 1971a; liamilton & llatt 1970; Horn 1968; 
Schoener 1968b; Wiens 1976. 

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

Dalda & Bateman 1971, 1972; Cody 1971a, 1974b; 
Drent 1980; Emlen 1971; Hamilton & Gilbert 1969; 
Hamilton et ale 1967; IIenty 1979; Horn 1968; 
NacDonald & Eenderson 1977; Norse 1970; lliller 
1922; Powell 1980; Short 1961. 

Horse (1970) has suggested that members of a species 

may exploit an environment more efficiently by learning 

about other species' niches through watching them while 

foraging in mixed-species flocks, and then avoiding using 

that niche. This would be of benefit if the other species 

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 fron other birds of the sane species or fron 

doninants of another species. Davies & Houston (1981) have 

demonstrated that this effect occurs in pied wagtails on 

\linter territories (this study has been discussed in detail 

in section 2.2.9 above). Other studies of stable groups 

defending food supplies have failed to demonstrate une-

guivocally that a single bird could not ~lso 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 1981. 

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

Kinnaird & Grant 1982; Lack 1954; 11acRoberts 
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1970: 11acRoberts & l1acRoberts 1976; Stacey & 

Dock 1978; no1fenden 1978. 
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Vehrencamp (1978) provides one example where increased 

group size did not cause an increase in the effectiveness 

of territory defence; hence the onus is on workers to 

demonstrate not only that communal defence of resources 

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

defence. 

Coombs (1961) and Patterson et 'ale (1971) are examples 

which show that some species (in this case.the rook) do not 

actively defend feeding areas but ShO~l a certain degree of 

overlap in range uithout 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 

rIoore 1977, Scott 1980. 

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

Bossema et ale 1976; Dow 1977b; Fisler 1977; 
Kodr ic-Broun & 13ro\-m 1978; Roell 1978; Ro\'lley 
197 8 ; S til e s 197 3; s til e s & t·] 01 f 1 97 0; HoI f 197 5 • 

Benefit: Prey: Flushing of Prey into Availability 

Birds may follow other animals and exploit food dis-

turbed by their movements. Such cases are often comDensal, 

and do not necessarily require the presence of conspecifics 

in a flock for the individual to gain its advantage 

(indeed, the area immediately around the animal ".;hich is 

flushing the prey may be defended against conspecifics). 

The definition of this category is not straightfor-

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 

procured, 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 
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take parasites from another animal are not defined here as 

social behaviour, any more than taking invertebr~tes from 

cracks in a tree's bark would normally be defined as 

conmensalism. 

Examples of this type of association are many, but 

mainly fall into three categories: terrestrial inver

tebrates disturbed by grazing ungulates~ benthic fauna or 

flora disturbed to the water surface by diving or wading 

birds or animals~ or flying invertebrates disturbed from 

foliage. A particular problem with this area (though the 

same 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 indication of whether a significant enough propor

tion of the bird's time is spent in the activity to make it 

a biologically important phenomenon to the species con-

cerned. Charnov et ale (1976) have 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 ale 1976. 
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Empirically established - field 

Burger & Gochfeld 1982~ Dinsmore 1973~ E~len & 
Ambrose 1970~ Grubb 1976; Heatwole 1965; ~ushlan 
1978b; llacDonald 1981; Oniki 1972; Rand 1953; 
Russell 1978: Siegfried & Batt 1972; Snith 1971. 
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Circumstantial - field/flock - association observed, but no 
evidence that prey intake rate increased as a result. 

Anderson 1974; Ashmole et al. 1956~ Bailey & 
Batt 1974; Dalph & Dalph 1977; Dartho1oraeu lS42; 
Delt 1874; Bent 1923; Beven 1980; Blaker 1969~ 
Boswall 1970; Drosset 1969; Burger & Serruti 
1977; Cantel10 & Gregory 1975; Charnov et al. 
1976~ Chapin 1939: Cottam et a1. 1942; Croxall 
1976; Cunningham-van Someron 1970: Custer & 
Dinsnore 1975~ Dawn 1959; Dawson 1975; Davis 
1926; Fraser 1974; Gatenby 1968; Gerard 1975; 
Gochfe1d 1978; Greig-Smith 1978a; GrimHood 1964; 
Halley & Lloyd 1978; llarrison 1979; Hobbs 1958, 
1959; Hoffman et a1. 1981; Ingram 1944; Jackson 
1945; Jones 1975; King 1963; Leck 1971a; Hac
Donald & Henderson 1977; Mackworth-Praed 1946; 
Eadge 1965; norse 1970; r·!uel1er et al. 1972; 
Neave 1910; North 1944; Parks & Bressler 1963; 
Paulson 1969; Pearse 1950; Pettet 1975; Rand 
1954, 1967; Rice 1963; Robson 1975; Rouley 
1978; Scott 1972; Short 1961; Siegfried 1971b; 
Skead 1951, 1966; Swynnerton 1915: Tebbutt 1961; 
Turcek 1956; Vinnicornbe 1976; watson 1977: Wiese 
, Crauford 1974; Willis 1966, 1968; Winterbottom 
1943, 1949; Zaret '·Paine 1973. 

Benefit: Prey: Vigilance Decrease Allowing Feeding Rate 

Increase 

Hernbership of a group may enable a decrease in indivi-

dual vigilance (for example for predators - see below), and 

thereby give more time for feeding. Caraco (1979a) has 
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Qodelled the operation of such a system based on the 

earlier work of Pulliam (1973, 1976); fieldvork stenning 

from this approach has been described in detail in section 

2.2.9 above. 

It should be noted that demonstrating correlations 

between group size, vigilance and time spent feeding is 

necessary, but again by no means sufficient to prove that 

it is the decrease in vigilance \lhich causes increased prey 

intake rate. It is also possible that decreased prey 

intake rate (for example because the bird is on a poor 

patch) causes an increase in looking up for the whereabouts 

of better feeding areas. Both behaviours are correlated 

with flock size because smaller flocks tend to occur on the 

poorer prey areas. Barnard (1980), Krebs (1974), and 

chapter 2.3 of this thesis present evidence that this 

indeed seems to be happening in three instances where 

simultaneous correlations between flock size, vigilance and 

feeding rates were found. To prove that it is vigilance 

rates which cause variations in prey intake rates, and not 

the other way round,;a predation effect on ~igilance, 

mediated through flock size, must be demonstrated - for 

example by demonstrating that birds in lower flock sizes 

are always more vigilant than larger flocks, no matter what 

prey density they are feeding.on; or by demonstrating that 

equal flock sizes have different average vigilance rates 

when in the presence or absence of a predation threat (for 
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example, at different distances from cover, or when a hawk 

is in the vicinity). Darnard (1980), Curaco (1979b) and 

Caraco et al. (1980a) are examples of studies where such 

control is found in studies of wild birds; laboratory 

studies do not encounter the same problem since prey aensi-

ties are usually held constant in these studies. 

Theoretical 

Caraco 1~79a, 1980a & b, 1981; Dimond & Lazarus 
1974; Lazarus 1979a; Pulliam 1973, 1976; Treisman 
1975b. 

Empirically established - field 

Barnard 1980; Caraco 1979b; Caraco et al. 1980a; 
Feare et al. 1974. 

Empirically established - laboratory 

Lazarus 1979a, 1979b; Powell 1974. 

Circumstantial - field/flock - direct measurement of flock 
size, vigilance rates and prey intake rates, but direction 
of causality not established. 

Abramson 1979; Bertram 1980; . Burger & BO\ve 1975; 
Buskirk 1976; Fairchild et al. 1977; Jennings & 
Evans 1980; Kemvard & Sibly 1978: Burton 1968; 
Murton, Isaacson & Nestwood 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 Dade. 

Austin & SDith 1972; DiQond & Lazarus 1974; 
Feare & Inglis 1979 (laboratory); Lack 1954, 
1968; Lazarus 1972; La~arus & Inglis 1978; norse 
1977, 1978; l!orton & Shal ter 1977; Hurton & 
Isaacson 1962; Pulliam et ale 1974; SieSfried & 
Underhill 1975; Hillis 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 tine available for feeding is one possible 

consequence in these studies also. 

Benefit: Prey: Social Facilitation 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 more 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-

cient1y 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 uithin the flock. The 
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behuvioural response concerned is termed social facilita

tion, and differs fron local enhancement by involving the 

elicitation of a particular behavioural response, ruther 

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. Murton, Isaacson & Westwood (1971) provide ~etailed 

observational data of individually-marked \loocpigeons 

(Columba 2alUpbus) which suggested that some birds 

attempted to copy the foraging rates of others. In 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, shewed 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 pacing 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, always 

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 (Murton 1971c), showed that birds foraging in 

flocks switched to foraging for the most profitable of the 

prey types offered in a way which suggested they were 

copying the foraging preference of birds experienced at 

foraging for that prey type, resulting this time in 

increased efficiency of prey exploitation. 

Any further direct demonstration of such social facil-

itation of feeding in the wild has not appeared, though the 

description of the spread of milk-bottle feeding by wild 

tits (Parus spp.) and, subsequently, other species, sug-

gests that the phenomenon may occur more frequently than 

the lack of research suggests. Clayton (1978) provides a 

recent review of the topic. 

Empirically established - field experiment 

Hurton 1971a. 

Empirically established - laboratory 

Alcock 1969a; 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 foraging. 

Fisher & Hinde 1949; Hinde & Fisher 1951; !1acLecln 
1970; [1orse 1973; Ilurton, Isaacson & Hesttrlood 
1966, 1971. 
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Circumstantial - laboratory/flock - coPyin0 demonstrated, 
but no evidence given to show that feeding rates are 
increased as a result compared to individual foraging. 

Allee 1931, 1938; Evans & Patterson 1971; Feare & 
Inglis 1979; Klopfer 1959, 1961; Krebs 1973; 
Krebs et ale 1972; Lazarus 1979b. 

In addition, Alcock (196Sb), Turner (1965) and E.O. 

Wilson (1975) 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 frequently found in birds (or 

at least, not frequently documented). The prey may be too 

large or elusive for single animals to catch, or else of a 

type which can only be taken less efficiently by single-

tons. It is only the former situation 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 Ileinert

zhagen (1959) of ground hornbills (Ducorvus abyssinicus) 

killing large snakes. The latter, for exa~ple, 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 Cim,m to take the bites, and as the snake \'las 

striking at one bird, the others 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 

1933, Sharp 1951) describing magpies dodging in to peck at 

an eagle kill alternately; while the eagle was striking at 

one bird its 'partner' could feed. 

Of course the problen with such anecdotes is that they 

do not prove that the birds concerned were truly cooperat

ing, or merely performing normal, individual feeding 

actions which were successful with the particular prey item 

concerned only because other individual birds \vere also 

doin9 the same thing at the same time. This latter situa

tion is clearly \"hat happens when gulls or skuas (Ster

corariidae) chase other birds as a group, and the chased 

birds disgorge more frequently as more birds join the 

chase; or where one crow is able to steal an egg because 

the brooding 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 b~tween that category and the 

present one being that in the former case grouping was 

required not to feed on the prey itself, but si~ply to 

allow access to the area within which to feed. 

Si~ilarly, several species of water birds have been 

claimed to form into lines to herd fish into a confined 

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

have not shown that the birds cooperate to forn a semi-

circle; it could be that birds individually move to the 

back edge of an elliptical school which is moving away. A 

seni-circle of birds would then form as an aggregation in 

response to the shape and movements of the prey, and not as 

a device to manipulate the distribution of the fish. 

The studies cited in the 'empirically established' 

section below are all examples where birds 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 1978; Furness 
1978; llatch 1970, 1975; King 1980; flontevecchi 
1979; Munro & Bedard 1977; Taylor 1979; .Verbeek 
1977. 
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Circumstantial - field/flock - descriptions of ~pparent 
group hunting, but no evidence produced to show that feed
ing rate is increused compured to solitary foraging. 

Dratho1omew 1942; Cottam et a1. 1942; 
Em1en & Ambrose 1970; Friedmann 1967; 
1e6l; Heinertzhagen 1959; rlil1er 1979; 
1954, 1967; Sharp 1951; Taylor 1978. 

Dixon 1933; 
Gurney 

Rand 

It should be noted that not necessarily all mewbers of 

the foraging group will benefit from an increase in intake 

rate of prey - for example Arnasson & Grant (1978), Hatch 

(1970, 1975), Taylor (1979) and Verbeek (1977) all shoH 

that only ~ proportion of optimally-positioned bird~ 

increased their prey intake rates. 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 some 

c~ses was less, than when foraging alone. Of the studies 

cited above only King (1980), Hunro & Bedard (1977) and 

Taylor (1979) have shown that not only is the success rate 

of a group attack higher as group size increases, but ~lso 

that prey intake rate is increased for the average flock 

member. 

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 menbers have 

already procured. As stated above in the 'flushing' of 

food section, kleptoparasitism or other interspecific pre-

datory behaviours are not included. 

Theoretical 

Parker 1974. 

Empirically established - laboratory 

Eaker 1978; Baker et al. 1981; Barnard & Sibly 
1981; Peare & Inglis 1979. 

Conversely, Kush1an (1978a) found that great egrets 

(Eqretta .a..l.Q.g) \'lho robbed other egrets or herons \'lere 

actually less successful, in terms of short-tern energy 

intake, compared to birds which adopted the nore norna1 

stand-and-wait foraging technique of this species. 

Benefit: Prey: Reduction of the Risk of starvation 

There is some evidence that foraging in a flock can 

reduce the likelihood of starvation (or satiation) due 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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certainminimun 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 th2n individuals 

continually moving to forage elsewhere. The increased 

number of birds present may mean that nean intake rate of 

prey does not increase, but the chances of arriving on a 

patch which does not contain enough food for survival is 

less. 

Theoretical 

Caraco 1981; Chantrey 1982; Thompson et a1. 1974. 

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. 

r~rebs 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. 

Baker 1978; Baker et a1. 1981. 
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Benefit: Predation: 'Selfish Herd' Advantages 

The more animals there arc in a group, the less is the 

liJ~elihood of anyone individual being taken on each 

separate attack by a predator. Similarly, many aniRals 

breeding all at the same time will reduce the period over 

which eggs and young are available to a given number of 

predators, 'swamping' the predators and leading to 

decreased levels of predation. Hamilton (1971> coined the 

phrase 'selfish herd' to describe such simple statistical 

consequences of an increase in group size. 

Of course, whether or not an individual benefits from 

such a reduction in the likelihood of being taken depends 

on other things - for example whether different sized 

aggregations attract the same number of predator attacks, 

or whether the success rate of·predator attacks is equal on 

groups of different sizes. Only when these factors are 

also quantified can an accurate assessment be made of the 

true relative 'selfish herd' advantages of different group 

sizes. Page &. nhitacre (1975) provide an example where 

such quantification was made, and the advantage of flocking 

over solitary behaviour established. 

A problem ",hich is often illustrated by studies of 

colonially breeding birds is a failure, having demonstrated 

a significant difference in breeding success betweeri birds 

in different group sizes or densities, to adequately 
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establish that the cause of such differences is differen-

tial predation pressure. possible confounding variables 

(for example age or experience differences correlating 

simultaneously with colony size and breeding success) are 

usually unmeasured and often not even considered; and Bost 

of these studies do not even quantify predation rates but 

merely assume that observed predation varies in it's rate 

between different colony sizes, and no quantitative 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 towards predators (see the following two sections 

on defense and detection): these animals may also be enjoy-

ing 'selfish herd' advantages simultaneously, but it would 

be very difficult to separate the effects of active 

behaviour fron those connected with the 'selfish herd' 

mechanisrJ. 

Comparisons between species 

Buskirk 1976; Crook 1964, 1965; Lack 1968; Pul
liar.l & rHlls 1977; Hiley 1974; Hillis 1972b, 
1973. 
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Theoretical 

Charnov & Krebs 1975; Hanilton 1971; Treisrnan 
1975a, b; Trivers 1971; Vine 1971, 1973; Williams 
1964. 

Empirically established - field/flock 

Page & Hhitacre 1975. 

Empirically established - field/colony size 

Fautin 1941; Robertson 1973. 
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Empirically established - field/colony centre versus edge 

Andersson & Uiklund 1978 (field e):periment); 
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 ale 1981; Fautin 1941; 
Parsons 1971; Robertson 1973; Verneer 1970 
(field experiment); 

Circumstantial - field/flock - individual likelihood 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. 

IIunro & BcdarCl 1977. 

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

Dedard & llunro 1975; Bertran 1980; Bourne 1980; 
Goss-Custard 1970b; Grant 1971; Eamilton 1971; 
L.:.zarus 1972; O\lCnS & coss-Custa rd 1976; Hilli s 
1972a, 1972b, 1973. 

Circumstantial - field/flock - birds approached by a poten
tial predator Qove closer to other birds, but no quantifi
cation that this reduces individual likelihood of preda-
tion. 

Ainley 1972; Buckley & Buckley 1972; Kruijt et 
a 1. 1972 ( fie 1 d e}~ pe rime n t): Tl i 11 i s 1972 a • 

Circumstantial - field/colony - breedin9 success increased 
\~ith increasing colony size, but no quantification to prove 
that this was due to risk of individual predation decreas
ing with increasing colony size. 

Dur~er 1979; Darling 1933; Fisher 1952: Gaston & 
l1ettleship 1981; Langham 1974; lIacLean 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. 

Ba1da & DateDan 1972: Cullen 1960; Dexheimer & 
Southern 1974; Em1en 1952b; Feare 1976; Gochfeld 
1980a; Langham 1974; Orians 1961a; Patterson 
1965; Penney 1968; Reid 1964; Siegfried 1972; 
Spurr 1975; Taylor 1962; Tcnaza 1971; Vecn 
1977. 
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Circumstantial - field/colony - breeding success incre~sed 
with increasing colony density, but no ~uantification to 
prove that this was due to risk of individual predation 
decreasing with increasing colony density. 

Birkhead 1977; Darling 1938; Carris 1980. 

Circumstantial - field/colony - breeding success increased 
with increasing breeding synchrony in the colony, but no 
quantification to prove that this was due to risk of 
individual predation decreasing with increasin0 colony syn
chrony. 

Birkhead 1977; Brown 1967; Burger 1979; Darling 
1938; Erwin 1971; Feare 1976; Carris 1969b; 
Kadlec & Drury 1968; Kruuk 1964; Langham 1974; 
Nelson 1966; Parsons 1975; Patterson 1965; Veen 
1977; Vermeer 1970. 

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

Balda & Batenan 1972; Davis & Dunn 1976; Elgood & 
lIard 1963; Hoogland & Shernan 1976; 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 anyone predator attack decreases 
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- viII only be of true benefit if the fre~uency 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 even found 

increased individual predation risk with increasing group 

size - these latter references are discussed in the disad

vantages sections belov). Though most of these have not 

quantified why this should be so, it is most likely to be 

the result of larger groups attracting nore predators to 

them. 

nudebeck (1950-1) found that predators did not have a 

greater success rate when attacking smaller flocks or 

SOlitary birds, but did not ~uantify the relative fresuency 

with which different flock sizes were attacked. Lutz 

(cited Kenward, 1978) found that predator SUccess was 

actually higher on larger flocks of corvids because flock 

members got in one another's way as they tried to esc2pe. 

Hoogland & Sherman (1976), Knopf (1979), Lohrl & Gutscher 

(1973), Smith (1943), Snapp (1976) and Vehrencamp (1978) 

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 (S.tern~ fuscata) colonies that only c.1-2% of 

chicks fledged, and that frigate birds (Freqata ~~uila) 

appeared to be attracted to attack only at colonies where a 
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large nunbcr of chicks were available. Coulson (1968, 

1971, 1972), I10ntevecchi (1978) and nyder (1980 - reVie\'l) 

all found increeses 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. 

Balda & Batenan (1972), Horn (1968), Knopf (1979), and 

Hontevecchi (1977) found that their \las no consistent 

difference in predation rates suffered by individual nests 

on the edge or in the centre of colonies. Penney (1968) 

found an effect in one season, but not in a second. Enlen 

(1971) found that breeding success was lower on the edge of 

a colony of sand martins, but this was due to a greater 

tendency to abandon nest sites for other reasons - indivi

dually suffered predation rates did not differ. 

Buckley & Buckley (1972), Butler & Trivelpiece (1981), 

Dexheimer & Southern (1974), Goransson et ale (1975), Hunt 

& Hunt ( 1975), Patterson (1965) and Tinbergen et ale 

(1967) all found that predation was higher in denser 

colonies, sonetimes as the result of cannibalism, but also 

perhaps because increased interference from neighbours left 

eggs exposed nore 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 outweighed by the cost of 

increased conspecific interference, to the extent that 
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fledging rates actually decreased in the denser colonies. 

Thus this study enphasises once again the way in which 

different Dechanisrns may be operating together in anyone 

situation. 

In a rather similar vein Drown (1967), Erwin (1971), 

"arris (1969b), Nisbet & Drury (1972), Orians (1961), 

Parsons et ale (1976) and Smith (1943) have shown a sea

sonal decline (or 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 (1975), Coulson & 11hite (1956, 1960, 1961), 

Em1en & Demong (1975), Harris (1969a) and Parsons (1975) 

found that asynchronous breeders did suffer lower breeding 

success, but demonstrated that this was due not to preda

tion but to other factors (starvation or age/experience 

differences). Thus the danger of not measuring such possi

ble confounding variables is once again emphasised. 

Burger (1974b) and !lacRoberts & MacRoberts (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 gulls (Larus ar0,entatus 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 nay note that even if synchronous 

breeders do suffer lower individual predation rates, the 

direct cause of this is not necessarily the result of a 

'selfish herd' reduction in the statistical likelihood of 

suffering a predator attack, but possibly because asynchro

nous breeders may (for example) find food harder to col

lect, and thus leave the nest unguarded from 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 

mechanisms may increase with increaSing group size. 

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

vigilance bouts of anyone individual are randomly distri-
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buted in time; and if the bouts of anyone individual are 

independent of the timing of those of other birds; then the 

probability of at least one bird being vigilant when a 

predator approaches will increase with increasing group 

size. If the vigilant bird alerts the others \lhen it 

detects a predator approach; if earlier detection leads to 

earlier escape reactions; and if earlier reactions Deans 

increased likelihood of a predator's attack failing; then 

individual predation risk can be reduced as group size 

increases. Only one study (Kenward 1978) has produced 

evidence to show that all of these conditions are ful-

filled; and even this study employed falconry techniques, 

and did not study naturally-occurring predation (woodpi

geons under attack by trained goshawks, Accipiter gentilis, 

were studied). Other studies, at best, show only that 

detection or reaction likelihood is increased; no other 

study also denonstratcs quantitatively that earlier detec

tion or reaction definitely reduces the probability of the 

predator making a kill. 

Elgar & Catterall (1981) and Treherne & Foster (1980), 

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 

parameters (for exanple the probability that any bird will 
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detect the pred~tor; the time the predator takes to nake 

its final detectable approach; or the length of the indivi-

dual bouts), but thei r sir:mla tions er;)ploying values froD 

field studies suggest that detection probabilities for many 

foraging flocks uill not in.crease r.1caningfully once flock 

size exceeds around 10 birds. 

However, because the asymptote is so quickly reached, 

it is the case that individual vigilance rates may drop as 

group size increases without any meaningful 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 already been described above. Studies which show 

such a relationship between 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 detection of a predator 

approach,have been includeu in this section rather than 

any other. !-Im'lever, it Hill be clear from \'lhat has been 

written above that such data are insufficient to deQon-

strate an advantage from increased likelihood of predator-

detection. 

Theoretical 

Elgar & Catterall 1901; Lazarus, cited Dioond & 
Lazarus 1974; Pullian 1973, 1976; stinson 1980; 
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Treherne & Foster 1980; Treisman 1975a, b. 

Empirically established - field experiment/flock 

Kemlard 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; Kenward 1978; Siegfried & 
Underhill 1975. 

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

Lazarus 1979a, b; Powell 1974. 

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

J.ll. Davis 1975. 

Circumstantial - field/flock - individual vigilance 
decreases as group size increases, but no proof that 
predator-detection rate or reaction tiree increases, or 
predation rate decreases. 

~bramson 1979; Burger & Howe 1975; Dimond & 
Lazarus 1974; Drent & Swierstra 1977; Elgar & 
Catterall 1901; Inglis & Isaacson 1978; Jennings 
& Evans 1980; Lazarus 1978; Lazarus & Inglis 
1978; ~urton 1967, 1968; Seith 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 increaoes, or 
predation rate decreases. 

Powell 1974. 

2C5 

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

Allee 1938; Balda et ale 1972; nates 1863; 
Boswall 1970; Peare et ale 1974; Galton 1833; 
Goss-Custard 1970b; Lack 1954, 1968; Lazarus 
1972; Morse 1970, 1977, 1978; Moynihan lS62; 
Nurton & Isaacson 1962; Murton et ale 1971; 
Newton 1967, 1972; Owens & Goss-Custard 1976; 
Powell 1980; Rowley 1978; Willis 1972a. 

Circumstantial - field experiment/flock - fewer birds land 
at model flocks "ith 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 predation rate decrease. 

Hoogland & Sherman 1976; Neuchterlein 1981. 

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. 



2.2 Avian Grouping 286 

Circumstantial - field/colony - frequency of alerting calls 
probably increases with group size increases, but no quan
tification of this. 

Hoogland & Sherman 1976; watson & Dickson 1972: 
Windsor & Emlen 1975. 

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

Balda et ale 1972; Droom et ale 1976; Counsil~an 
1974; Gadgil 1972; Gadsil & 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. Renward 

(1978) and l1urton et ale (1971> identified an important 

confounding variable by demonstrating that solitary woodpi-

geons weighed less and were suffering fron 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 predator approach, 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 singletons from the analysis) are not 

contaminated by the confounding variable of condition. 

Grieg-Smith (19Bl), and Siegfried & Underhill (1975) 
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found that flock size \laS not unambiguously 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 medium 

sized flocks, because they were much more vigilant. This 

will have reduced the amount of ti~e left for other things, 

of course, and thus have been disadvantageous - but simply 

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 largest groups reacted 

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 & 11akepeace (1979) found that although vigi

lance rates of male shelducks (Tadorna tadorna) were 

related to colony size, detection rates of a predator's 

appearance were not. Barnard (1980), Bertram (1978), Hardy 

(1976), Krebs (1974), Lazarus & Inglis (1978), Smith (1974, 

1977) and chapter 2.3 of this theSis, either show no 

relation between 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 ale (1976), Cheke (1977), Gurr (1968), ShaH 

(1979), Siegfried (1971a), and Dard (1965) show that a 

predator can take an individual from a group without group 

nerJbers other than those immediately adjacent being 

alerted. Thus the detection of a predator will not neces

sarily be communicated to other group members. 

Benefit: Predation: Defence against Predator Attack 

There are a number of behavioural ways in Hhich group

ing might increase the effectiveness of a birdls defence 

against predator attack. Mobbing of a predator may be more 

effective when perforned by a group than by a single bird; 

calls or behaviour may help to coordinate a group escape 

response; aggregations may serve as Dore passive defences 

by presenting a physical deterrent to a fast-noving preda

tor \lhich may risk injury if it attacks a close-packed 

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 reduce 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 Qore than circu~stantial evidence to support 

the relevnnce of one nechanisn over any other. Curio 

(1978) lists the following possible mechanisms, and lists 

the studies which support each speculated mechanism: 

1. Ilobbing silences nestlings so that predators are not 

attracted to the nest. 

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

will entail 'selfish herd' advantages. 

3. rlore birds mobbing means increased confusion for the 

predator, and less effective attack. 

4. ~ large number of birds mobbing may persuade a preda

tor to leave an area and try elsewhere. 

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

detected, and that an attack will be ineffective. 

6. Bobbing nay alert other birds to a predator's pres

ence. 

7. Ilobbing may attract an animal to prey on the predator. 

O.An inexperienced bird may learn by observation of 

others mobbing which animals or places are dangerous. 

9. Nabbing 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 

quantification or control of confounding v~riables. To 

list a large number of these studies as offering even 

circumstantial evidence to support a causal link between 

the behaviour observed and any effect on predation rate, is 

to be very generous. Not one study exists which estab-

lishes with reasonable certainty that observed differences 

in predation rate are due to the action of group defence, 

and many do not quantify predation rates at all. Andersson 

(1976) probably has the strongest evidence: the number of 

kittiwakes (Larus tridactyluo) mobbing great skuas 

(Catharacta ~) was significantly higher before unsuc-

cessful than successful attacks. 

Circumstantial - field/flock - C08nuna1 mobbing occurs, but 
no proof that predation rates are reduced. 

Alison 1976; Dourne 1977; Curio 1978; Em1en 
1973; Ficken & Witkin 1977; Fry 1977; Ga1ef 
1976; Lack 1954; Lazarus 1972; Lorenz 1966; 
Perrins 1968; Rohwer et a1. 1976; Smith & Hol
land 1974; swynnerton 1915; Wiley 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. 

Dalph & Ba1ph 1977; IIacDona1d & Henderson 1977; 
Dar1er 1955, 1956; llorse 1970; Owens & Goss
custard 1976; Thake 1981; Wiley 1971. 
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Circumstantial - field/flock - confusion of a preGator 
increases \lith increasing group size; no proper quantifica
tion of this or of predation r~tes. 

Cody 1974a; Crook 1960; Davis 1980; Grinnel 1903; 
Humphreys & Driver 1970; Lazar~s 1972; Lorenz 
1966; flarier 1955, 1956: Eiller 1922: Ilorse 1970; 
Owens & GOEs-Custard 1976; Powell 1974; Sharp 
1951; Hillis 1972a; Hynne-EdvTards 1962. 

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

Crook 1960; Hamilton 1971: Humphreys & Driver 
1970; Kruuk 1964; Lack 1954; L~zarus 1972; 
Ueinertzhagen 1959; O\lenS & Goss-Custard 1976; 
Tinbergen 1951. 

Circumstantial - field/colony - cornnuna1 mobbing occurs, 
predation rate decreases (or breeding success increases) 
with increasing group size, but no strong demonstration 
than other possible explanations have been discounted. 

Alvarez 1975; Andersson 1976; Clark & nobertson 
1979; Dyrcz 1977; Dyrcz et a1. 1981; Kinnaird & 
Grant 1982; Ilountford 1957: Olsson 1951; Patter
son 1965; Slagsvold 1980b: Veen 1977; Vehrencamp 
1978: Wiklund 1979; Wiklund & ~ndersson 19£0; 
tJolfenden 1978. 

Circumstantial - field experiment/colony - com~unal mobbing 
occurs, predation rate decreases with increasing group 
size, but no strong deconstration than other possible 
explanations have been discounted. 

Fuchs 1977; Goranson et a1. 1975; Kruuk 1964; 
Slagsvo1d 1980b. 

Circumstantial - field/colony - Comuuna1 Dobbing occurs, 
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but no proof that predation rates are reduced. 

1977; 

Balda & Dateman 1972; Buckley & Buckley 1979; 
Durger 1974a; Burger & Eahn 1977; Collias & 
Collias 1964; Cullen 1960; Erwin 1979; Hoogland 
& Sher~an 1976; Horn 1968; Kruuk 1976; Lack 
1968; Lohrl & Gutscher 1973; Hader 1975; rIeinert
zhagen 1959; lJevlton 1967, 1972; Rand 1967; 
Sears 1979; Slagsvold 1900a; Snyder 1974; Halsh 
E~ l!alsh 1976; L'hite & Springer 1965. 
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Circumstantial - field/roost - Comnunal Qobbinq occurs, but 
no proof that predation rates are reduced. 

Draestrup 1963; Counsilman 1974; Gadgil 1972; 
Gadgil & Ali 1976; Lack 1968. 

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

Dickson 1979. 

A number of studies show that cOD~unal defence is not 

shown: Burger & Hahn (1977), ~ numr (1967), 

Burger & TIahn (1977), 

Krebs (1974), Milstein et ale (1970), Roskaft (19DO), Snapp 

(1976) and Taylor & Wodzicki (1958). Others have shown 

that it may occur, but be ineffective in reducing predation 

rates: Ashmole (1963b), BIen (1979), Burger (1974b), 

Burger & Lesser (1978), Chandler (1979), Cody (1971b), 

Emlen et ale (1966), Hardy (1976), Horn (1960), Lerametyinen 

(1971), Smith (1943) and lJindsor & Emlen (1975). l1idsor & 
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Emlen. (1975) also found that mobbing tended to be most 

intense in solitary nesting swallow (Hirundinidae) species, 

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 rates by making the 

available prey of an area more difficult for a predator to 

locate. Trivers (1971) and Vine (1973) have considered 

this theoretically. However, Taylor (1977) has shown that 

by making the experiments somewhat more realistic, aggre

gated prey can be heavily penalised once 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 studie~ (e.g. Ekman 1979) 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 necessary for, or increases 

the likelihood of, finding a suitable mate. 

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

Brown 1975: Ekman 1979; Emlen 1973; Goodwin 
1976; Gurr 1968; Kruijt et ale 1972 (field exper
iment); Lorenz 1966; Siegfried et ale 1977; 
Smith 1977; Ilatson & Dickson 1972; Willis 1972b. 

Benefit: Reproduction: Location of Good Nesting Sites 

As with the preceding section, there is really no 

proper evidence on this proposed effect of grouping. For 

example, Patterson & Dakepeacc (1979) provide a variety of 

circumstantial evidence to suggest that this occurs in 

shelducks - for example, successful breeders in the previ-

ous year tended to land in unoccupied areas more fre-

quently, and were more often seen alone. The authors 
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suggest that this may be because they already knml of good 

sites and do not need to land near other birds, or associ-

ate \vith ther,1, in order to find one. EO\lcvcr, sor.1C 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 
& 11al~epeace 1979. 

Benefit: Reproduction: Communal Breeding 

Group breeding (where non-breeding birds are involved 

to varying extents in parental care or territory mainte-

nance) can have varying consequences for different members 

of the group. This area is one where possible cause and 

effect between group size and fitness is difficult to 

establish, since there is a particular problem with the 

confounding variables of age and e::perience 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 demonstrating control of 
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confounding variables (Brown ~ Drown 1981) described. 

The proposed effects of group breeding are nu~erous, 

but the Qost frequently cited include greater production of 

nestlings, sharing of the work load increasing the 

breeders' survival, maintenance of a larger or better 

territory through increased 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 offspring nay 

occur through faster feeding rates, better nest protection, 

sharing of work load, or maintenance of a better quality 

territory. As with the section on communal mobbing above, 

no attenpt is made to list which studies favour which 

mechanism, since in most cases no real evidence is produced 

to support one interpretation over another. Brown et ale 

(1978), Tarboton (1981), Vehrencamp (1978) and Verbeek & 

Butler (1981) all show that feeding rates were not faster 

in groups, yet breeding success did increase; thus at least 

some studies have eliminated one of the possible mechan

isms, even if it is difficult,to strongly establish the 

true mechanism(s) involved. 

Theoretical 

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

Drown et ale 1978. 

Empirically established - field experiment 

Drown & Drown 1981. 

Circumstantial - field - Lifetime personal fitness 
increases with increasing group size: possible causes other 
than group size probably not operating, but confounding 
variables not actually suantified. 

Kinnaird & Grant 1982; Vehrencanp 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. 

t'lolfenden 19£1. 

Circumstantial - field - Annual breeding success increases 
~lith increasing group size; possible causes other than 
group size not considered adequately at all. 

Alvarez 1975; Dyer & Fry 1980; Emlen 1981; 
Faaborg & Patterson 1981; Lawton & Guindon 1981; 
Ligon & Ligon 1978; Rowley 19G5a & b; Stallcup & 
Holfenden 1978; Tarboton 1981; Verbeek & Butler 
1981; Ho1fenden 1975, 1978. 

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

Birkhead 1981; Collias & Co11ias 1978; Graul et 
ale 1977; I(innaird & Grant 1982; Ilader 1979. 
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Circumstantial - field - Nestlings not fed quicker, but 
breeders share of the work-lo~d is decreased; however, 
effect on breeding success not quantified or not proven. 

Drown & Brown 1981; Drown et ale 1978; Gaston 
1973; Ligon & Ligon 1978; Parry 1973; Rowley 1978 

298 

Circumstantial - field - Breeding pairs in larger groups 
live longer, but possible confounding variables not actu
ally quantified. 

stallcup & Wolfenden 1978. 

Circumstantial - field - non-breeders in larger groups live 
longer, but possible confounding variables not actually 
quantified. 

Stallcup & l!olfenden 1978; Verbeek & Butler 1981; 
Wolfenden 1981. 

Circumstantial - field - Non-breeders increase chance of 
breeding earlier (or at all) as group size increases, but 
possible confounding variables not actually quantified. 

Birkhead 1981; Brown 1974, 1975; Foster 1977; 
Kinnaird & Grant 1902; Ligon 1981; Selander 
1964; Stallcup & Wolfenden 1978; Wolfenden 1981; 
tJolfenden & Pitzpatrick 1978. 

Group breeders do not always have increased breeding 

success. Birkhead (1981, and tlarui cited therein) found 

that breeding success \1aS less in groups, while Faaborg & 

Patterson (1981) found that breeding success increased in 

groups, but that the the number of offspring produced per 

individual male was greater in nonogarnous 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 

demonstrated or properly investigated (see e.g. Koenig & 

Pitelka 1981). 

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. Nost of the possible conseq~ences appear in other 

sections (for example, reduction of predation); Selander 

(1972) and Wiley (1974) 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 conditions are such 

that one parent is able to raise the brood without assis

tance (see e.g. Graul et ale 1977, Orians 1969, Selander 

1972) • 
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Benefit: Reduction of Agonistic Encounters 

If birds must corne into proximity at localised food 

sources, then agonistic encounters are a potentially dis

rupting force (see food disodvantages, below). It is 

possible that grouping night enable individuals to become 

familiar with one another, and as a consequence reduce 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 & Ealph (1977) found that agonistic encounters 

were more frequent and intense with strangers than with 

familiar flock members in dark-eyed juncos, while Barash 

(1974) showed that flocked black-capped chickadees (Palus 

atricapillus) were subjected 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 that the level of aggression 

experienced by single birds was sufficient to affect fit-

ness. 

Benefit: Facilitation of Learning by Young 

The presence of other conspecifics in addition to the 
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parents nay facilitate the learning by young birds of 

plates 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 1976; 
Smith 1977; 

Ernlen & Demong 1975; Fogden 1972; 
Stefanski & Falls 1972. 

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 demonstrated: 

Dergman & Donner 1964; Brodie 1976; Crook 1961; 
Evans & Patterson 1971; Gould & lieppner 1974; 
Griffin 1974; ~amilton 1967; Camilton & Gilbert 
1969; Lorenz 1966; Moynihan 1962; Rabol & Eoer 
1973; Sabine 1956; Thake 1980; Wallraff 1977, 
1978; Ward 1978. 

Balcomb (1977) and Keeton (1970) - the latter by 

experiment - have demonstrated that flocking does not 

improve the coordination of migration flights conpared to 

solitary behaviour, in contrast to what several of the 

studies listed above have claimed. 
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Nynne-Edwards (1962) suggested that coordinated 

display flights f~nctioned 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 

tlynne-Edwards formulated it has been heavily criticised 

(e.g. Baynard Smith 1976, tJilliams 1966, 1971, E.O. Hilson 

1975). Crook (1965), Lack (1966) and nard (1965) provide 

naturalistic observations which are incompatible with 

H:y-nne-Ed\'lards 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 enersy expenditure of an 

individual through reduction of heat loss. Again, 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. 

Bartholomew et a1. 1976; White et a1. 1975. 
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Circumstantial - field/colony - Energy loss prob~bly 
reduced in larser corr~ound nest, but no s~antification of 
this or of its effect upon breeding success. 

Collias & Collias 1977. 

Circumstantial - field experiment or laboratory/roost -
Energy loss reduced as roosting 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 1973; 
11hitlock 1979; Yon 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 (1981), Kelty & 

Lustick (1977), Shaw (1979) and Thompson & Coutlee (1963) 

demonstrate that heat loss experienced is not dependent on 

the presence of other bires, since huddling does not occur, 

but is only a consequence of the choice of the particular 

site. Counsilman (1974), Siegfried (197la) and IJard (1965) 

have shown that communal roosting occurs in climates in 

which protection from heat loss is not required, whilst 

Sumners 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 becaDe very cold. Swingland 

(1977) found that some subordinates were forced by aggres

sion from others to roost in exposed parts of the roost 

where energy loss could be very severe - more severe than 

if they roosted solitarily elsewhere. Gyllin at ale (1977) 

and Yom Tov et ale (1977) show that the energetic saving in 

heat loss reduction was less than the energetic cost of 

flying a long distance to the roost. ~ll of these studies 

demonstrate that in some species thermoregulation either 

does not occur, or is subordinate to other requirements 

satisfied by communal roosting. 

Benefit: Reduction of Energy Expenditure by Formation 

Flying 

Lissaman & Shollenberger (1970) showed in the labora

tory that the V-formation flight of many species of birds 

could reduce energy expenditure: however no effect on 

fitness was demonstrated, and Gould & Heppner (1974), 

nigdon & Coursin (1978) and Williams et al. (1976) all 

showed either no saving, or a saving which would have a 

negligible effect on survival. 
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Cost: Prey: Competition 

In general the costs of grouping are not as yell 

documented as the advantages, presumably for the simple 

reason that if a bird is permanently receiving a heavy cost 

from grouping, it will cease to group. HoweVer, there are 

costs to grouping which will act to reduce the extent of 

any advantage received by grouping. 

Theoretical 

Pulliam 1976. 

Circumstantial - field/flock - Subordinates lose weight 
faster and have reduced survival as food becomes poorer; 
but no convincing proof that competition for prey is the 
cause of this. 

Crook & Butterfield 1970; ~Jard 1965. 

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

Ashmole 1963a; Barnard 1978 (laboratory); Lorenz 
1966; ~oynihan 1962; Ilurton 1965; Durton et ale 
1966; newton 1967; Schoener 196Bb; Diley 1971; 
wynne-Edwards 1962. 

Cost: Prey: Agonistic Encounters 

Increased aggression when foraging in a flock Day 
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reduce the tirr.e available for feeding. 

Empirically established - field/flock - FeeGing rates of 
losers of agonistic encounters were reduced: cause and 
effect link reasonably established. 

llallory & Schneider 1979: Recher & Recher 1969: 
Silliman et ale 1977. 

Circumstantial - field/flock - No quantification of the 
effect of increased agonistic encounters on feeding rates. 

Crook & Goss-Custard 1972; Feare & Inglis 1979; 
Goss-Custard 1977a:Lockie 195Gb. 

Feare & Inglis (1979, laboratory experiment) and 

Patterson (1975) have shown that an increase in agonistic 

encounters need not necessarily affect prey intake rates if 

the encounters are brief and relatively infrequent. 

Cost: Prey: Interference 

Aggregation of predators nay result in reduced intake 

through disturbance of the prey, leading to anti-predator 

reactions on 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) cay reduce feeding efficiency. 
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Empirically established - field/flock - prey intake rate 
reduced, weight lost faster, and survival reduced for 
subordinates due to displacCDent by foraging DoveDents (not 
aggressive displacements) of other flock birds. 

fIurton et ale 1971. 

Empirically established - field/flock - prey intake rate 
reduced due to increased mutual physical interference \lhilc 
foraging; causal link reasonably established. 

Kruuk 1964. 

Empirically established - field and field experiment/flock 
prey intake rate reduced due to increased interference 
causing prey to show anti-predator reactions while forag
ing; causal link reasonably established. 

Goss-Custard 1970a, b (field e;:periment); Hafner 
et ale 1982. 

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

Alison IS7G; Crook 1960; Crook & Goss-Custard 
1972; Peare & Inglis 1979; Lazarus 1972; Norse 
1970; Summers SDith 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, 1970b, 1976a, 1977b; Doffman et 
ale 1981; Lazarus 1972; nurton 1971a. 
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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 predators to then, has been 

mentioned above. Only circumstantial evidence has been 

produced to suggest that this car. occur: 

~lison 1976; Charnov & Krebs 1975; GdUD 1942; 
Thotlpson & Cout1ee 1963; ~Jard [; Zahavi 1973; 
Hiley 1971. 

Cost: Predation: Increased Predation Rates 

:cedarc1 Ii: llunro (1975), Campbell (1975), Lutz (cited 

Kemlard 1978) and l'li11iams (1974) have shoun that predation 

rates increased as foraging flock size increased; while 

BartholomcVl et ale (1976), DIem (1979), Burger (1974b), 

Durger & Lesser (1978), Freer (1973), Lemnetyinen (1971), 

DacLean (1973), Scolaro & Kovacs (1978), Tinbergen et a1. 

(1967), Hhite et ale (197S) and Vehrencump (1978) have 

shown that predation rates increased as breeding colony 

size increased. none of these studies were able to dernon-

strate unequivocally the cause of this increase, but in 

most cases 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 

quantification, higher predation on larger groups: 

Ashmolc 1963b; Ffrench 1967; Gy11in & ~a11ander 
1976; ICepler 1967; Ileine rtzhagen 1960; r:orley 
IS'53; Patterson 1977; Vcen 1977; nard 1972; nard 
& Zahavi 1973; Hindeor & Enlen 1975. 
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cost: Reproduction: Competition for Nest Sites and 

Materials 

310 

Dith this, and all of the other proposed costs associ

ated with breeding, only a little circumstantiDl evidence 

is available, of varying quality. Ilost studies sieply 

document the occurrence of a cost, without considering 

whether this is really substantially greater in colonies 

than for birds breeding in type A territories. 

Burger (1978a & 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 Hoogland & Sherrean 

(1976) and Siegfried (1972). 

Cost: Reproduction: Competition for Mates 

No serious evidence has been produced that colonial 

breeding produces nore competition for cates. See Hoogland 

& Sherman (1976). 

Cost: Reproduction: Increased Risk of Cuckoldry 

Bray et ale (1975) have shown that matings may occur 

outside of the pair - the mates of vasectomised red-winged 

blackbirds (~gclaius phoeniceuQ) 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 lloogland ~ SherDan (1976). 

Cost: Reproduction: Increased Risk of Misdirected Paren

tal Care 

See Uoogland & Shernan (1976). This is not well 

documented compared to the evidence that colonial species 

have well-developed capacities for individual recognition 

of offspring in species where chicks may wander between 

nests (e.g. Beer 1970, Stevenson et ale 1970, Thorpe 1968, 

Nhite et ale 1970). 

Cost: Reproduction: Increased Risk of Inbreeding 

-Although there is some evidence that inbreeding can 

have deleterious effects ill wild birds (e.g. Greenwood et 

ale 1978), no evidence exists to suggest that this is more 

likely to occur in colonial or group breeding species (the 

study cited was on an A-type territorial species). 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. Damerstron 

& Hanerstrorn (1960) showed that 37% of prairie chicken 

(Tyrnnanucbus cupido) mating attempts were interfered with 

at the lek, and 17% disrupted (cf. Hogan-l~rburg 1966). 

It seems likely that this is a higher figure than that 

suffered by A-type breeders, but whether such levels affect 

fitness is unknown. Kruijt et ale (1967) found Duch lO\ler 

levelS of interference at blackcock leks - only 8t of 

mating attempts were interfered with, and only 4 % dis

rupted. 

Burger (1978a & b), Butler & Trivelpiece (1981) and 

Patterson & t:akepeace (1979) found reduced breeding success 

and increased levels of interference in larger colonies, 

though the causal link between interference and breeding 

rate was not unambiguously established. See also Eoogland 

& Sherman (1976). 

cost: Reproduction: Transmission of Parasites and 

Diseases 

That this is sufficiently nore frequent amongst colo

nial breeders to affect fitness has not been established. 

See Hoogland & Shernan (1976) and Ueinertzhagen (1959). 
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Cost: Reproduction: Cannibalism 

High levels of cannibalism can occur. At SODe Larid 

colonies it can be the highest source of Dortality. Stu-

dies finding high rates of cannibalism at Larid colonies 

include: 

Brown 1967; Davis & Dunn 1976; Emlen IS55; Harris 
1964; flunt & Hunt 1975, 197Gb; IIonaghan 1979; 
Pa1udan 1951; Parsons 1971, 1976; Paynter 1949; 
Tinbergen 1953; Tinbergen et al. 1962. 

Hunt & Hunt (1976), Monaghan (1979) and Parsons {197G} 

found that the rate of cannibalism increased in higher 

density colonies. Cannibalism docs not occur in some of 

the smaller Laridae - e.g. Burger (1974a) did not record 

cannibalism amongst Franklin's gull (Larus pipixcan) • 

Since a good proportion of the studies cited here 

sholled overall breedin9 success increases (see relevant 

'benefit' sections above), it can only be assumed that for 

these colonies the cost of increased cannibalism vas 

outweighed by whatever benefits accrued from colonial nest-

ing. 

Non-adaptive Behaviour or Epiphenomena 

As mentioned in section 2.2.4 above, the assumptions 

that all behaviour must be functional and/or must have some 
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consec:;uencc Day be incorrect. As Tilentioned in section 

2.2.4, a probleu with proposing that a beh~viour 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 enough to reveal a true conse-

quence of the behaviour in question. 

The following is a list of studies which have failed 

to deQonstrate a positive or negative consequence of some 

aspect of avian grouping. No attenpt is made to conrnent on 

the quality of the evidence produced in each case for these 

reasons. 

Bedard & gunro 1975; Brosset 1975; Cruz 1974; 
Em1en 1982a; HacRoberts & 11acRoberts 1976; 
Pleasants 1979; Snapp 1976; Stacey 1979; Stacey 
& Bock 1978; Terborgh & Diamond 1970; Ha1sberg 
1977; Halters & Hal ters 1980; tHens 1976; 



Chapter Three Local enhancement for food finding by 

rooks foraging on grassland in winter (*) 

Rooks spend much of their foraging time in flocks. 

The large nunber of categories in the preceding chapter 

suggests that the consequences of the interactions between 

ecological variables and social behaviour are diverse; 

that there is likely to be no single aspect of ecology 

associated \lith variation in social behaviour. Em'lever, 

while it is of course true that selective pressures acting 

to mould social organisation and behaviour will be rnulti-

form, it is possible to investigate with which of such 

pressures a species' behavioural repertoire is particularly 

associated now. It has already been shown that the possi-

ble selective pressure of interspecific aggression 

whatever its influence in moulding social behaviour in the 

past mayor may not have been cannot be related to the 

situation as it exists now, at least in lowland Britain. 

Three previous studies (Peare et ale 1974, Murton 

1971a, Pinowski 1959) suggested that an advantage of flock-

(*) f.. sunm.:lry of this research has been published (Hai te 
1981). A copy is bound in as appen~ix four. A pilot study 
\'las conducted (Fai te 1978); none of the rna ter ial produced 
here (ezcept some aspects of interpretation) appears in the, 
earlier thesis. l'Thenever data or material appearing in the 
earlier report are cited, specific reference is made to that 
study. 
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ing for roo~s night be to increase an individual'S chances 

of finding patchily-distributed prey by watching "here 

other birds foraged. Hurton and Peare et ale noted the 

fact that earthworms constituted a major part of the diet 

of rooks, and that such prey were prob2bly variable in 

occurrence in the top levels of the soil, although they did 

not go on to ~easure either the dispersion of earthworras or 

the responses of rooks to this dispersion. 

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 obser

vation and a play-back ezperiment suggested that calls 

could also attract birds to a field. He also found a 

tendency for larger flocks to occur in sparselY-\looded 

areas where birds could be seen foraging fron sone distance 

and thus be joined by others: whilst smaller flocks 

occurred in fields within morc densely wooded areas where 

restricted vision perhaps prevented flying birds from 

locating foraging birds so easily. Large flocks only 

occurred in wooded areas on abundant and long-lasting food 

sources. This nay suggest that rooks could learn the 

whereabouts of such areas and gather in large flocJ:s, 

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 flev off 

in different directions and beg~n the build-up of foraging 

flocks once more a phenomenon familiar to anyone who 

watches rooks, wllich he interpreted as a process of con

tinually sampling a variable and changing food supply. 

The mere occurrence of social attraction is not sug

gestive of a food-related advantage of flocking, of course 

were the birds enjoying, for example, reduced-predation 

advantages from flocking, they would require social attrac

tion mechanisms to keep the flock together. DO'lever, the 

three studies taken together are suggestive of the possi

bility that flocks might function to increase the probabil

ity of locating transient aggregations of soil inver

tebrates. This follows the correlation noted across many 

species, cited in the previous chapter (e.g. Crook 1965), 

which suggests a general link between avian grouping and 

aggregated prey resources.' 

A predator could increase its probability of finding 

prey by foraging in a group if the prey were aggregated in 

dispersion; if these aggregations were difficult to 

locate; and if they were unpredictable in occurrence. 

under such conditions the probability 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 uhen one of their nu::,ber had located a 

patch, and if each prey patch contained a certain nini~un 

amount of prey, then each predator could also increase its 

individual intake rate of prey by foraging in a group. 

The type of siDple social learning involved is termed 

local enhancement, which has been defined by Thorpe (1963) 

as "Directing an animal's attention to a particular object 

or to a particular part of the environr.wnt." (The phrClse 

social attraction is used interchangeably with local 

enhancement to relieve monotony! Its definition in this 

case is considered identical.) Its involveI:lcnt in food 

finding has been denonstrated experimentally in the labora-

tory in two studies of Parus spp. (Krebs et ale 1972, Krebs 

1973). At present only two reports have been published 

which provide substClntial evidence of local enhancement 

behaviour increasing both the efficiency of prey-patch 

location and individuCll prey intake rate in birds foraging 

for natural prey l~rebs' (1974) study of great blue 

herons brdea terodias and Darnard's (1980) of house spar-

rows Vasser donesticuQ. (*) 

These previous studies have suggested that local 

enhanccnent behaviour can occur on t\lO different scales. 

(*) As stated in chapter two above, the former study was a 
Dodel and stimUlUS for the present one; Darnard's study was 
conducted concurrently and independently of the pre£ent one 
but was published while a report of the research under 
discussion here was in press. 
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Firstly, birds con usc the presence or absence of flocks as 

indicators of large-scale are~s of prey (~rebs 1£74): and 

secondly, once within the flock, bires can use tile 

behaviour of individual cenbers of the flock 2S indicators 

of smaller-scale prey areas (Krebs et ale 1972, Krebs 

1973) • 

Data fran the current study are exanined 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) if the prey were further aggregated within the area 

over which anyone 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 neasure of the relative benefits from different forms 

of social behaviour (see section 2.2.9 above). However, 

this was not possible during the present study. Decause of 

this it was necesGary, as so often in similar studies of 

functional issues in animal behaviour (see e.g. ~rebs & 

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

rate of prey as the measure of the advantage to be gained 
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frohl a ten~ency 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) Deter~ination of what prey types were taken and in 

what proportion. 

(2) Beasurenent of the dispersion of the prey types: 

(a) was the prey aggregated? 
(b) was it hard to find? 
(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 elsewhere 

less frequently as prey density increased? 

(5) Did prey intake rate increase "ith 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 flock, i.e. \lith increasing flock density 

(for snall-scale prey patches)? 

(7) Has the increase in prey intake rate \lith 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 explained by other 

food-related social behaviours (e.g. those listed in 

chapter b.'O)? 

(9) ~?us the increase in prey intake rate out\'leighed by any 

concurrently increasing costs? 

Once the prey types being taken were known, it was 

necessary to determine whether the prey was aggregated in 

dispersion. If prey were randomly or evenly dispersed, 

then there would have been no advantage in an individual 

bird showing local enhancement to others in terms of lccat-

ing better areas of prey individual search would have 

been an equally efficient method of locating prey. 

Further, if prey were easy to locate, or the patch loca

tions were easy to learn and did not shift in location, 

then local enhancement to others would not increase the 

efficiency of exploiting the prey. 

It \'las necessary to deterraine whether the birds \-lere 
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showing social attraction to one another, or whether groups 

occurred simply as the result of individual ~ttraction to 

sane feature of the environment i.e. to determine 

whether the birds were truly flocking or merely aggregat-

It was then necessary to determine whether two rela

tionships existed 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 ~lould 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 density to incoming 

birds. The latter relationship should have existed for 

there to have been a benefit in locating areas of higher 

prey density (of 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. so~e of the other 

possible advantages associated with flocking cited in 

chapter t~o), it should have been the case that prey intake 

rate increased when birds were in larger or denser flocks. 

If all the preceding 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 Dust not be outweighed by some increased cost, for 

example in the energy required to show social attraction 

rather than choose any prey patch, increased predation 

pressure on flocks, aggression, interference with foraging 

~oveQents or disturbance of prey. 

If all the above steps were proven, then it must be 

shown that the relationship between flock size or density 

and prey intake rate could not have been produced by the 

operation of one of the other social ffiechanisQs connected 

with the exploitation of prey (again, these are listed in 

chaDter two). 

2.3.1 The Prey 

The 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 eO% of their foraging tiDe was spent on 

grassland (table 1.4.1). Given this ine~uality of total 

foraging tine on the tvo habitat types, grassland therefore 

represented a Dore 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). 

Uhen on grassland birds \lere observed to take only 

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. Em'lever, eartlmorns \lere one oajor 

prey type which was readily identified through the tele

scope. ilhen on grassland earthvlorns represented 79. 3!S 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 earthworDs 

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 \lith regard to this 

dispersion, is analyzed below. (*) 

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

Different Grass Fields 

Results 

2.3.A.l Earthworm Dispersion 

The densities and dispersion of earth\lOrmS at Keele in 

winter is described in section 1.3.8. Earthworns 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, though there is no direct evidence cn this. 

Although sward appearance differed between the three crop 

typos, within anyone crop type the hurnan sanpler was 

unable to discover any differences in the physical appear-

ance of the s\lard which predicted earthworm densities. 

Observation of foraging rocks suggested that eart~10rns 

were detected either by sight fran a distance of only a few 

inches, or discovered on probing into the soil surface. 

Patch-~ua1ity is unlikely to advertise itself, of course, 

unless there is an advantage to the organism providing the 

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

of earthworms on rook biology is given in appendix five; 
given this influence, we might expect a sioilarly strong 
influence on social behaviour. 
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Section 1.3.8.3 and figure 1.3.7 indicate that 

earthworm densities did shift between fields over the 

\,inte r. 

2.3.A.2 Social Attraction 

The nunbers of rooks landing on one field and the 

nunbers flying on without stopping were counted during a 

tuo-\1cek period. (*) It \laS hoped that envircnnental 

conditions would be unlikely to change significantly during 

this period, and that differences in the numbers of birds 

landing and passing.on would reflect social attraction and 

not individual attraction to some environ~ental variable 

i.e. that the rooks were truly flocting and not merely 

aggregating. 

The data (t&ble 2.3.la) indicated. that rooks were 

significantly nore likely to land on the field if con-

specifics were already present, and more likely to fly on 

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

• 
(*) Experiments on attraction to models were begun. TIowev
er, the behavioural plasticity of Corvids tends to make then 
investigate any novel situation. They would probably local 
enhance to a sky-blue pink elephant if you put one in the 
middle of a field, but the attraction would not necessarily 
tell you anything relevant about social food finding. E~:
perimcnts with models in different postures (cf. e.g. Drent 
& Svlierstra 1977, Inglis & Isaacson 1978, ICrebs 1974, I1urton 
1974) \lould 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. 

al 

Passing Rooks 
Fly On Land 

Rooks Present on Field 66 173 
No Rooks Present 184 117 

bl 

Flock Size of Passing Rooks 

Rooks on Field Fly On Land ./. Landing 

1 - 2 25 36 59.0 

3 - 6 60 122 67.0 

7 - 11 3 24 88.9 

12 - 20 5 59 85.3 

21 - 30 3 34 91.9 

>30 1 16 94.1 

el 

Mean NND of Passing Rooks 
Rooks on Field Fly On Land % Landing 

0- 31"\. 15 84 84.8 

4 - 6 15 77 83.7 

7 - 10 10 42 80.8 
>10 35 13 27.1 

a) Xl = 61.52, df = 1, P < 0.001. 

b) X2 = 36.1, df = 2, p < 0.001 (last 4 rows combined); Zero-order Gamma = 0.563; 
Partial Gamma =' 0.418. 

e) X'l = 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 2.3.1b). 

Such behaviour would be aGvantageous if larger flocks 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 scalIer groups which flew off in various 

directions. 

2.3.A.3 Relationships with Prey Density 

Figure 2.3.1 indicates that rooks tended to leave 

grass areas with lower earthworm densities at a faster rate 

than areas with higher earthworm densities. Figure 2.3.2 

indicates that earUHiorm intake rate increased \lith 

increasing earthworm densities. Although this may seem 

trivially likely, in fact it is not necessarily so for 

example Goss-Custard (1970a) demonstrated that consistent 

variation of the rate of number of items ingested did not 

occur with increases in the density of one particular prey 

of redshanks (TrinoQ totgnus). This was because as prey 

density increased, not only did 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 

Rel~tionship 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 demonstrated 

a type C functional response (fi9ure 2.3.4), a linear 

relationship night 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 prey 

density, approximately equal sample sizes were taken from 

higher and lO\ler flod~ sizes. This ensured that larger 

flock sizes would not tend to be sampled nore 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 l.~) was conducted during the 26-day period of the 

sampling period. Table 2.3.2 and figure 2.3.5 indicate 

that larger flocks whatever the measure of bird-use 

adopted tended to occur on higher earthworm densities. 



Fig. 2 .3.1t - Three types of functional response of a 
predator to prey density 
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predator feeding on one prey type; 
asymptote due to ceiling on handling
time or satiation 

(C) Response of a vertebrate predator with 
__ ,_more thaa:one prey. type available; 

response becomes linear only when 
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either difficulty of locating low 
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2.3.A.4 Relationships with Flock Size 

Figure 2.3.6 illustr~tes·two relationships witll flock 

size intake rates of earthwarDs increased, and vigi-

lance rates decreased, with increasing flock size. Figure 

2.3.7 illustrates Dean vigilance rates of fourCorvid 

species foraging on grassland at different flock sizes. 

Rooks and jackdaws on their own or in pairs had signifi

cantly higher vigilance rates (post analysis of variance 

cor:lparisons by Scheffe test, p < 0.10, the appropriate 

level for this test) than carrion crows or ~agpies on their 

own or in pairs., while vigilance of rooks in flocks did 

not differ significantly from that of carrion crows or 

@agpies on their own or in pairs. 

Figure 2.3.8 demonstrates that there was no tendency 

for birds at lower flock size to have lower earthworm 

intake rate at any particular eartln-wrm density. llhen the 

earthworm intake rates of approxiI;lately equal numbers of 

rooks in small and large flocks were recorded at each of 13 

separate earthworm densities, there were no significant 

differences between different flock sizes in earthworm 

intake rates (table 2.3.3c), with no tendency for earthworm 

intake rate to increase as flock size increased (table 

2.3.3a) • 



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 

Ca) Summary figure for rooks on their own or in pairs 
compared to birds at any other flock size; Cb) Same relation
ship for four different flock size categories. 
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Table 2.3.3 

Flock size and earth\llOrm intake rate at different earth\'lorm 
densities 

(a) w.!2..n int.::l:c rate (nudJers / i,lin.) for the C::iffercnt 
flock size c~tcsories in the U:OV~; (b) cean int~~e r~tc 
for the different earUn,orc. density cates-arles in the 
rc:~ovr..; (c) 2-"Jay r":lOVl'~ tZlble of Ci2rUl\70rn intal:e rate by 
flock size <..md curtL'.lorra clenGity. Lhen equal nULlbers of 
the different flock sizes are rccor~ed at the different 
prey dcnsities, rather th,m rccordins frcL! floc!:;:; encoun
tered in the frequency vi th ... :hich tl:ey naturally occur, 
then there i:::; no increase in earthUOrLl intal~e ratc-; \·;ith 
flocl: size. 

(a) liean Pl1 (b) ,Carthv;orn IIean ,Cr 7 
~~" .. 

Plock Int,:tl~e 

Size Rate 
------- -------

1 - 2 0.74 
3 - 10 0.25 

11 - 20 0.17 
> 21 0.56 

(c) 

Flocl~ Size 

Eartln;orn lJur:1bc rs 
per metre sSuarc 

P 

2.46 

0.97 

nur.:lJe IS per Intake 
Ss\.!are netrc i..atc 
------------ -------

0 - 100 0.10 
101 - 300 0.27 
301 - 400 o .,n 

> tWO o. £ ~1 

c1-f 
.~ i) 

----- -----

3, 96 IT. S. 

3, 96 < 0.05 

9, 96 
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Discussion 

2.3.A.5 Earthworm Dispersion 

Although the data indicated that earthworm dcnsities 

shifted, they could not indicate how often such shifts 

occurred, nor whether they were predictable by rooks. The 

implications of different kinds of shifts are sumcarised in 

table 2.3.4. If prey patches were shiftina unoredictablv 
~. ~ 

and often, then all ccmbers of a predator population could 

benefit fron local enhanccDent behaviour facilitating loca-

tion of the best patches. If patches shifted rarely, but 

also unpredictably, then all of the predator population 

could benefit from local enhancement when the shifts 

occurred. In the meantine there might be no benefit from 

grouping in local enhancement terms, if the predators were 

able to individually learn where the prey patches were; 

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. lIard & 

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 epiphenonenon of the behaviour 

which previously had a function (see chapter 2.2). 

If 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 

ALL when shift occurs 
(in between shifts 
flock perSists for: 

insurance? 
other benefits?) 

YOUNG and/or UUUGRANTS 
(ignorant of local 
conditions) 
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birds vere capable of learning this, then there would be no 

benefit to such birds from local enhancement. However, 

inexperienced young or imQigr2nt birds could benefit by 

follov11n<] others in winter there is both i~TIigration 

into Britain fror.1 the continent (e.g. Dusse 1969, Ilurton 

1971b) and sone dispersal of British birds within the 

country (e. g. r·:clalligan 1980, rIunro 1975). 

lfuich of these situations existed during the present 

study cannot be answered by the data available. !lore 

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 opti~al foragin<] has stimulated research into 

the ability of birds and other animals to assess and 

rer.1ember patch quality see e.g. Hainsworth & Dolf 

1979). Observations of marked birds would be needed to 

determine which members of the rook population were bene

fitting by local enhancement. 

Although it is not known exactly how birds reacted to 

the observed shifts, we can at least ~ernonstrate that birds 

did not regularly occur in the saDe fields at the same 

flock sizes. Although figures 1.4.1a to f show that there 

vere some fields which almost always held rooks, figure 

2.3.9 indicates shifts in flock sizes for six of the fields 

sampled 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 ~nd so cannot be related directly to 

shifts in earthworm densities but comparison with 

figure 1.3.7 indicates that the kind of criss-cross shift

ing pattern of earthworm densities between fields at ~if

ferent times was mirrored by similar flock size shifts. 

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 (l!urton et ale 1966, 1971). 

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

Table 2.3.1 indicates that birds were showing social 

attraction to 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 and 

not merely aggregating. 

If a bird's intake rate of prey did not increase 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 moved on to forage near another flock as often \,hen 

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 inaication to 

a passing bird of high prey density. Figures 2.3.1 and 

2.3.2 indicate, however, that these two conditions were 

fulfilled. 

Following on from this, since birds stayed longer on 

better prey are~s, then on average a bird which gave up 

elsewhere will have arrived on a better prey area when it 

showed social attraction to a bird which was still forag

ing. If this process repeated itself continuously, then 

larger flocks will have tended to build up on the best prey 

densities (table 2.3.2 and figure 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 exam

pIe), or any other advantage fran joining flocks, there was 

an advantage for rooks in ter~s of an increase in indivi

dual prey intake rate. 

Eowever, an increase in prey 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: 

Ca) increasing the eff iciency wi th \vhich the total 

resources of an area are exploited; for example by 

group foraging reducing individual flight distances to 
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shifting prey patches, or by group foraging decreasing 

the likelihood of individuals foraging in areas 

recently exploited by another bird: 

(b) social facilitation of the most efficient feeding 

rate, feeding action or choice of prey type; 

(c) the movements of other animals flushing prey into 

availability; 

(d) cooperative hunting of prey too large or elusive for 

Single birds to catch: 

(e) conmunal defence of feeding areas against competitors 

or, conversely, membership of a group enabling pene

tration into feeding areas unavailable to Single birds 

because they are defended by a doninant animal; 

(f) membership of a group enabling a decrease in indivi

dual vigilance (e.g. for predators), and thereby giv

ing Dore time for feeding. 

Ilost of these other possible mechanisms are either 

irrelevant, given the nature of the prey involved (flushing 

of prey, cooperative 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 simultaneously 

(exploiting shifting prey resources, social facilitation). 
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Of the re~ainder, there is no evidence that flocking 

by rooks constituted group defence of a feeding area. 

Groups of rooks were not observed to defend feedin0 areas 

against conspecifics or other species. Birds belonging to 

one rookery tend to forage in particular areas, but there 

is overlap between rookeries (Phillipson 1933, Coombs lS61, 

Patterson et ~l. 1971, P.T. Green, pers. caron.). 

It has been proposed that grouping nay enable rooks to 

feed within the territories of carrion CrO\lS in Eolland, by 

reducing the effect of carrion crew attacks (Dosserna et ale 

1976, noell 1978). I~owever, flocking did not reduce the 

frequency of successful carrion crow attacks nor the fre

quency of attacks suffered per individual rook (Waite 1978 

and chapter 1.7). 

Finally, vigilance decreased with increasing flock 

size (figure 2.3.Gb). Such a relationship, along with an 

increase in feeding rate 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 

more ti~e for feeding (many references, see chapter 2.2). 

If the relationship 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 



2.3 nook Flocking - Field Observations 33G 

feeding rates than birds in smaller flocks, at any particu

lar prey density. Feare et ale (1974) found that single 

rooks did have lower feeding rates than flock birds at eacll 

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 9 in Feare et ale 1974). However, in the present 

study of rooks foraging on grassland, there vas no tendency 

for birds at lower flock size to have lower 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 because being in a 

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

The patch-locating hypothesis under 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 Dare frequently than smaller flocks. But 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 interpretable 

in the following way. Birds at lower flock size have 
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higher look up levels because they tend to occur Dorc often 

on poorer prey areas: look up is therefore interpreted not 

only as vigilance for predators, but also as vigilance for 

other rooks as indicators of better prey areas (cf. ~rebs 

1974) • 

This interpretation receives circumstantial support 

from comparative vigilance data from three other Corvid 

species also foraging on grassland. These four related 

species are probably open to approximately similar preda

tion pressures when foraging on open grassland areas in 

lowland Dritain. There is no relation between the weight 

of the species and tenG.ency to flock on grassland ({laite 

1978), and the species appear equally conspicuous. To a 

human 'predator' they appear equally palatable (Cott 1916, 

Cott & Benson 1970), and are preyed upon by the same kinds 

of ground and aerial predators (e.g. Coombs 1978, Davies & 

Davis 1973, Davis & Davis 1981, Roskaft 1980, Rudebeck 

1950/51). Yet vigilance levels of the carrion crow and 

magpie on their own or in pairs were similar to those for 

rooks in flocks; whilst vigilance levels of rooks when cn 

their own or in pairs were significantly higher than either 

those of the carricn crow or the magpie. Vigilance of 

jackdaws, also a normally gregarious species, when solitary 

or in pairs, was also significantly higher than that of 

carrion crows or magpies. 
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The normal social orgunisation of the breeding popula-

tion of carrion CrO\lS and nagpies is characterised by 

A-territoriality (see chapter 1.2), two (or sometimes, 

outside of the breeding season, several) birds to each 

area. They forage on their own or as pairs. It seems that 

carrion crows and magpies do not require flocking to locate 

their prey on grassland (appendix B). It seems likely, 

then, that the different vigilance levels of the species 

are related to the differences in social oraanisation 
~ 

connected with the exploitation of prey, given the apparent 

similarity in vulnerability to predation. Thus the most 

reasonable interpretation Dust be that rcoks did not flock 

to reduce vigilance levels, but that being at low flock 

size caused an increase in looking up for other 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 consequent increase in individual prey intake 

rate. Eowever, the data were not sufficient to demonstrate 

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 Haite 1981) assuraed that 

the feeding benefit of being in a flock increased 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). However, although the relationship was statisti

cally significant, the proportion of variance in intake 

rate e::plained by the relationship \lith flocl~ size Has 101"! 

(r-squared = 0.112). There are several nethoGological 

reasons for expecting a large error variance, and thus a 

reduction of the correlation coefficient and an underesti

nation of the true strength of the relationship. Firstly, 

data were taken over a 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 relate~ 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 sa~e prey density could on one occasion be the lowest 
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ranked prey density available in the area (and thus attract 

snaIl flocks), but at another tice the highest ranl~ed prey 

density (and thus attract large flocks). ~lthough there is 

no reason to suppose this would induce any systecatic bias 

to obscure the true relationship, it will have introGuced 

scatter to the relationship and reduced the value of the 

correlation coefficient. 

Secondly, some low flock sizes will have cone to good 

prey densities by chance whereas, because of the relation

ship between prey density and tendency to take flight and 

show local enhancCDent (figure 2.3.1 and table 2.3.1), few 

large flocks will have occurred on low prey densities. 

Thus SODe 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 courGe, a true 

biological cause and not an addition to error variance). 

Thirdly, there are likely to be large individual 

differences in notivation, skill, etc., all of which, 

tllOUgh not expected to introduce systematic bias, will have 

introduced scatter to the overall relationship even if each 

individual birdie intake rates were perfectly positively 

correlated with prey densities. Sinilarly, intake rates 

vary with differing climatic conditions (appendix 8). 



2.3 I~ool: Flocking - Field Observations 341 

However, the addition of more recent ~ata and the 

analysis of the species interactions reported in part cne 

of the thesis have susgested yet another contributory 

reason for the low coefficient. Figure 2.3.6a presented 

the data for all earthworn size classes combined. Fisure 

2.3.l0a presents the relationships, for the increased sarn-

pIc size now available, for small earthworms separately 

from nedium and large earthworms. Intake rates of small 

earthworms were Significantly positively related to flock 

size, both in terns of numbers and calorific value inn-
..) 

ested, but those of medium/large eartll\IOrmS Here not. 

Given the evidence produced in chapter 1.6, uhere a 

negative relationship was described between the intake rate 

of large earthworms by carrion crows and the flock size of 

all other birds present in a field, this suggests that 

large flocks of rooks, though finding themselves on denser 

patches of earthworms, could not feed on the larger size 

classes efficiently. (*) This was probably because they 

were disturbed down their vertical burrows by the increased 

activity of the birds, "lhereas the sL1aller, non-permanent 

(*) Given that the proportion of medium/large earthvorDS 
did not decrease at higher earthworm densities, the rela-
tionship bet\,'cen flock size and intake rate of nedium/lnr<.;;e 
earth\'lorns r:lay hnve been neutral, ratr.e r than negn ti vc as it 
was for carrion crows, because of the effects of decreased 
intake rates due to disturbance at higher floci, cizes, and 
of increaced location of denser areas of earthworms due to 
local enhancencnt effects at higher flock size, cancelling 
on~ another out. However, field work designed to test both 
this and the proposed disturbance explanation are required. 
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burrowing earthworms inhabiting the root layer, could not 

show a similar anti-predator response (or at least, could 

not show a response which gade then completely unavailable 

to bires in the sane way as the larger size classes could). 

The fact that intake rates of other classes of inver

tebrates, also probably limited in their disturbance by the 

flock size of predators foraging for them, increased signi

ficantly with flock size (figure 2.3.10b), further suggests 

that the lack of relationship for ccdium/large earthworms 

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 earthworm 

intake rate (and of total invertebrate intake rate) \lith 

increasing flock size, because smaller earthworms were by 

far the commonest 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 small earthworms and other invertebrate 

types, due to the increased efficiency of location of 

denser prey patches brought about by flocking behaviour, as 

just described. 

nooks had higher total earthworm intake rates than the 

solitary carrion crows foraging on undisturbed large 

earthworms (figure 1.6.2), suggesting that the evolution of 
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flocking behaviour and a probing bill was in sencral adv&n

tageous not only in teres of enhancing ecological separa

tion froc carrion crows, but in allowing the efficient 

exploitation of an abundant prey. Rook exploitation of 

this prey is almost certainly connected with the high 

abundance of rooke compared to the other three Corvid 

species under consideration in lowland Dritain (chapter 

1.7) • 

?he data suggest that the greatest benefits accrue at 

the highest flock sizes, yet table 1.2.2 indicates that 

rooks were nost frequently found foraging at medium flock 

sizes (50~ were in flocks of 6-40 birds). Rather interest

ingly, figure 2.3.lCb 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

[~ent benefit at such lOV1 flock size. Another possibility 

is that some solitary birds were on their own because they 

had discovered SODe particularly good area on a previous 

visit, and had flown directly there to forage - and thus 

had high prey intake rates - whereas small flocks may 

almost always have been searching flocks which had yet to 

settle at a high prey density area. These different possi-

bilities should be tested. 
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Iledium/large earthworm intake rates dropped at flock 

sizes of 3-5 birds, but intake rates of suall earthvor~s 

and other invertebrates had not yet risen sufficiently to 

compensate for this drop. Table 1.2.2 indicates that in 

fact nore birds foragad 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 not often such that rooks 

could maximise tileir prey intake rates in winter at rreele. 
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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 species which adopt a 

solitary way of life (or indeed other members of the same 

species) which adopt gregariousness. Foraging flocks of 

rooks on grassland in winter were not compact, with flock 

members noving together in a closely integrated fashion as 

can be the case \-li th, for exar.lple, some \linter floc:~s of 

starlings (sturnus vu10oris) (pers. obs.), or with woodpi

geons (Columba palu~bus) feeding on clover (Nurton et ale 

1971). Rather, rooks foraged at tines seemingly 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. 

In addition, as flocks moved over a field, time-lapse 

plotting indicated that flocks of the same number of birds 

"expanded" and "contracted", as time passed, thus varying 

in the total area of the field which they covered (Green 

1977) • 

It was considered that if variations in prey densities 
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existed on a small scale within a single grass field over 

which a flock was foraging, then bir~s which gave up 

foraging on an area with poorer prey density, and showed 

social attraction to flock neighbours which had located a 

denser prey area within the field, could gain an advantage 

in food-finding efficiency once foraging \lithin a flock. 

If birds showed local enhance~ent and also tended to leave 

areas of higher prey density less frequently, then birds 

would begin to congregate on the denser prey areas within 

the field, resulting in a "contracted" flock with a lower 

mean nearest ~eighbour distance and a higher ~ean intake 

rate of prey. Flocks would "expand" again as the prey were 

depleted 2nd bires foraged \lider in search of other denser 

prey areas. 

Results 

2.3.B.l 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 and not biomass. 
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2.3.B.2 Social Attraction 

nlthough, as described above, rook flockG were not as 

coherently C08:?Clct as sone bird flocl~s, yet tir.,e-lapse 

plotting 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 drmling 

lines bet\leen perimeter birds so that all birds \Jere Hithin 

the boundary. Birds foraged independently for the most 

part, but were observed to lift off and re-land nearer to 

other birds at times during foraging bouts. A number of 

flocks were selected arbitrarily and observed for five 

minutes each; birds taking flight to re-land within the 

same field were recorded as landing within or further than 

5 metres from 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.lO Detres. The results indicated that 59.9~ of birds 

landed \1i thin 5 r.1etres of anothe r rook (lJ ::: 20G flights 

observed). It is unknown what proportion of birds would be 

expected to land within or greater than 5 metres from 

another bird if landings were at random, since the area 

flocks covered. on the fields used for these data were not 

Deasured. nut for each flock observed the area of field 
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available greater than 5 cetres from another bird (and 

often subsequently foraged over by the flock) vas certainly 

considerably greater than the area of field available 

within 5 metres of any conspecific. Even if a very conser

vative estiGation of the expected proportions for randoD 

landing is taken (50:50), the observed proportion of birds 

lanaing within 5 metres of another rook indicates a signi

ficant tendency to land near another conspecific (binonial 

test, z = 3.28, P < 0.01). 

2.3.B.3 Relationships with Prey Density 

It would be difficult, but not impossible, to Dap out 

the variations in earthworm densities accurately within a 

field and then to collect behavioural data from birds 

recognised as foraging on these different densities. How

ever, such a comprehensive invertebrate sampling programme 

was not possible during the present study. There were 

significant relationships between earthworm intake rate, 

flight rate, flocl~ size and earthworm densities .,.,hen the 

overall density of earthvorms within separate grass fields 

was measured (see A). It is necessary to assume that these 

relationships \loul also hold Here the measurer:1ents of 

behaviour and flock density from within the same field. 
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2.3.0.4 Relationships with Flock Density 

Figure 2.3.lla indicates that earthworm intake rate 

tended to increase with decreasing Dcan nearest ~ei9hbour 

distc:nce. Flock size is also negatively correlated Hith 

mean mm 07aite 1978, Chantrey & \Jaite 197£). However, a 

partial correlation for those observations of earthworm 

intake rate \'lhen both flock size and neareet neighbour 

distance 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 In, r = 0.287, P < 0.05; 

mean NnD x earthworm IR, r = -0.203, P < 0.05, I-tailed; 

the simultaneous relationship is illustrated in figure 

2.3.11b). Thus neither the relationship between flock size 

and earthworc intake rate, nor that between flock density 

and intake rate, could have been entirely caused by the 

relationship between flock size and density. 

Figure 2.3.12 indica tee that the relationship between 

flock density and earth\Jorm intake rate was due to suall 

earthworm intake rate and not cedium/large earthworm intake 

rate. The extra data in this figure compared to figure 

2.3.11 provide a smoother negative relationship betwcen 

flock density and overall earthworrnintake rate. The 

figure further i~dicates that intake rates of all inver-

tebrate types 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, 11 = 76, P' 
< 0.001); (b) Flock size, density and eartlmorm intake 
rates. 

Data for several flock sizes have been blocked together for 
the figure (~ean +/- 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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Faints for c2ifferGnt bird nUJ'.berc huvc becr~ 9roL~ped to<jetl:cr 
C;DU the neC).n plotteLl (+1- s.e.) for C2se of intcrprcto.tion, 

. 'l}svt but correlations uere carried out on tLe original dah~c 
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flock density. 

No significant relationship was found between flock 

density and vigilance in the present study (rho = -0.056, 11 

= 35, 11.S). 

Discussion 

2.3.B.5 Earthworm Dispersion 

The data have indicated that earthworms were aggre-

gated within single fields (i.e. within the area over ,,:hich 

a single flock could forage) in a high proportion of cases. 

In addition, earthworcs were probably hard to find (see ~). 

Lastly, the data indicate that earthworm densities could 

shift in location within fields, but for two fields sanpled 

this relationship was significant for earthworm numbers 

only and not bior:lass. The fact that earthuorn densities 

were shown to be aggregated within cowpats is further 

evidence that the location of earthworm aggregations will 

shift within single fields if these are grazed, since 

earthworM densities beneath pats have been shown to vary 

with the age of the pat (e.g. Boyd 1953, ilolter 1979). The 

hiaher arcas of earthworm density beneath pats will shift 
J 

about the field as each pat builds up to its maximum 
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earthworm ciensity then declines again as it ~isintegrates. 

As in (n), however, the data cannot indicate to what c~tent 

such patterns were predictable, nor wtlcther rooks 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 Ca) though not 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 size 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 variations 

within a single field and prey intake rate, tendency to 

leave a patch, and flock density e~isted. Given that these 

relationships existed between larger scale prey areas (A), 

then perhaps an assumption that, if measured, they would be 

found to exist between smaller scale areas is not unreason-

able. 

With regard to the relationship between prey density 

and flock density, two pieces of circumstantial evidence 

might be offered~ Firstly, rooks flying over a field 

during a two-week period in November 1979 tended to land 
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significantly Dare often, ~na fly on less often, if birds 

already on the field \lere at lm'lcr r.:ean r:t~Ds (table 

2.3.lc). This response wouldbe advantageous if denser 

flocks tended to occur on higher prey densities. (It 

should be noted that this response could also have "selfish 

hera" benefits; Hamilton 1971) • 

Secondly, the VCl r iance in [lean n!D for rook flocks 

foraging on a randomly dispersed prey type (stubble wheat) 

was significantly less than that for rooks foraging on en 

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 UND for each frame was measured, and 

it "las found that the variance in mean mm for flocks on 

grass was significantly greater than for flocks on stubble 

(variance-ratio test: F = 2.87, df = 19,19, 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, 

Dnd scattering wider on areas of lower earthworm density. 

Since 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 earthworQ intake rate did 

tend to increase with increasing flock density. Thus there 

was an advantage for rooks in having shown social attrac-

tion to other members of the foraging flock in ter~s of an 

increase in individual prey intake rate. 

Clearly, if mID Here to drop to very 10Vl levels birds 

would become restricted in Qovenents and agonistic interac-

tions might increase in frequency. EOt'lever, the lO\lest 

raean L;i;D recorded \llhen grassland foraging occurred \'las one 

metre. Figure 2.3.12a indicates that mediuo/large 

earthworm intake rate was not significantly negatively 

related to increasing flock density, as night have been 

expected on the prey-disturbance hypothesis. However, as 

already stated, mJDs \lere never very low on grassland (r:,ean 

rUlDs on stubble \'lere usually much lower) and thus it \'Jould 

seem that down to these tnIDs prey were not disturbed it 

seems that the disturbance effect is not connected \lith 

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 

was always ignored by others>. 

, 
d 
I 
I, 
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The fact that flocl~ size \las positivel~{ rel2ited to the 

intake rate of all invertebrates other than earthilorr;ls 

(figure 2.3.l0b), but flocl~ density uas not (figure 

2.3.12b), strongly supports the suggestion that the flock 

density relationship with earthworn intake rate was ~ue to 

birds building up on denser patches of earthworms. All 

other invertebrates were aggresated between fields (chapter 

1.3) and individual invertebrate types were aggregated 

within fields hO\leVer, each type lias not necessa r ily 

aggregated in the same place within a field, producing a 

random distribution for all other invertebrate types coo-

bined (see figure 1.3.3): thus a measure of intake rate of 

all these types combined would not expect 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 vigilance increased \'lith increased r:lean tz!;D, then 

the hypothesis could be advanced that the negative correla-

tion betueen mean mm and earthHoru intake rate was the 

result of a decrease in vigilance allowing more time for 

feeding as mean ~ND increased. However, no significant 

relationship was found between mean lITlD and look-up in the 

present study. It is possible that the measure of vigi-

lance defined was not sufficiently sensitive to detect true 

levels of vigilance for other foraging conspccifics at 

, 
d 
I 
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close distances betvlcen bi rds. Hi thout any 'l2.y of knmling 

whether the lack of relationship vas valid or the result of 

inadequacy of measurement, it would be unfruitful to 

present data of the kind given in (1\) above. It is 

therefore i~possible to cake any firm conclusions on 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 

earthworm densities \lithin Single grass fields (i.e. within 

the area over which a single flock night forage), all 

predictions were supported by the data with the following 

qualifications and exceptions: 

(a) Eartblorc dens i ties ue re not 8ignif icantly aggregated 

within all grass fields sampled (or at least 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 rooks were fora9-

ing on a certain proportion of the available fields. 

(b) That earthworm densities shifted in location within 

single fields was established for two fields s2Dpled 

in teres of earthworm numbers only and not earthworc 
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bionass. 

(c) The data \-jere not sufficient to demonstrate uhcther or 

not such shifts in location of eartlmorIa dens i ties as 

did occur were predictable, nor to demonstrate the 

capacity of rooks to learn any such patterns as I,1ight 

exist. 

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

out the varying earthvorm densities vithin a single 

grass field ~nd to measure flight rate, earthworm 

intake rate 2nd mean mm 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 short-term increase in prey intake rate, by sho\7-

ing social attraction to conspecifics alrcaay foraging on 

different grass fields. Pood-finding by local enhancement 

has been demonstrated for three different genera of birds 

feeding on three quite different prey types: great blUe 

herons foraging for estuarine fish schools (I(rebs 1974), 

house sparrows foraging on patches of spilt barley grain 
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(Barnard 19£0), und rooks foraging for grasslund 

eartl'nwrms. 

The field observations have also provided evidence 

consistent with the view that individual rooks could gain a 

similar advantage (increase in prey intake rate) by showing 

social attraction to other meL1bers of the flock uhen forag

ing on a proportion of the grass fields available to then 

in \'linter. Hm'lever, a !:lore detailed programr.1c of inver

tebrate sampling would be required before any firner con

clusion could be nade either for or against the hypothesis. 

Such a detailed programwe, by providing more information on 

the frequency and predictability of prey patch shifts, 

could also help to determine which me~bers of the rook 

population could benefit from local enhancement both to and 

vii thin flocl~s. 

The different hypotheses of the kinds of food-related 

advantages, which might accrue from flocking, predict dif

ferent causal relationships between variables. A direct 

influence of group size o~ prey-catching ability is 

hypothesised by, for example, cooperative hunting. Varia

tions in prey 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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direct effect of group size on vigilant behaviour, and a 

direct influence of vigilant behaviour on prey intake rnte. 

Group size as such has only an indirect influence on prey 

intake rate, and this hypothesis makes no predictions about 

the relationships of variables with prey density. 

The locnl enhancement hypothesis predicts that all 

variables are responses to variations in prey density, 

e~cept for social attraction itself, the rate of which is 

indirectly mediated through variations in group size and 

density (see tables 2.3.lb and c). The only social influ-

ence is, therefore, one of a tendency when moving from one 

area to another, to land in the vicinity of other foraging 

birds. Group 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 

enhancement. Prey intal(c rate is influenced directly by 

prey density and not by group size. Group size is 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 ~ensity, variables froD the field obser-

vations would have been nore fruitfully treated by Dul-

tivariate analyses. Unfortunately, however, for practical 

reasons it vas not always 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-

ni~ues. It night be noted that the variables, even though 

often measured independently of one another, show curvi-

linear relationships which are to some extent similar. 

Barnard (1980) was able to maJ:e observations of all 

relevant variables on the saDe individuals, and similar 
; 

" 

conclusions to those of the current study were reached (in 

an independent and parallel study). In a situation where ; 

predation pressure was apparently inconsequential, partial 

correlation indicated that house sparrows in larger flocks 

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. ~s 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 leGs frequently. 

Since correlational evidence of the kind available 

frOD field observations cannot prove causal relationships, 
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it would be frui tEul to control levels of the key e.~osenous 

variables iJcntified (in this case prey density) e~peri~en-

tally, and ~easure variations in the social and behavioural 

varibles in question. The results of such an e~periLcnt 

are reported in the next chapter. h similar approach is to 

quantify variables and run tests of ~ifferent hypotheses by 

conputer sinulation. Chantrey (1902) reports the results 

of such an approach employing values derived fron the field 

observations reported in this chapter. Chantrey found that 

birds which showed local enhancement behaviour both to 

foraging flocks, and to birds within foraging flocks, 

increased their intake rates of patchy prey and re~uced the 

risk of finding too little prey. 

' . . 
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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 move 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 a bird coming to land near another bird which was 

still foraging would move to a better 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 models have been derived from observation 

in natural settings by, for example, Barnard (1980), Burger 

(1981), Caraco (1979a & b), Caraco et a1. (1980a), Krebs 

(1974), pulliam (1976), and Pulliam et ale (1974). Krebs' 

situation was very similar, with prey density variations 

influencing behaviour, and predation on the birds inconse

quential as a controlling variable. In Barnard's study 

also prey density influenced 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 juncos (Junco phaeonotus) 

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. In 

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 vigilance 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 field observation in the present study 

it was not possible to obtain all relevant measures sirnul-

taneously, and all of the variables were observed and none 

manipulated. Since the interpretation offered by the last 

chapter hypothesised that all behaviours were direct or 

indirect consequences of changes in but one exogenous 

variable (i.e. the density of prey in the different 
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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 occurred, but also help 

to develop modifications to take into account unpredicted 

relationships. 

2.4.2 Method 

Wild rooks were attracted to clearly visible bait on a 

large pasture field on the campus of the University of 

Keele, Staffordshire (field 1 of figure M.lb), for a week 

prior to the start of the experiment. l1hen 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 

anyone 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 figures 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 

locating 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) OmOOs to 2m30s: four rooks land to the right of the grid 
and move on to the edge plot 1625 to forage. 

(2) 3mOOs to 3m40s: 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 4mlOs: 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) 4mlOs 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 5m13s: one of the plot 1125 birds has foraged 
across plot 625 to plot 10000: two birds have left the 
grid. 

(6) 5m47s 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) 6mlOs 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 referred to above. However, if a single 

bird made more than one visit to the experimental area, on 

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 nightfall, 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 for each 

bird: 

(a) Prey Density - the number of oat groats per m2 in the 
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plot on which the bird was foraging. 

(b) Flock Size - the number of birds within the prey plot 

(not the entire grid) on which the subject was forag

ing. 

(c) Prey Intake Rate - the number of oat groats ingested 

during the subject's stay on that prey plot, express~d 

as the rate of ingestion per minute. 

(d) Looking Up Rate - the frequency with which rooks 

'looked up' (see section M.lI.7 for further definition 

of this measure of vigilant behaviour). 

(e) Length of stay - the duration (in seconds) of the 

visit to that prey plot •. 

Cf) Human Disturbance - unfortunately a number of records 

may have ended prematurely due to disturbance. When 

people walked across the field near to the experimen

tal grid, this was recorded and subsequently entered 

as a dummy variable into the regressions to measure 

the extent of this source of error. 

Cg) Local Enhancement Behaviour - when entering the exper

imental grid, and when moving between plots, it was 

recorded 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 plot was, for the purposes 

of this experiment, deemed a separate 'field'. Hence an 

observation ended when a bird either left the grid com

pletely, or simply moved onto another of the prey plots 

within the grid. A total of 146 rook visits were recorded 

during the course of the experiment, but missing data 

reduced the number of recordings with complete data for all 

variables to 41. Logarithmic or arcsine transformations 

were appropriate for several non-normal variables and to 

correct curvilinear relationships. 

Data were analysed using techniques associated with 

path analysis (Blalock 1971, Kim & Kahout 1975, Wright 

1921). Most frequently used 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 aI'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 ~). 

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 ~lith 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 ale 1968, Nam

boodiri et ale 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 
earth\vorm prey 

Cd 'J.'hi:.; L,ol:el r'rcc~ictG tb<:.t Lirc2s forc:se 'ol,tir.:c:.:.lly' and 
then, vLcn Lovin<j to for2.se c:lsc\:llcre, alii;::Ys choose to 
lune.; near otLer bircis (see tC?::t fer turtLer e::~Jlicv.tion). 

(j) '.:'est by :::c:.th J.E2.1ysis of r,<ut of this lloGel, usiw] data 
saincC by attractins uild rooks to urti£ici2l prey pro
vic:cd 2t vc:rvinG c;ensitics (LJ ::: /;;1 bird visits). Puths 

•• oJ 

2- re labelled \Ii tl1 tl-.ei r coeff icien ts (ctc:.r:c~a rc.iscL beta 
v(:;lu~G); the curved, dou0lc:-LcClc.~ec} urrml Clc:LelleC \iith 
tte siL+le r vc:;,lue) indic('.tcs wl1 u;l2..n2.ly!:;cl~ correlation 
riot ~';clrt of the r:':oc;cl OE c1cfinec: uuJ (~isturbc,r~ces 
(e:rror teEiz:) ussocic:ted Hitll c2ch cnc~O(::;cr4ous varie,ble 
are calculated as the ssuare root of (1 - ~-ssu2rcd). 
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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. 

2.4.3.2 Model I 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 described in figure 2.4.1. Birds did show 

local enhancement (95% landed within 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 I-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 anunanalysed 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 list). 

All path coefficients are significant (5% level or 

better, I-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. In 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 model is an 

analysis of the strength of relationships between variables 

between which the model predicted 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 

(Nachrnias & Nachrnias 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) 

Endogenous Variable Predictors 
-------------------. ----------
Prey Intake Rate Prey Density 

Looking Up Rate Prey Intake Rate 

Length of Stay Prey Intake Rate 
Human Disturbance 

Flock Size Length of Stay 

Variablity 
Explained (%) 

14.3 

26.9 

27.3 

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 also be specific to 

the test situation. The former suggests that some birds 

may have been able to recognise the areas of greater prey 

density directly. This could either have been due to the 

oat groats being more visible to some birds from a distance 

or (perhaps more likely), due to some birds making more 

than one visit to the grid and remembering where they had 

foraged previously - possible in the experimental situation 

since the location of the prey patches did not shift during 

the course of the experiment. 

The latter relationship, between Flock Size and Prey 

Intake Rate with the influence of other variables par

tialled out, has. two possible 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 19721 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 on the 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 density of prey on 

which they were foraging. Since Flock Size was defined as 

flock size on that prey plot, and not on the entire 

experimental grid of prey plots, an interpretation of this 

relationship in terms of birds at lower flock size looking 

up 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 not necessarily, in terms of 

their normal foraging dispersions, at a low flock size; and 

therefore, one might assume, be unlikely 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 plot with a lower '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 QThe only social 

influence is ••• one of a tendency when moving from one 

area to another, to land in the vicinity of other foraging 

birds Q (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; and it is this modification which is incorporated 

into model II and then tested. 

In the natural situation, it was observed that birds 

tended to show social attraction more frequently to larger 

flocks (table 2.3.lb). Since larger flocks tended on 
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average to build up on better prey densities (figure 

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. If a larger 

flock beca~e 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 move to a denser prey area. Optimal 

foraging theory states that decisions on when to 

give up and move to another patch are made on the basis of 

a comparison of intake rates of prey on that patch compared 

to the average intake rate experienced in the habitat as a 

whole (eg. Krebs 1978). If, however, a giving-up decision 

based on a comparison of one's own flock size with other 

flock sizes available 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 needed to sample the different prey levels available 

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 ale 

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 if 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 a~ount of time available for feeding and hence 

looking 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 
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Figure 2.4.3 

Explication Ca) and test Cb) 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. 
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be successful, if no such larger flock is available. Being 

in a small flock will, then, always increase looking up and 

therefore decrease intake rate, but will not always result 

in a change in how long the bird will forage on that patch. 

It is not one's 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 states that birds adopt a 

mixed strategy for deciding when to move on from a prey 

patch, based sometimes on optimal foraging criteria, and 

sometimes on social stimuli. The hypothesised 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. 

Cb) Ivhen moving, always land near another conspecific, and 
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choose a larger flock rather than a smaller one. 

(c) But 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 patch regardless of present prey 

intake rate. 

2.4.4.2 Model II Results 

Strictly speaking the new model, produced by a scru-

tiny of the result of testing the original one, should now 

be tested by a new 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 manipulating the new key 
-

exogenous variable identified i.e. the size of other 

flocks available on other prey areas. 



2.4 Rook Flocking - Field Experiment 380 

The results of path analysis for that part of the 
. , 

revised model for which data are available from the present 

experiment are presented in figure 2.3.3b, reciprocal paths 

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 

with the data available (in particular those between. 

behaviour and the size of other flocks in the area), and 

that the disturbance terms associated with the endogenous 

variables might be further lessened were these data avail-

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 variables explained 
by model II (R-squared x 100) 

Endogenous Variable 
-------------------
Prey Intake Rate 

Looking Up Rate 

Length of Stay 

Flock Size 

Predictors 
----------
Prey Density 
Looking Up Rate 

Prey Intake Rate 
Flock Size 

Prey Intake Rate 
Human Disturbance 

Length of·Stay 

Variablity 
Explained (%) 

34.1 

34.9 

27.3 

13.2 
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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. Hhether 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 foraging, 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 
Hethods 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 
\'Ji th certainty. 

Table 2 Dispersion 

See l1ethods section for an explanation of the t\'lO 
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). 
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Abbreviations 

NAG 
TLU 
TLG 
pp 

DUNG 

AG 

OV 
( ) 

Non-agricultural Grass 
ungrazed Temporary Ley 
Grazed Temporary Ley 
Permanent Pasture 
Samples from beneath cow pats 

Aggregated distribution 
Not significantly different from random distribution 
Overdispersed 
(Blanks indicate missing data) 



Table Al.l: DENSITIES I [·lean N of Other 

----------------------- I Invertebrates 
I Earth,,,orm I per Core 
I Density per I 
I Square Hetre I Position Relative 
I I to Soil Surface: 

n of I Bio I 
Crop Field Date Cores I Nos (9) I Above Below Either 
------------------------ --------------1---------------------
HINTER 

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 

TLU 37 29-11-79 42 166.5 66.0 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 93.4 0.05 0.24 0.29 
22 11- 2-80 42 233.1 82.9 0 0.02 0.02 

pp la 6- 2-78 52 370.0 131.5 0.15 0.25 0.42 
la 12-11-79 42 376.2 192.7 0.05 0.29 0.33 
la 11-12-79 42 394.7 193.6 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 
Ib 8-12-79 42 314.5 164.6 0.05 0.14 0.31 
Ib 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 0 0 0 
35a 15-12-79 42 414.4 108.8 0 O. 0 
35b 11-12-79 42 296.0 120.2 0 0.09 0.09 
30 15-12-79 10 310.8 121.7 

DUUG la 14-11-79 .10 854.7 624.2 0.70 0.70 
la 23-12-80 10 543.9 274.5 0 0 



Tab.Al.l(cont.) : DEHSITIES I f.1ean lJ of Other 

--------------------------- I Invertebrates 
I Earthvlorm I per Core 
I Density per I 
I Square Hetre I Position Relative 
I I to Soil Surface: 

N of I Bio I 
Crop Field Date Cores I Nos (g) I Above Belo~l Either 

------------------------ -------------- ---------------------
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 0.12 0.12 0.62 

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 0 0.64 0.98 
la 13- 5-80 10 25.9 5.2 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 J 595.7 108.8 0 0.30 0.30 
Ib 3- 5-81 . 42 J 595.7 130.8 0 0.18 0.20 

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

I 
I 
I 

SUm·IER . I 
I 

pp la 13- 6-80 10 I 155.4 40.1 0 0.10 0.20 
I 

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

AUTUNN I 
I 

pp la 18- 9-79 42 I 252.8 111.3 
la 4-10-79 42 I 413.2 170.2 0.06 0.43 0.79 
la 3- 9-80 10 J 233.1 95.7 0 0.10 0.10 

I 
DUNG la 19- 9-79 10 I 725.2 347.1 1.30 2.10 

I 
I 

outside Study Area: I 
I 

pp Oxonl 12-10-79 42 I 92.5 0.06 0.62 0.59 

oxon3 11-10-79 42 I 30.8 0.12 0.40 1.12 
I 
I 



Table A1.2: DISPERSION I Other 
------------------------ I Invertebrates 

I 
I Grid-Pattern 

Earth\<lorrns I f:lethod (Nos) 
I 

V/l1 I Position Relative 
Ratio Grid-Pattern I to Soil Surface: 
llethod Nethod I 

Crop Field Date (Nos) (Uos) (Bio) I Above Below Either 
------------------- -------------------------1-------------------
HINTER 

rU~G 56 20-11-79 AG OV 
56 9- 2-80 AG 

6 14-12-79 AG 
6 9- 2-80 

57 21-11-79 OV 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 I AG 
22 27-11-79 AG AG I AG 
22 11- 2-80 I 

I 
PP la 6- 2-78 AG I 

la 12-11-79 11.G OV I ov AG 
la 11-12-79 AG OV I 
la 12- 1-80 PiG AG f..G I AG 
la 11- 2-80 p<.lO I 
la 23-12-80 I 
Ib 8-12-79 AG AG I OV OV 
Ib 9- 2-80 I 

33a 11-12-79 AG AG AG I AG 
33b 14-12-79 p<.10 I 
33b 9- 2-80 I 
35a 15-12-79 AG I 
35b 11-12-79 AG OV OV I 
30 15-12-79 AG I 

I 
DUnG la 14-11-79 AG I 

la 23-12-80 

outside Study Area 

pp 11k.Dl 2-12-79 AG AG OV I AG OV 
Hk.D2a 2-12-79 AG AG r OV AG AG 
11k. D2a 27- 2-80 AG OV OV I AG 
Hk.D2b 2-12-79 OV , ov 
f·lk .D2b 27- 2-80 AG AG AG , AG AG 

Oxon1 28-12-79 J 

oxon2 28-12-79 



Tab.Al.2(cont.): DISPERSIOn 
----------------------------

Crop Field Date 

Earth\'lorms 

vIa 
Ratio 
l1ethod 
(Nos) 

Grid-Pattern 
Nethod 
(Nos) (Bio) 

Other 
I Invertebrates 
I 
I Grid-Pattern 
I nethod (Nos) 
I 
I Position Relative 
I to Soil Surface: 
I 
I Above Below Either 

------------------- ------------------------- -------------------
SPRING 

NAG 57 21- 5-80 

TLG 20 20- 5-80 p<.075 
18 8- 5-81 

pp la 5- 3-GO 
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 
la 21- 4-81 
la 27- 4-81 
la 3- 5-81 
la 31- 5-81 
Ib 3- 5-81 

DUNG la 20- 5-80 

SUI·mER 

pp la 13- 6-80 

DUUG la 13- 6-80 

AUTUHN 

pp la 18- 9-79 AG 
la 4-10-79 AG AG AG ov 
1a 3- 9-80 AG 

DUNG 1a 19- 9-79 AG 

outside Study Area 

pp oxon1 12-10-79 AG AG AG ov ov 
oxon3 11-10-79 AG AG AG AG 
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Appendix Two 

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

See Methods 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). 

Contents of the cores have been separated into 
earthworms (Lumbricidae) and any other invertebrate (see 
nethods and Prey sections for a sumQary 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, 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. 
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Keys 

(a) Actual numbe rS/ltle igh t within each core 

EarthvlOrms Other 
Nos Biomass Enchytraeidae Invertebrates 

D' 0 0 Absent 0 

[!J 1-2 <0.5g Present 1 

~ 3-4 <1.5g 2-3 
~i ::~ 

>4 >1.5g >3 

(b) Deviation of each core from the sample mean 

Between-2 standard deviations and the·mean 

, 
11ean to +2 s.d. 

> +2 s.d. 

.:" ,.. 



I I 

Figure A2.l 

Date: 
Crop: 

Field: 

20-11-79 
Non-agricultural Grass 
56 (SJ 814452) 

Ca) Earthworm Numbers: Density per Square Metre = 49.3 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 70~10 p < 0.005 > 0.001 
Conclusion: Aggregated 

-----------------------------------------------------------------

I 

• • • • • 0.. 
J • i 

o 

• o 

I • • • o • I 
I 
i 

• 
Actual numbers in each core standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0 
sparse = 0 

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

Mean with 95% confidence limits = 6.85 +/- 0.67 
Observed dense-dense joins = 7 

Conclusion = Random 



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

(!) ~ • • o 

• 
• • 

e e • o 

G • 
Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

= )0 
o 

Dense 
Sparse = 

Expected dense-dense joins = 
Observed dense-dense joins = 

Conclusion = 

6.85 +/- 0.66 
7 
Random 



(c) 'Invertebrates other than Earthworms (~umbers) 

• 
-9 

• 
• 

• • 
• 

Below Soil Surface 

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

Conclusion = Random 

Enchytraeidae 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

---------------------------------------------------------------------

·0 
• 

• 

• • 
Above Soil Surface 

Exp. D-D joins = 6.85 +/- 0.66 
Obs. 0-0 joins = 5 

Conclusion = Overdispersed 

• 

• 

• • 
• CD • 

• • 
• 
G • • • 

• • 
All (excluding Enchytraeidae) 

Exp. D-D joins = 28.91 +/- 1.16 
Obs. D-D joins = 27 

Conclusion = Random 



Figure A2.2 

Date: 
Crop: 

Place: 

21-11-79 
Non-agricultural Grass 
57 (SJ 812449) 

(a) Earthworm Numbers: Density per Square Metre = 61.7 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 40.48 P < 0.5 > 0.4 
Conclusion: Random 

-----------------------------------------------------------------

• 0 

• • • 0 

• 0 

• • 
• • • ~ 

~ 

• • 0 0 

Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

~ , ' 

~ 

~ 
~ .~ ~ - Dense = 

sparse = 

m 

~ 

>0 
0 

~ 

t 

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

Mean with 95% confidence limits = 5.48 +/- 0.60 
Observed dense-dense joins = 5 

Conclusion '= Random 



(b) Earthworm Biomass: Density per Square Metre = 32.1 gm 

• • • • • • , 

• • • • • o • 
• • o 

• • 
• • • ~ ~ o 

CD • • • • 
\ 

Actual biomass in each c~re Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0 
sparse = 0 

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

Conclusion = Overdispersed 



(c) Invertebrates other than Earthworms (Numbers) 

• 
• • • 
• • • • • 

• • 
• • • 

• 
Below Soil Surface 

Exp. D-D joins = 18.26 +/- 0.99 
Obs. D-D joins = 19 

Conclusion = Random 

Enchytraeidae 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

---------------------------------------------------------------------

• 
• 

• • 
• 

Above Soil Surface 

Exp. D-D joins = 1.52 +/- 0.33 
Obs. D-D joins = 2 

Conclusion = Aggregated 

• • 
• ED· 
-eea 

-0 
• • 

• • 
All (excluding Enchytraeidae) 

, 

Exp. D-D joins = 35.15 +/- 1.22 
Obs. D-D joins = 35 

Conclusion = Random 



Date: 
Crop: 

Field: 

23-11-79 
Non-agricultural Grass 

7 (SJ 813455) 

(a) Earthworm Numbers: Density per Square Metre = 265.2 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 51.73 P < 0.15 > 0.1 
Conclusion: Random 

-----------------------------------------------------------------

E) • • 0 I) • • e 
• 

• • G • • 
• • • • • 
• • f) • • • 0 • 

• G • • • • • 0 • • 
Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

= >0 
a 

Dense 
sparse = 

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

Mean with 95% confidence limits = 45.64 +/- 1.29 
Observed dense-dense joins = 46 

Conclusion = Random 



(b) Earthworm Biomass: Density per Square Metre = l12.2,gm 

• 000 • 
• • • • 

• • • 0 • • e • o 

• • CD • • • • 
o 

crt 0 CD G·· o 0 0'. m 
• G ct •• 

Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Oense = >0.2 9 
sparse = <0.2g 

Expected dense-dense joins = 38.49 +/- 1.25 
Observed dense-dense joins = 39 

Conclusion = Random 



(c) Invertebrates other than Earthworms (Numbers) 

6 • • 0 ~ 
.. 

• ~G 
• • 

0 • 
• 

Below Soil Surface 

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

Conclusion = Random 

• • • • 
• • 

• • • • 
• • • • 

• • • • 

Enchytraeidae 

Exp. D-D joins = 23.28 +/- 1.08 
Obs. D-D joins = 27 

Conclusion = Aggregated 

--------------------------------~----~-------------------------------

• 
• 

• 
• 

Above Soil Surface 

Exp. D-D joins = 0.91 +/- 0.26 
Obs. D-D joins = 1 

Conclusion = Random 

• 
• • 

• e 
• 

• 
• 

All (excluding Enchytraeidae) 

Exp. D-D joins = 11.87 +/- 0.84 
Obs. D-D joins = 11 

Conclusion = Random 



Figure A2.4 

Date: 
Crop: 

Field: 

29-11-79 
Temporary Ley Ungrazed 
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 • • • 
• • • • • • • 
8: • • 8 • • • ~ • ~ ® ~~ • • 
• • , • • • • • • • • 

• • • • • 
• • • • 

Actual numbers.in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >1 
sparse = 0-1 

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

Mean with 95% confidence limits = 26.02 +/- 1.12 
Observed dense-dense joins = 35 

Conclusion = Aggregated 



Cb) Earthworm Biomass: Density per Square Metre = 66.0 gm 

• • • • G • 0 o 
• e • 0 o 
e • • e • G e o 
8 • • • • • • • 

• • • • • 
• • • 

Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0.1 9 
sparse = 0 - 0.1 9 

Expected dense-dense joins = 28.91 +/-.1.16 
Observed dense-dense joins = 30 

Conclusion = Random 



(c) Invertebrates other than Earthworms (Numbers)-

• • 
• • 

• • 
• 

Below Soil Surface 

Exp. D-D joins = 4.26 +/- 0.54 
Obs. D-D joins = 4 

Conclusion = Random 

• 
• 
• 

• • • 
• • 
• 

Enchytraeidae 

Exp. D-D joins = 4.26 +/- 0.54 
Cbs. D-D joins = 6 

Conclusion = Aggregated 

---------------------------------------------------------------------

• 

Above Soil Surface 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

• e. • • • 0 
• • • 

• • • 
• • • 

• 
e 

All (excluding Enchytraeidae) 

Exp. D-D joins = 18.26 +/- 0.99 
Cbs. D-D joins = 17 

Conclusion = Random 



Figure A2.5 

Date: 
Crop: 

Field: 

25-11-79 
Temporary Ley Grazed 
20 (SJ 823442) 

(a) Earthworm Numbers: Density per Square Metre = 333.0 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 53.57 P < 0.075 > 0.05 
Conclusion: (Random) 

. , , 

---------------------------------------------____________________ I 

• 0 e • • e • •• 0 • 

oD • • • • • • 
• • CD • • • • o •• • 

• • • • • • e • • 
e • • • f) • • • ••• 
e 0 6) • • • • • • • • 
Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >3 
Sparse = 0-3 

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

Mean with 95% confidence limits = 38.94 +/- 1.25 
Observed dense-dense joins = 33 

Conclusion = Overdispersed 



(b) Earthworm Biomass: Density per Square Metre = 123.3 gm 

• G E) • • e • • • • 
0 0 • e 0 • • • • • 
• • 0 e • • • • • 
~ 0 • • .. e 0 ~ 

" Bo 0 • 
• • • • e • • 
• • G e • • • • 0 

Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0.35 g 
sparse = 0 - 0.359 

Expected dense-dense joins = 35.15 +/- 1.22 
Observed dense-dense joins = 31 

Conclusion = Overdispersed 



(c) Invertebrates other than Earthworms (Numbers) 

• • 
• • • 0 . ".,..,,- CD 'F 

• • • 
0 : .. ;~ , • Q "·r 0 .. 

• 0 

• • • • 
Belo\-1 Soil Surface 

Exp. D-D joins = 26.02 +/- 1.12 
Obs. D-D joins = 31 

Conclusion = Aggregated 

., • • • 
• • • 

• • 
• • 

• 
• • • 

Enchytraeidae 

Exp. D-D joins = 15.98 +/- 0.94 
Obs~ D~D joins = 13 

Conclusion = Overdispersed 

---------------------------------------------------------------------

• 

Above Soil Surface 

EXp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

• 
• 

All 

Exp. 
Obs. 

• • • 
• • CD ".,!- e ~·.h~ 

• e • 
• CD M, 

• • 
I) .')\:', • • • 

(excluding Enchytraeidae) 

D-D joins = 35.15 +/- 1.22 
D-D joins = 35 

Conclusion = Random 



Figure A2.6 

Date: 
Crop: 

Field: 

27-11-79 
Temporary Ley Grazed 
22 (SJ 821447) 

(a) Earthworm Numbers: Density per Square Metre = 240.5 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 46.07 P < 0.3 > 0.2_ 
Conclusion: Random 

-----------------------------------------------------------------

• • • 0 • • 
• • • e • • • • • 

• • • • • • • • • • 
0 • • • • • • • • • • 

• • • • 
f) • • • 0 

. Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

= >0 
o 

Dense 
Sparse = 

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 



Cb) Earthworm Bionass: Density per Square Metre = 93.4 gm 
\ 

• • • · e·· • • 
• • CD • CD • ~ ~- , • .. 
-ee e • CD • • 0 0 0 

• • G • U ·0 0 • ., . • • 0 

• CD • G • • • • 
Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0.15 g 
sparse = 0 - 0.15g 

Expected dense-dense joins = 38.49 +/- 1.25 
Observed dense-dense JOlns = 42 

Conclusion = Aggregated 



(c) Invertebrates other than ,Earthworms (Numbers) 

• 
• 0 ,~~ 

• 
• • • 

• 
• 

Below Soil Surface 

Exp. D-D joins = 5.48 +/- 0.60 
Obs. D-D joins = 6 

Conclusion = Random 

• • • 
• • • 

• • 
• • 

• 

Enchytraeidae 

Exp. D-D joins = 8.37'+/- 0.72 
Obs., D-D joins = l~ 

Conclusion = Aggregated 

---------------------------------------------------------------------

• 

• 

Above Soil surface 

EXp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

• 
• 0 • 

• 
• • • • 

• 
• 

All (excluding Enchytraeidae) 

Exp. D-D joins = 8.37 +/- 0.72 
Obs. D-D joins = 10 

Conclusion = Aggregated 



Figure A2.7 

Date: 
Crop: 

Field: 

12-11-79 
Permanent Pasture 
la (SJ 819452) 

(a) Earthworm Numbers: Density per Square Metre = 376.2 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 4B.75 P < 0.2 > 0.15 
Conclusion: RandoD 

--------------~--------------------------------------------------

C) • • • 
• • • • 
• • • 
f) • • • 
• e • G 

• • • • 

• • 
• • • 
• • • 
• • • 
e • 

G • • 

•• • 
• 0 

• 0 

• • 
• • • • 

• • • 

• • 
• • 

• 
• 
• 

Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >3 
Sparse = 0-3 

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 



Cb) Earthworm Biomass: Density per Square Metre = 192.7 gm 

G • • 0 • 
CD • 0 • 0 --

e • • 0 e 
e 0 e • • 

G e e e 
• 0 • • CD 

Actual biomass in' each 

Test for Dispersion using 

Dense = >0.75 9 
sparse = 0 - 0.75 9 

• • 
0 • • • • • 
0 • 0 • 
e • • 0 0 

CD • 0 0 0 

• • 
core Standard deviation units 

spatial relationships between cores: 

Expected dense-dense joins = 31.95 +/- 1.19 
Observed dense-dense. joins = 30 

Conclusion = Overdispersed 

., 



(c) Invertebrates other than Earthworms (Numbers) 

• ." ~" 0 
• • 

• 
• e " • 

• 
Below Soil Surface 

Exp. D-D joins = 5.48 +/- 0.60 
Obs. D-D joins = 3 

Conclusion = Overdispersed 

Enchytraeidae 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

---------------------------------------------------------------------

• • 

Above Soil Surface 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

• e -\~\~ 

• • 
• • • 

• CD 

• 
All (excluding Enchytraeidae) 

Exp. D-D joins = 6.85 +/- 0.66 
Obs. D-D joins = 8 

Conclusion = Aggregated 



Figure A2.8 

Date: 
Crop: 

Field: 

11-12-79 
Permanent Pasture 
la (SJ 819452) 

(a) Earthworm Numbers: Density per Square Metre = 394.7 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

. Chi-square = 74.47 P < 0.001 > 0.0005 
Conclusion: Aggregated . 

-----------------------------------------------------------------

• 0 • • 
0 8 • e 
• • • 
• CD 

• • 
0 • • 
Actual numbers 

Test for Dispersion 

Dense = >3 
Sparse = 0-3 

• • • 
• • • • 0 • 0 • 
e • CD • • 0 

• • e • • • 
• • • • • 
• • • • 

in each core Standard deviation units 

using spatial relationships between cores: 

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

Bean with 95% confidence limits = 26.02 +/-
Observed dense-dense joins = 27 

Conclusion = Random 

j' 

1.12 " j 



(b) Earthworm Biomass: Density per Square Metre = 193.6 gm 

e e • • • • 0 0 

8 e • CD • 0 • • • 0 

• • • 0 • 
• • 
• • • • 
0 • • CD at • 
Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0.45 9 
sparse = 0 - 0.45 9 

Expected dense-dense joins = 38.49 +/- 1.25 
Observed dense-dense joins = 32 

Conclusion = Overdispersed 



(c) Invertebrates other than Earthworms (Numbers) 

• 
• • 

0 0 • • 
• 

• 
Below Soil Surface 

Exp. D-D joins = 4.26 +/- 0.54 
Obs. D-D joins = 4 

Conclusion = Random 

• • • • 
• • • • 

• • • • 
• • • 
• • • • • • 

• • • 
Enchytraeidae 

Exp. D-D joins = 41.99 +/- 1.27 
Obs. D-D joins = 44 

Conclusion = Aggregated 

---------------------------------------------------------------------

Above Soil Surface 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

• 
• • 

0 • • 
• 

• 
All (excluding Enchytraeidae) 

Exp. D-D joins = 4.26 +/- 0.54 
Obs. D-D joins = 4 

Conclusion = Random 



Figure A2.9 

Date: 
Crop: 

Field: 

12-1-80 
Permanent Pasture 
la (SJ 819452) 

Ca) Earthworm Numbers: Density per Square Metre = 252.8 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 55.95 P < 0.05 > 0.025 
Conclusion: Aggregated 

-----------------------------------------------------------~-----, 

• • • • • • 0 • • 0 

• • • • • • • • 
• • Ct • • 0 II • • 

• • • • • • • 
• • • • • 

• • • • • • 
Aceual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >1 
Sparse = 0-1 

Expected dense-dense joins if sparse and 
dense ~ores were randomly mingled: 

Mean with 95% confidence limits = 20.69 +/- 1.04 
Observed dense-dense joins = 23 

Conclusion = Aggregated 



(b) Earthworm Biomass: Depsity per Square Metre = 86.9 gm 
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Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense' = >0.25 g 
sparse = 0 - 0.25 g 

Expected dense-dense joins = 28.91 +/- 1.16 
Observed dense-dense joins = 36 

, Conclusion = Aggregated 



(c) Invertebrates other than Earthworms (Numbers) 

• • • 
• 

• • • 
CD ·'j·r' " 

e • • 
• • • 0 

Below Soil Surface 

Exp. D-D joins = 15.98 +/- 0.94 
Obs. D-D joins = 13 

conclusion = Random 

• 
• 

• • • 
• • • 

• • • • 
• • • 

Enchytraeidae 

Exp. D-D joins = 15.98 +/- 0.94 
Obs. D-D joins = 23 

Conclusion = Aggregated 

---------------------------------------------------------------------

• 
• 

• 

Above Soil surface 

EXp. D-D joins = 0.46 +/- 0.19 
Obs. D-D joins = 2 

. Conclusion = Aggregated 

• • • 
• • 
• • • • 

0 ,. • 
8 <:~fi • • 

• • • I) 
All (excluding Enchytraeidae) 

Exp. D-D joins = 23.28 +/- 1.08 
Obs. D-D joins = 24 

Conclusion = Random 



Figure A2.l0 

Date: 
Crop: 

Field: 

8-12-79 
Permanent Pasture 
Ib (SJ 822453) 

(a) Earthworm Numbers: Density per Square Metre = 314.5 

--------~--------------------------------------------------------
I 

Test for Dispersion ignor~ng spatial relationships between cores: 
Chi-square = 74.63 P < 0.001 > 0.0005 
Conclusion: Aggregated 

----------------------------------------------------------------, 
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• • • • • 0 • • • • 
• • • G • • G • • • 

Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >2 
Sparse = 0-2 

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 = 46 

Conclusion = Aggregated 



(b) Earthworm Biomass: Density per Square Metre = 164.6 gm 

• 0 • • o • 
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Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0.3 9 
sparse = 0 - 0.3 g 

Expected dense-dense joins = 31.95 +/- 1.19 
Observed dense-dense ]01nS = 29 

Conclusion = Random 



(c) Invertebrates other than Earthworms (Numbers) 

G ' ';er~( 

• 

• • • 
Below Soil Surface 

Exp. D-D joins =.2.28 +/- 0.40 
Obs. D-D joins = 1 

• 

Conclusion = Overdispersed 

• 
•• 

• 
• • 

• 
Enchytraeidae 

Exp. D-D joins = 2.28 +/- 0.40 ' 
Obs. D-D joins = 2 

Conclusion = Random 

---------------------------------------------------------------------

• 

• 

Above Soil Surface 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

• • 
G .,.., 

• • • 
• 
• 

• • • • 
All (excluding Enchytraeidae) 

Exp. D-D joins = 10.04 +/- 0.78 
Obs. D-D joins = 6 

Conclusion = Overdispersed 



Figure A2.ll 

Date: 
Crop: 

Field: 

11-12-79 
Permanent Pasture 
33b (SJ 812445) 

(a) Earthworm Numbers: Density per Square Metre = 271.3 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 62.87 p < 0.025 > 0.01 
Conclusion: Aggregated 

-----------------------------------------------------------------

• e G • 000 

• • • 
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f1) • • • e • 
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Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

= >0 
o 

Dense 
Sparse = 

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

Mean with 95% confidence limits = 38.49 +/- 1.25 
Observed dense-dense joins = 46 

Conclusion = Aggregated 



(b) Earthworm Biomass: Density per Square Metre = 101.7 gm 
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Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

I'5.J '.,; ;~,;;_;. c,": 
~~ LtlJ. 
i~ "" " ':',,'1 

Dense = >0.2 9 
sparse = 0 - 0.2 g 

Expected dense-dense joins = 
Observed dense-dense joini = 

Conclusion = 

28.91 +/- 1.16 
31 
Aggregated 



(c) Invertebrates other than Earthworms (Numbers) 

• 
• • 

CD .. • 
• • 
• • 

Below Soil Surface 

EXp. D-Djoins = 5.48 +/- 0.60 
Obs. D-D joins = 7 

Conclusion = Aggregated 

• • 
• • 

• 
• • • 

• 
• • • • 

Enchytraeidae 

Exp. D-D joins = 11.87 +/- 0.84 
Obs. D-D joins = 7 

Conclusion = Overdispersed 

---------------------------------------------------------------------

• 

I 

Above Soil surface 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

• 
• 

• • 
G .. • 
• • 
• • 

All (excluding Enchytraeidae) 

Exp. D-D joins = 8.37 +/- 0.72 
Obs. D-D joins = 8 

Conclusion = Random 



Figure A2.l2 

Date: 
Crop: 

Field: 

11-12-79 
Permanent Pasture 
35a (SJ 811443) 

(a) Earthworm Numbers: Density per Square Metre = 296.0 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 62.35 P < 0.025 > 0.01 
Conclusion: Aggregated 

-----------------------------------------------------------------
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Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

n:'~:''J' r.{~ 
, ~ 

Dense = >1 
Sparse = 0-1 

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

Mean with 95% confidence limits = 20.69 +/- 1.04 
Observed dense-dense joins = 18 

Conclusion = Overdispersed 



(b) Earthworm Biomass: Density per Square Metre = 120.2 gm 
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e e 0 e G • • • • • 
G • 0 G <' • • • 
Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0.15 g 
sparse = 0 - 0.15 g 

Expected dense-dense joins = 41.99 +/- 1.27 
Observed dense-dense joins = 40 

Conclusion = Overdispersed 



ec) Invertebrates other than Earthworms (Numbers) 

• 
• • 

• 

Below Soil Surface 

Exp. D-D joins = 0.91 +/- 0.26 
Obs; D-D joins = I 

Conclusion = Ranaom 

' . 

• 
• • 
• • 

• 
• 

• 
Enchytraeidae . 

Exp. D-D joins = 4.26 +/- 0.54 
Obs. D-D joins = 4 

Conclusion = Random 

---------------------------------------------------------------------

• 
• • 

• 

Above Soil Surface All (excluding Enchytraeidae) 

EXp. D-D joins = Exp. D-D joins = 0.91 +/- 0.26 

Obs. D-D joins = Obs. D-D joins = 1 

Conclusion = Conclusion = Random 



Figure A2.l3 

Date: 
Crop: 

Field: 

2-12-79 
Permanent Pasture 
Market Drayton 1 (SJ 707351) 

(a) Earthworm Numbers: Density per Square Metre = 191.2 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 66.72 P < 0.01 > 0.005 
Conclusion: ~ggregated 

-----------------------------------------------------------------
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Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >1 
Sparse = 0-1 

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

Mean with 95% confidence limits = 20.69 +/- 1.04 
Observed dense-dense joins = 24 

Conclusion = Aggregated 



(b) Earthworm Biomass: Density per Square Metre = 125.9 gm 

• e 0 
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G " • 0 0 

0 

f) CD 0 0 • 0 

• 0 

Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0.2 g . 
sparse = 0 - 0.2 g 

Expected dense-dense joins = 31.95 +/- 1.19 
Observed dense-dense joins = 28 

Conclusion = Overdispersed 



(c) Invertebrates other than Earthworms (Numbers) 

• 
• 

• • 
0 {~.; 

Below Soil Surface 

EXp. D-D joins = 1.52 +/- 0.33 
Obs. D-D joins = 2 

Conclusion = Aggregated 

• 
• 

• 
• 

Enchytraeidae 

Exp. D-D joins = 0.91 +/- 0.26 
Obs. D-D joins = 1 

Conclusion = Random 

---------------------------------------------------------------------

... 

-• 

• 

Above Soil surface 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

, 

• 
• 

• • 
• • 

e -

All (excluding Enchytraeidae) 

Exp. D-D joins = 3.19 +/- 0.47 
Obs. D-D joins = 2 

Conclusion = Overdispersed 



Figure A2.l4 

Date: 
Crop: 

Field: 

2-12-79 
Permanent Pasture 
Harket Drayton 2a (SJ 709355) 

(a) Earthworm Numbers: Density per Square Metre = 30.8 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 44.01 P < 0.4 > 0.3 
Conclusion: Random 

-----------------------------------------------------------------

• • • 0 

• • • U <r(t 

• • • • • • 
• • 

• I) 3 
, ~ 

• • 
Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

= >0 
o 

Dense 
sparse = 

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

Mean with 95% confidence limits = 6.85 +/- 0.66 
Observed dense-dense joins = 8 

Conclusion = Aggregated 



(b) Earthworm Biomass: Density per Square lletre = 32.7 gm 
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Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 
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"" 
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El 
= >0 g 

o 9 
Dense 

Sparse = 

Expected dense-dense joins = 6.85 +/- 0.66 
Observed dense-dense joins = 8 

Conclus~on = Aggregated 



(c) Invertebrates other than Earthworms (Numbers) 

• 
• ~~ • 

• e • 
e 0 

Below Soil Surface 

EXP. D-D joins = 5.48 +/- 0.60 
ObS. D-D joins = 16 

Conclusion = Aggregated 

--
' .. 

• • 
0 

Enchytraeidae 

Exp. D-D joins = 0.46 +/- 0.19 
Obs. D-D joins = 1 

Conclusion = Aggregated 

---------------------------------------------------------------------

• 
• 

• 
Above Soil Surface 

Exp. D-D joins = 0.46 +/- 0.19 
Obs. D-D joins = 0 

Conclusion = Overdispersed 

. ~[~ .. ~j~ 

• • • 
.G)G 

• 
-. • 

All (excluding Enchytraeidae) 

Exp. D-D joins = 10.04 +/- 0.78 
Obs. D-D joins = 21 

Conclusion = Aggregated 



Figure A2.l5 

Date: 27-2-80 
Crop: Permanent Pasture 

Field: Market Drayton 2a (SJ 709355) 

(a) Earthworm Numbers: Density per Square Metre = 86.3 

----------------------------------------------------------------- , 

Test for Dispersion ignoring spatial relationships between cores: 
Chi-square = 56.58 P < 0.05 > 0.025 
Conclusion: Aggregated 

-----------------------------------------------------------------

• • 
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• • • 
• 

• • • • 
• • • o • • 

Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

= >0 
o 

Dense 
Sparse = 

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

Mean with 95% confidence limits = 10.04 +/- 0.78 
Observed dense-dense joins = 6 

Conclusion = Overdispersed 



(b) Earthworm Biomass: Density per Square Metre = 91.6 gm 
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• 
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CD " 0 

• 0 C) • 0 

CD ". • CD 0 • 
Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

= >0 g 
o 9 

Dense 
sparse = 

Expected dense-dense joins = 10.04 +/- 0.78 
Observed dense-dense joins = 6 

Conclusion = Overdispersed 



(c) Invertebrates other than Earthworms (Numbers) 

• 

• • 
• • 

• 
• 

Below Soil Surface 

EXp. D-D joins =.6.85 +/- 0.66 
ObS. D-D joins = 8 

Conclusion = Aggregated 

• 

• 
• • 

• • • 
• • 

Enchytraeidae 

Exp. D-D joins ='5.48 +/- 0.60 
Obs. D-D joins = 7 

.Conclusion = Aggregated 

---------------------------------------------------------------------

• 

Above Soil Surface 

Exp. D-D joins = 
Obs. 0-0 joins = 

Conclusion = 

• 

• 
• 

A .... 
~ 

• 

• 
• 

• 
• 

All (excluding Enchytraeidae) 

Exp. D-D joins = 8.37 +/- 0.72 
Obs. D-D joins = 8 

Conclusion = Random 



Figure A2.16 

Date: 2-12-79 
Crop: Permanent Pasture 

Field: Market Drayton 2b (SJ 711355) 

(a) Earth~orrn. Numbers: Density per Square Metre = 154.2 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 47.27 P < 0.2 > 0.15 
Conclusion: Randon 

-----------------------------------------------------------------
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• • • • 0 • 
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Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

= >0 
o 

Dense 
Sparse = 

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

Mean with 95% confidence limits = 26.02 +/- 1.12 
Observed dense-dense joins = 20 

Conclusion = Overdispersed 



Cb) Earthworm Biomass: Density per Square Metre = 69.7 grn 
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Actual biomass in each core standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0.15 g 
sparse = 0-0.15 g 

Expected dense-dense joins = 31.95 +/- 1.19 
Observed dense-dense joins = 25 

Conclusion = Overdispersed 



ec) Invertebrates other than Earthworms (Numbers) 

. 

0 

j 

Below Soil Surface 

EXp. D-~ joins = 
Obs. D-D joins = 

Conclusion = 

a 
• 

Enchytraeidae 

EXp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

• 

---------------------------------------------------------------------

• 
Above Soil Surface 

Exp. D-D joins = 
Obs. D-D joins = 

conclusion = 

• 

• 
All (excluding Enchytraeidae) 

Exp. D-D joins = 0.46 +/- 0.19 
Obs. D-D joins = 0 

Conclusion = Overdispersed 



Figure A2.17 

Date: 27-2-80 
Crop: Permanent Pasture 

Field: .Market Drayton.2b (SJ 711355) 

(a) Earthworm Numbers: Density per Square Metre = 178.8 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships 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 

Test for Dispersion using spatial relationships between cores: 

= >0 
o 

Dense 
sparse = 

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

, 

Mean with 95% confidence limits = 28.91 +/- 1.16 
Observed dense-dense joins = 35 

Conclusion = Aggregated 



Cb) Earthworm Bionass: Density per Square Metre = 109.5 gm 
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Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0.05 g 
Sparse = 0-0.05 g 

Expected dense-dense joins = 31.95 +/- 1.19 
Observed dense-dense JOlns = 39 

Conclusion = Aggregated. 



(c) Invertebrates other than Earthworms (Numbers) 

• 

• 
• • 
Below Soil Surface 

EXp. D-D joins = 0.91 +/- 0.26 
Obs. D-D joins = 2 

Conclusion = Aggregated 

Enchytraeidae 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

---------------------------------------------------------------------

Above Soil Surface 

Exp. D-D jOins = 
Obs. D-D jOins = 

Conclusion = 

• 

• 
• • 

All (excluding Enchytraeidae) 

Exp. D-D joins = 0.91 +/- 0.26 
Obs. D-D joins = 2 

Conclusion = Aggregated 



Figure A2.18 

Date: 
Crop: 

Field: 

14-3-80 
Permanent Pasture 
la (SJ 819452) 

(a) Earthworm Numbers: Density per Square Metre = 388.5 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square =.77.84 P < 0.0005 
Conclusion: Aggregated 

-----------------------------------------------------------------
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Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >1 
Sparse = 0-1 

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

, 
Mean with 95% confidence limits = 49.45 +/- 1.31 

Observed dense-dense joins = 58 
Conclusion = Aggregated 



(b) Earthworm Biomass: Density per Square Metre = 178.2 grn 
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Test for Dispersion using spatial relationships between cores: 

Dense = >0.5 g 
Sparse = 0-0.5 9 

Expected dense-dense joins = 31.95 +/- 1.19 
Observed dense-dense joins = 36 

Conclusion = Aggregated 



ec) Invertebrates other than Earthworms Ct~umbers) 

• • • 
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~ 'h . 
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Below Soil Surface 

Exp. D-D joins = 6.85 +/- 0.66 
Obs. D-D joins = 7 

Conclusion = Random 
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• • • • 
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• • • 

• • • • • • 
81- • • • 

Enchytraeidae 

Exp. D-D joins = 49.45 +/- 1.31 
Obs. D-D joins = 53 

Conclusion = Aggregated 

---------------------------------------------------------------------

• 

Above Soil Surface 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

• • • • 
• • 

• • • ~~ • , 

• 
All (excluding Enchytraeidae) 

Exp. D-D jOins = 10.04 +/- 0.78 
Obs. D-D joins = 9 

Conclusion =Overdispersed 



Figure A2.19 

Date: 
Crop: 

Field: 

29-4-79 
Permanent Pasture 
la (SJ 819452) 

(a) . Earthworm Numbers: Density per Square Metre = 74.0 

Test for Dispersion.ignoring spatial relationships between cores: 
Chi-square .- 57.92 P < 0.05 > 0.025 
Conclusion: Aggregated 

-----------------------------------------------------------------

• • e- o 
• • • • 

• 0 • • • 
• • 

• 

Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 
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= >0 
o 

Dense 
Sparse = 

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

Mean with 95% confidence limits = 5.48 +/- 0.60 
Observed dense-dense joins = 4 

Conclusion = Random 



(b) Earthworm Bionass: Density per Square Metre = 23.1 gm 
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Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense =,>0 9 
Sparse=· 0 9 

Expected dense-dense joins = 11.87 +/- 0.84 
Observed dense-dense joins = 11 

Conclusion = Random 



(c) Invertebrates other than Earthworms (Numbers) 
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• ~(;!) •• 
Below Soil Surface 

Exp. D-D joins = 18.26 +/- 0.99 
Obs. D-D joins = 24 

Conclusion = Aggregated 
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• • 0 0 • 0 
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• • 0 • • 
0 • , 

• • 
Enchytraeidae 

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 = 

• 
• 

• • • • • 
• CD 1~~~'· • • 

All (excluding Enchytraeidae) 

Exp. D-D joins = 28.91 +/- 1.16 
Obs. D-D joins = 33 

Conclusion = Aggregated 



Figure A2.20 

Date: 
Crop: 

Field: 

18-9-79 
Permanent Pasture 
la (SJ 819452) 

(a) Earthworm Numbers: Density per Square Metre '= 252.8 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 35.62 P < 0.7 > 0.6 
Conclusion: Random 

-----------------------------------------------------------------
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Actual numbers in each core standard deviation units 

Test for Dispersion using spatial relationships between cores: 

= >0 
o 

Dense 
Sparse = 

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

l1ean with 95% confidence limits = 57.51 +/- 1.32 
Observed dense-dense jOins = 61 

'conclusion = Aggregated 



(b) Earthworm Biomass: Density per Square Metre = 111.3 gm 

• f) 0 G • e • • • • • 
• • f1) I • 
9 8 • • CD • e • • • • 
• G 0 ~ D • & • ·m • 
• • • • • 

e • • • • • 
Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0.25 9 
Sparse = 0-0.25 9 

Expected dense-dense joins = 31.95 +/- 1.19 
Observed dense-dense joins = 30 

Conclusion = Random 



(c) Invertebrates other than Earthworms (Numbers) 

****************** 
* * 
* DATA MISSING * 
* * 
****************** 

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 = 
Oos. D-D joins = 

Conclusion = 

" 

All (excluding Enchytraeidae) 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 



Figure A2.2l 

Date: 
Crop: 

Field: 

4-10-79 
Permanent Pasture 
la (SJ 819452) 

(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 

-----------------------------------------------------------------

• • • • • • • • • 
• • • • • • • .0. 
• • CD • • 
Q • • • • • CD • • 
• • • • e '. • • • • • o 

• CD • • • • • • 
Actual numbers in each core Standard deviation units 

Test for Disper~ion using spatial relationships between cores: 

Dense = >2 
Sparse = 0-2 

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

Mean with 95% confidence limits = 23.28 +/- 1.08 
Observed dense-dense joins = 25 

Conclusion = Aggregated 



(b) Earthworm Biomass: Density per Square Metre = 170.2 gm 

• • 0 0 • • .. 
• • • • • 0 0 

• • 
e • • • 
• • 
• 

Actual biomass in each core Standard deviation units 

Test for Dispersion using 

= >0.3 9 
0-0.3 9 

Dense 
Sparse = 

spatial relationships between cores: 

Expected dense-dense joins = 35.15 +/- 1.22 
Observed dense-dense joins = 37 

Conclusion = Aggregated 



ec) Invertebrates other than Earthworms (Numbers) 

• • 
• • • 

• 
• e • • 
Below Soil Surface 

Exp. D-D joins = 13.84 +/- 0.89 
Obs. D-D joins = 12 

~ Conclusion = Random . 

Enchytraeidae 

EXp. ,D-D joins = 
Obs. D-D joins = 

Conclusion = 

---------------------------------------------------------------------

. 

• 
• 

• , 

Above Soil Surface 

EXp. D-D joins = 0.46 +/- 0.19 
Obs. D-D joins = 0 

Conclusion = Overdispersed 

• • 
• • 

• 

• 
All (excluding Enchytraeidae) 

Exp. D-D joins = 13.84 +/- 0.89 
Obs. D-D joins = 12 

Conclusion = Random 



Figure A2.22 

Date: 
Crop: 

Field: 

11-10-79 
Permanent Pasture 
Oxon 3 (Port neadow) (SP 488089) 

(a) Earthworm Numbers: 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 

-----------------------------------------------------------------

• 

• 
• • • 

Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = >0 
Sparse = 0 

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

Mean with 95% confidence limits = 1.52 +/- 0.33 
Observed dense-dense joins = 2 

Conclusion = Aggregated 



(b) Earthworm Biomass: Density per Square Metre = 

****************** 

* * * DATA HISSING * 
* * 
****************** 

Actual biomass in each core· Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

Dense = 
Sparse =. 

Expected dense-dense joins = 
Observed dense-dense joins = 

Conclusion = 



(c) Invertebrates other than Earthworms (Numbers) 

• 
• 

e ~ 

• • • 
• • • 

• e ~~. • 
Below Soil Surface 

Exp. D-D joins = 10.04 +/- 0.78 
Obs. D-D joins = 13 

Conclusion = Aggregated 

• 

Enchytraeidae 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

---------------------------------------------------------------------

• 

• 

• • 
• . 

Above Soil Surface 

Exp. D-D joins = 1.52 +/- 0.33 
Obs. D-D joins = 2 

Conclusion = Aggregated 

• • 
• 

• • • 
• • • • • 
• • • 

All (excluding Enchytraeidae) 

Exp. D-D joins = 18.26 +/- 0.99 
Obs. D-D joins = 21 

Conclusion = Aggregated 



Figure A2.23 

Date: 
Crop: 

Field: 

12-10-79 
Permanent Pasture 
Oxon 2 (Farmoor) (SP 439068) 

(a) Earthworm Numbers: Density per Square Metre = 92.5 

-----------------------------------------------------------------
Test for Dispersion ignoring spatial relationships between cores: 

Chi-square = 67.92 P < 0.005 > 0.001 
Conclusion: Aggregated 

-----------------------------------------------------------------

• • • • 
• • • • • • • .0. 
• • • • • • 

• 0 • • 
0 • G • 

• • • • • • • • o 
Actual numbers in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores: 

= >0 
o 

Dense 
Sparse = 

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

Mean with 95% confidence limits = 53.40 +/- 1.32 
Observed dense-dense joins = 55 

Conclusion = Aggregated 



(b) Earthworm Biomass: Density per Square Metre = 

****************** 
* * * DATA rUSSING * 
* * 
****************** 

Actual biomass in each core Standard deviation units 

Test for Dispersion using spatial relationships between cores:" 

Dense = i 
Sparse = 

Expected dense-dense joins = 
Observed dense-dense joins = 

Conclusion = 



(c) Invertebrates other than Earthworms (Numbers) 

I C) "-.. ,}., • • Q 0 • , 

• 0 

• e • • • 
• • 0 

./ • 
• • • 
Below Soil Surface 

Exp. D-D joins = 28.91 +/- 1.16 
Obs. D-D joins = 25 

Conclusion = Overdispersed 

Enchytraeidae 

Exp. D-D joins = 
Obs. D-D joins = 

Conclusion = 

----------------------------------------~----------------------------

G • • • ',~, • e '.~ .. CD ':;1<" • 
• • • • CD 
G) ·b~( • • • • • • 8 

)I • • • 
• e . ,. • CD • 

• • • '~; .. ~- • • • 
Above Soil Surface All (excluding Enchytraeidae) 

EXp. D-D joins = 13.84 +/- 0.89 Exp. D-D joins = 49.45 +/- 1.31 
Obs. D-D joins = 15 Obs. D-D joins = 44 

Conclusion = l~ggrega ted Conclusion = Overdispersed 
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Appendix Three 

Analysis of variance summary tables 

(a) Earthworm Numbers by Grass Field 

Source 
Sum.of 
Squares 

Variance 
df Estimate F p 

-------------------------------------------------
Field 

Error 

Total 

115.93 

195.36 

911.28 

13 

514 

581 

13.53 

1 .39 

9.166 *** 

, 

Pairwise compariso~s between fields (SCheff~est); 
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: 

1: 56 51 38 22 Set 
Set 2: 
Set 3: 
Set 4: 

38 22 
22 

30 1 
30 1 
30 1 
30 1 

33b 
33b 
33b 
33b 

35a 
35a 
35a 
35a 

1b 20 
1b 20 
1b 20 
1b 20 

1a 35b 
1a 35b 6 
1a 35b 6 33a 



(b) Earthworm Biomass by Grass Field 

Source 
Sum of 
Squares 

Variance 
df Estimate F p 

-------------------------------------------------
Field 

Error 

Total 

23.95 

141.34 

164.73 

13 

574 

587 

1.80 

0.25 

7.309 *** 

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 : 
,Set 2: 
Set 3: 
Set 4: 
Set 5: 

56 57 38 22 33b 35b 7 
38 22 33b 35b 7 35a 30 20 

22 33b 35b 7 35a 30 20 1b 33a 
35b 7 35a 30 20 1b 33a 1a 

1b 33a 1a 6 

2 



(c) Earthworm Numbers by Crop 

Source 
Sum of 
Squares df 

Variance 
Estimate F p 

-------------------------------------------------
Between 32.35 2 16.18 10.018 *** 
Linear 26.64 1 26.64 16.524 *** 
Non-Linear 5.11 1 5.11 3.561 n.s. 

Error 938.93 585 1 .60 

Total 911.28 581 

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 

3 



(d) Earthworm Biomass by Crop 

Source 
Sum of 
Squares df 

Variance 
Estimate F p 

-------------------------------------------------
Between 4.21 . 2 2.10 1.610 *** 
Linear 2.91 1 2.91 10.534 *** 
Non-Linear 1.30 1 1.30 4.138 * 
Error 160.52 585 0.21 

Total 164.13 581 

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 

4 



(e) Field by Date of Sampling 
earthworm numbers 

Source 
Sum of 
Squares 

Variance 
df Estimate F p 

-------------------------------------------------
Field 

Date 

F x D 

Error 

Total 

177.13 

0.57 

49.81 

706.87 

934.38 

6 

1 

6 

582 

595 

29.52 

0.57 

8.30 

1 .21 

(f) Field by Date of Sampling 
earthworm biomass 

Source 
Sum of 
Squares df 

Variance 
Estimate 

24.31 

0.47 

6.83 

F 

III 

ns 

III 

p 

-------------------------------------------------
Field 

Date 

F x D 

Error 

Total 

26.72 

0.02 

6.55 

178.31 

211.60 

6 

1 

6 

582 

595 

4.45 14.54 1** 

0.02 0.07 ns 

1.09 ** 
0.31 

5 



6 

(g) Two Areas of Field 6 by Date of Sampling 
earthworm numbers 

Sum of Variance 
Source Squares df Estimate F p 
-------------------------------------------------
Field 58.34 1 58.34 36.96 *** 

Date 2.15 1 2.15 1 .36 ns 

F x D 25.15 1 25.15 15.93 *** 

Error 258.88 164 1.58 

Total 344.52 161 

( 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 

F x D 1.36 1 1.36 3.18 .056 

Error 58.94 164 0.36 

Total 13.61 161 



7 

(1) Two Areas of Field 1 by.Date of Sampling 
earthworm-numbers 

Sum of Variance 
Source Squares df Estimate F p 
-------------------------------------------------
Field 28.59 1 28.59 20.89 *** 
Date 1.02 1 1.02 0.75 ns 

F x D 10.86 1 10.86 7.94 ** 
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 

F x D 0.17 1 0.17 1.92 .168 

Error 69.36 172 0.40 

Total 72.89 175 



(k) Vigilance of four Corvid species at different 
flock sizes 

Source 
Sum of 
Squares df 

Variance 
Estimate F p 

-------------------------------------------------
Main 

Error 

Total 

24,023.0 

12,407.6 

36,430.6 

4 

139 

143 

6005.8 67.28 III 

8 
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Summary of significant differences in prey intake 
rates between different crop types (for 
explanation of statistics, see appendix 7): 
(a) carrion crow; nag, tlu, tlg and pp compared. 

Pairwise 
Microhab. Differences 
or Feeding (Scheffe 
Action Prey F p p < 0.10) 
---------------------- ----------- ------------
S. Pick Med.EW 3.78 - nag: rest 
S.Probe Med.EW 4.41 -- nag: rest 
Jab Med.lnv. 3.40 - tlu: rest 
Dig Med.lnv. 3.32 - tlu: rest 

Below 
Surface All EW 2.82 - tlu: rest 

Summary of significant differences in prey intake 
rates between different crop types: 
(b) magpie; nag, tlu, and pp compared. 

Microhab. 
or Feeding 
Action Prey F p 

Pairwise 
Differences 
(Scheffe 
p < 0.10) 

---------------------- ----------- ---------------
S. Pick 
S-C Turn 
S-C Turn 

Sm. lnv. 
Sm. lnv. 
Med.lnv. 

5.44 *1 
5.93 II 

7.77 III 

pp,nag:nag,tlu 
pp,nag:nag,tlu 
pp,nag:nag,tlu 

9 



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 
---------------------- ----------- ------------
ROOK Intake Rate: 
S. Pick Sm. Inv. J 4.43 • 
D. Probe Sm. Inv. C 5.52 • 
D. Probe Sm. Inv. J 3.94 .052 
D. Probe Sm. EW C x M 4.80 * 
D. Probe Lge.EW C 4.26 * 
Dig . Med. Inv. M 5.33 * 
Dig Med.lnv. C x M 8.36 *. 
Dig Med.Inv. J x M 11.24 **. 
Dig Sm. EW C x M 5.86 * 
Dig Sm. EW J x M 5.69 • 
Jab Med.EW C x J 4.36 * 

t P 
---------------------- ----------- ------------
S. Pick Med.lnv. Any 2.09 * 
D. Probe Sm. Inv. Any 2.92 *. 
Dig Med.lnv. Any 2.58 it 

Jab Sm. Inv. Any 2.43 it 

~~~~~~~~~.~~~~~~~~~~~~ .;,;&a; ...... ~"w'w ... lwa:..io. ...... i...-..bi..l.o ...... '-' ... i... 
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Effect: 
C = Carrion Crow 

Microhab. J = Jackdaw 
or Feeding M = Magpie 
Action Prey R = Rook F p 

---------------------- ----------- ------------
C. CROW Intake Rate: 
S. Pick Med.Inv. R 4.49 * 
S-C Turn Med.Inv. M 12.60 *** 
Dung Turn Med.Inv. M 4.46 * 
Dung Turn Sm. EW R 7.92 ** 
D. Probe Hed.Inv. M 4.59 * 

t P 
---------------------- ----------- ------------
Pounce 
Dung Turn 

Sm. EW 
Sm. Inv. 

----------------------
JACKDAW Intake Rate: 
S. Probe Sm. Inv. 

Any 
Any 

-----------

C 

2.14 
2.13 

F p 

* 
* 

------------

8.77 ** 
t p 

---------------------- ----------- ------------
S-C Turn Sm. Inv. I Any 2.10 * 
..... . . ..... . ...... - ..... - .' .. I" ; ... , _. _0' •• " ••• ' 
~~~~~~~w~~w.~~~~~w~w~~I~~~~~~w~~~~ ~~~~~~~~~~~~ 

----------------------
MAGPIE Intake Rate: 
Pick Sm. Inv. 
Pounce Sm. Inv. 

F p 
-----______ 1 ______ ------

C 
C 

8.15 ** 
6.29 * 

t p 

---------------------- ----------- ------------
Pounce 
Pounce 

I 

Sm. Inv. I 
Hed.Inv. I 

Any 
Any 

3.22 ** 
2.06 * 

11 



Appendix Five 

Rook breeding biology and earthworm abundance; rook and 
carrion crow mortality. 

Figure l: Fron Burton & uestwood (1977), bc:sed on vari
ous sources. Sol~d area at top of figure indicates the 
annual light cycle; solid line change in rook testis 
diaDeter; histogram indicates nUE1ber of clutches laid in 
each ~onth - dark bars Oxford, light bars Cambridgeshire; 
diagonal bar represents prioary moult score; lower part 
of figure represents earthHOrr:1 biol;1ass (+- s.e.). 

:8.ooks tiue their breeding such that young are in the 
nest when earthworm availability is at a peak. Rooks 
moul t \.Jhen earthworm bioI'Jass is 10\lest. 

Table 1: Fron nurton & Hest\IOOa ·(1977): rooks breeding 
outside the tiI'Je of maximum earthworm availability pro
duced fe\ler fledglings. 

Figure 2: Fron nurton & Uestwood (1974): significant 
relationship betueen the maximut1 numbet of rooks present 
in a Cambridgeshire study area during the breeding season 
and the t1inimurn bioDass of earthworms during the previous 
SUW:ler. Popul~tion size in the breeding season \'las 
related to the rnininum earthworm availability in the 
previous SUrnDer, 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 \linter. 

Figure 3: FrOI:I Holyoak <1971>: rook tlOrtality, outside 
of the' breeding season, peaks dur in-g the sur;lr.1C r r.wnths, 
the period of moult (fig.l) and of lowest earthworm 
availability (fig.l). 
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Jan Feb Mar Apr Ma~ Jun Jul Aug Sep Oct Nov Dec 

Breeding success and productivity o[ Rook in relation to clutch size and to season 

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/or season 
March 138 (50S) 66 84 56 2-0 

1-15 AprU 58 (197) 73 85 62 H 
16-30 April 20 ( 55) 51 93 47 1-3 

May ., ( 19) (58) (27) (16) 0'4 
butch size 
In March 

1 4( 4) (25) (100) (25) (0-3) 
2 17 ( 34) 68 , 96 65 1-3 
3 37(111) 73 85 62 1'9 
4 SO (200) 72 84 60 2-4 

5-7 30 (156) 56 79 44 2-3 
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Appendix Six 

Morphological characteristics of four corvid species 

(Actual measurements 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). 



(a) Ratios between species 

HEIGHT IAveragel Ratio with species: 
hlith 3 I 
IOther I 

Appendix Six 

species I Species I C. Crow :r.ook Jackdaw Hagpie I 
_------------1-------1-------------------------------1 

I I I 
Carrion 
Rook 
Jackda\" 

Crow I 1.97 I I 
I 1.70 I 1.21 I 
I 1.73 I 2.26 1.86 I 

Uagpie I 1.85 I 2.45 2.02 1.08 I 

LENGTH IAverage I Ratio with species: 
minus tail Iwith 3 I 

IOther I 
species ISpeciesl C.Crow Rook Jackdaw Magpie 
-------------1-------1-------------------------------1 
Carrion Crow 
Rook 
Jackda", 
llagpie 

2.35 
1.55 
1.76 
1.63 

1.85 
2.72 
2.47 

1.47 
1.33 1.10 

TAIL IAverageJ Ratio with species: 
I\-lith 3 I 
lother J 

Species ISpeciesl C.Crow Rook Jackdaw Magpie 
-------------1-------1-------------------------------1 
Carrion Crow 
Rook 
Jackda\,l 
Hagpie 

1.25 
1.25 
1.47 
1.45 

1.11 
1.40 
1.24 

1.26 
1.38 1.10 



Appendix Six 

HING IAveragel Ratio with species: 
I\.,i th 3 1 
IOther 1 

species ISpeciesl C.Crow Rook Jackdaw Magpie 1 
-------------1-------1-------------------------------1 

1 1 I 
Carrion 
Rook 
Jackda'vl 
r,Iagpie 

Crow 1 1.39 1 1 

TARSUS 

I 1.34 I 1.05 I 
I 1.32 I 1.38 1.31 I 
I 1.55 I 1.73 1.65 1.26 1 

IAveragel Ratio with species: 
Iwith 3 1 
lother I 

species ISpeciesl C.Crow Rook Jackdaw Magpie 1 

-------------1-------1-------------------------------1 1 1 1 
Carrion 
Rook 
Jackda\·, 
llagpie 

Crow I 1.23 I I 
I· 1.13 I 1.12 I 
I 1.22 I 1.35 1.20 I 
I 1.13 I 1.21 1.08 1.11 1 

BILL LElroTH IAveragel Ratio with species: 
I\·lith 3 I 
IOther I 

species ISpeciesl C.Crow Rook Jackdaw Magpie 
-------------1-------1-------------------------------1 
Carrion Crow 
Rook 
Jackda\,l 
rlagpie 

DILL DEPTH 

species 

1.36 
1.45 
1.48 
1.36 

IAveragel 
I\vith 3 I 
IOther I 
ISpeciesl 

1.08 
1.59 
1.42 

1.72 
1.54 1.12 

Ratio with species: 

C.Crovl Rook Jackda\'j Hagpie 
-------------1-------1-------------------------------1 . 

I ' 
Carrion Cro\-, 1.29 1 . 

Rook 1.22 1.09 J 

Jackdaw 1.32 1.41 1.30 I 
llagpie 1.22 1.37 1.26 1.03 I 



(b) Ratios within species 

Weight Length Tail 

Height C 
R 
J 
II 

Length C 0.99 
(minus R 1.51 
Tail) J 1.19 

Tail 

Hing 

Tarsus 

Bill 
Length 

Bill 
Depth 

H 1.00 

C 
R 
J 
n 

C 
R 
J 
It 

C 
R 
J 
H 

C 
R 

J 
n 

C 
R 

J 
r1 

3.00 
2.76 
1.86 
0.99 

1.72 
1.49 
1.05 
1.21 

9.42 
8.64 
5.59 
4.63 

10.59 
8.05 
7.43 
6.13 

29.26 
26.17 
18.22 
16.33 

3.03 
1.82 
1.56 
0.99 

1.73 
0.98 
0.88 
1.21 

9.51 
5.72 
4.68 
4.63 

10.69 
5.32 
6.22 
6.13 

29.52 
17.31 
15.26 
16.33 

0.57 
0.54 
0.56 
1.23 

3.13 
3.13 
3.00 
4.69 

3.52 
2.92 
3.99 
6.22 

9.74 
9.49 
9.78 

16.55 

Appendix Six 

Bill Bill 
Wing Tarsus Length Depth 

5.49 
5.81 
5.34 
3.82 

6.17 1.12 
5.41 0.93 
7.10 1.33 
5.05 1.32 

17.05 3.10 2.76 
17.60 3.03 3.25 
17.41 3.26 2.45 
13.45 2.66 2.66 
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Appendix 7 

Foraging rates of four corvid species on grassland in winter 

surncary tables of ~ean foraging rates (with standard 
deviation). See ~ethoas scction for how calorific and 
protein ingestion rates were estimated. The results of 
both par c::J.metr ic and non-par arnetr ic Wruskal-\'Jalli s) 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 assuDptions began to cause differences in levels of 
5 i9nif icance beblcen parametr ic and non-parametr ic tests 
(see I1ethods). The results of all possible pain-lise 
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 
foragin<] 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 

IngeGtio~ rates, by earthworn/other invertebrates, by 
wicrohabitat. 

Table 7.7 

Ingestion rates, by earthworm/other invertebrates, by 
feeding action. 

Table 7.8 

Ingestion rates, by invertebrates, by microhabitat. 

Table 7.9 

Ingestion rates, by invertebrates, by feeding action. 

3 



(s.d.) 

I "~"'~"'l' cn r- t"''" .c-- r t~" ,,' -,. " ... ' -I- t " +" _ ".;;'-"-~~ ;.. \.!. \.:~ .. ~J ~1,- \..~lr.LCrcnt lr~\!'crl,..CbrZ4'"-C j.· .. r;cG CCJ...lrlC(' 
Curins direct o~serv3tion in tte field, ~nd total-ingestion 
ratc3, fer feur ~~Gcies 

r~tes per =inute: " ...... .' -" 
'r) 

:;;; 

.:::: 

.:::: 

::u:-::bcrs ingested ~cr ... in. 
~cal inn,e~te~ ocr nine - '" 
9 of protein-containing ~aterial 
inscste~ pcr nine 

I /Pain;iscl 
f 1 2 3 4 IDi£fer- I 
f I cnccs I 
f C~irricn / (Schc:ffe I 

?rey ?j'il(,' I f :-:cc:~ erc:,' J.::.ckd,::n: ::':-:0)ic IF<.10) / r p I ~:2 p 
:;;;========:;;;=I=f=:;;;==~===z===:;;;=:;;;=:;;;=:;;;===~========I========1=========1========== 

I f I I I 
[;.:.:111 f::1 G.ta 0.5: 1.71 0.93 I 1,2:3,4121.91 ***1 47.00 *** 

I fCO.57) (O.72) (1.36) (0.90) I 3:4 I I 
1::10.0028 O.CC36 0.0115 O.OC~3 I I 
'rrc.ceO? O.COOS C.OOIS C.DCOS I I 
I I I I 

::::di:..;::-. f~:1 0.25 O.C~ 0.16 0.34 I 2:1,3,411,(.52 ***1 33.02 *** 
11(0.38) (0.79) (0.25) (C.i~O) I I I 
I~IG.O~GC O.llC7 0.0287 0.OG25 I I I 
f?IC.C059 O.01~2 0.0036 0.0079 I I I 
I ! 1 I 

~.:;cr; .. 1:;1 C.31 
1 1CO.73) 
f:: , a • C;):2 C 
1:'rO.JICt. 
J r 



Table 7.2 Peck rates fer the different nicrohabitats 

Feeding f,ctions / 
Cor.tbined I 

I 
All Feeding 
Attet1pts, Both 
Successful and 
Unsuccessful 

I 
I I1ean (s.d.) Rate per Ilin. IPairuise/ 
I 1 Differ-I 
f 1 2 3 4 1 ences I 
f / (Scheffe/ 

A-V K-Il 

Ilicr 0 nabi ta t f Rook Cro\-! JackC:au !:agpie / p<.l 0) 1 F P 1 :~2 p 
===============/===============================/========/==========1=========== 

l.bove Soil 
Surface 

Eeneath 
ClOc1s/Stenes 

t;Jithin/ 
Deneath Dl!ng 

1 1 1 1 
1 1.41 2.21 2.81 2.07 1 1:2,3 1 6.65 ***1 16.9~ *** 
10.22) (2.08) (2.32) Cl.40) / I I 
1 1 I 1 
I 0.32 0.39 0.95 
/ (0.61) (0.73) 0.56) 
/ 
I 0.36 1.00 1.56 
1(0.73) (2.24) (2.29) 

I 

0.96 1,2:3,41 
(1.06) 1 

1 
0.55 3:1,-1 I 

<l.36) I 
1 

9.03 ***1 25.3G *** 
I 
I 

5.60 ***1 lC.37 *** 
1 
1 

Beneath Soil I 3.69 0.37 0.07 0.07 1:2,3,41202.21 ***1 179.73 *** 
Surface 1(2.92) Cl.02) (0.18) (0.16) 1 1 

1 1 1 1 
===============1===============================1========1==========1=========== 

I' _ ...... -._-----



!Tab1e 7.3 

'[\11 Feeding 
; l\ttei:lpts, Both 
'Successful and 
·Unsuccessful 

Peck rates for the different feeding actions 

r:ean (s.d.) Rate per ,;- -.. In. I 
I Pai nlise 1 1 

1 2 3 1 Differ-I I 
1 ences 1 A-V 1 

Carrion 1 (Scheffe 1 1 
Feeding Action 1 Rook Crm·, Jackda\'l flaS!pie 1 p<.l 0) 1 F D 1 X2 P 
===============1===============================1========1==========1=========== 

1 1 1 1 
Surface Pick 1 1.27 1.57 2.13 1.65 1 1:3 3.50 *1 8.34 * 

/(1.13) (1.81) (1.85) (l.13) 1 1 
1 J 1 

Pounce 1 0.04 0.31 0.28 0.21 I 1:4,2 4.11 **1 26.50 *** 
1 (0.27) (0.77) (0.90) (0.35) I 1 
I 1 1 

Jump 1 0 0 0.26 0 I 3:1,2,41 9.02 ***1 35.32 *** 
1 (0.88) I I 1 
1 1 1 

Surface Probe 1 0.10 0.33 0.13 0.21 1 2:1,3 1 4.£3 **1 14.59 ** 
1(0.22) (0.62) (0.31) (0.35) 1 1 f 
1 1 1 1 

===============1===============================1========I==========f======="=~== 
I I I 1 

:Clod/Stone Turnl 0.32 0.39 0.95 0.96 1 1,2:3,41 9.03 ***1 25.36 *** 
1 (0.62) (0.73) (l.S6) Cl.06) 1 f 1 
1 1 1 I 

===============1===============================1========I======:====I=======~=== 
1 I 1 1 

Dung ':i.'urn , 0.36 0.98 1.5G 0.85 I 3:1,4 1 5.55 ***1 1B.22 *** 
1 (0.73) (2.24) (2.29) 0.8<1) 1 1 1 
I 1 1 I 

_Dung Crumble j 0 0.02 0 0 I f 1.48 nsf G.G8 ns 

I I CO.15) 1 I I 
I I 1 1 

===============1===============================1========1==========1=========== 
'I I 1 1 1 
ineep Probe 1 1.52 0.08 0.03 0.02 1 1:2,3,41 90.81 ***1 131.41 *** 
! I <I.Gl} (0.37) (0.12) (0.07) 1 1 1 
I I 1 1 1 
IDig 1 0.39 0.09 0 0.02 1 1:2,3,41 18.25 ***1 57.03 *** 
I 1 (0.68) (0.64) (0.0~3) 1 1 1 
ill 1 1 
'Jab 1 1.78, 0.20 0.04 0.03 I 1:2,3,41 51.73 ***1 105.88 *** 

1 (2.73) (0.63) (0.14) (0.13) I I I 
1 I I 1 

===============1===============================1========1==========1=========== 



'l'able 7.4 Ingestion rates for the ~ifferent microhabitats 

. Ilean (s.d.) rates per minute: 11 = nun:bers ingested per min. 
K = Kcal ingested per Din. 
P = 9 of protein-containing material 

ingested per win. 

Feeding Actions 
Cor::bined I 

1 
All I IPairwisel 
Invertebrate I 1 Differ-I 
Prey Types 1 1 2 3 .:1 1 ences 1 lA-V !~-H 

I 1 (Scheffel 
llicro Habitat I I Rook CroH Jackda\1 Iiagpie 1 p< .10) 1 F P 1 i~2 P 
==============1=1===============================1========1=========1========== 

I I 1 1 I 
Above Soil Inl 0.30 0.91 1.05 0.87 11:2,3,<11 8.80 ***1 30.07 *** 
Surface I 1(0.51) <1.00) <1.21) (0.74) I I I 

IK10.0248 0.1877 0.0313 0.0498 I I I 
IPIO.0041 0.0305 0.0045 0.0070 1 I I 
I I 1 I 1 

Beneath 1111 0.09 0.10 0.39 0.20 I 3:1,2 I 3.121 *1 7.01 * 
CloGs/Stones I 1(0.29) (0.29) (1.04) (0.45) I I 

1~10.0104 0.0109 0.0085 0.0092 I I 
IPI0.0016 0.0015 0.0011 0.0012 I I 
I I I I 

Hitbin/ Illl 0.07 0.40 0.47 0.32 I 1:3 2.72 *1 9.GC * 
---"neneath Duns I 1(0.22) <1.19) <1.oe) (0.93) I 

IKIO.OOGC 0.OS58 0.0063 0.0216 1 
IPIO.OOll 0.0077 0.0008 0.0027 I 
I 1 I 1 

Beneath Soil Inl 0.89 0.15 0.02 0.02 I 1:2,3,4156 •. 15 ***1121.17 *** 
Surface I 1(0.93) (0.71) (O.ll) (0.08) 1 1 I 

1~IO.1980 0.0240 0.0045 0.0018 I I I 
IP10.C332 0.0036 0.0006 0.0002 I I 1 
I 1 I I I 

==============1=1===============================1========1=========1========== 



'Table 7.5 Ingestion rates for the different feeding actions 

~~-I 

Hean (s.d.) rates per ninute: IJ = lJumbers ingested per r.1in. 
~ = ~cal ingested per min. 

All 
Invertebrate 
Prey Types 

Feeding Action 
----------------------------

Surface Pick 

P = g of protein-containing naterial 
ingested per Din. 

I 
I IPairwise 
I 1 2 3 4 I Differ-
/ I ences 
I Carrion I CScheffe 
I Rook Cro,-, Jackda\,l Eagpie I p<.l 0) 

=1===============================/======== 
I I 

nl 0.23 0.64 0.73 0.68 / 1:2,3,4 
1(0.44) (0.86) (0.93) (0.63) I 

KIO.OIGI 0.0691 0.0244 0.0361 1 
P10.0026 0.0104 0.0036 0.0050 I 

I 

A-V 

F P 
========= 

6.48 *** 

I(-~1 

~~ 2 l? 
------------------_ .. -

24.16 *** 

Pounce /n/ 0.03 
/ 1(0.26) 
IK10.0062 
IP/O.OOll 
I I 

0.17 0.01 0.10 / 2:1,3 I 4.50 **1 23.0G *** 
(0.67) (0.05) (0.24) 
0.1028 0.0001 0.0071 
0.0180 0.00003 0.0011 

Jur.:p /nl 0 
I I 

a 0.26 0 3:1,2,41 9.02 ***1 35.32 *** 

/ r~ I 0 
/ P I 0 

0 
a 

(0.88) 
0.0017 
0.0002 

1 
a I 
0 I 

/ / I 
Surface Probe /UI 0.03 0.11 0.06 0.08 I 2.09 ns 

/ 1(0.22) (0.62) (0.31) (0.35) 1 
IK10.0024 0.0158 0.0052 0.0066 I 
Ip/0.0004 0.0021 0.0007 0.0009 I 
1 1 1 / I 

7.60 ns 

::1==============1=/===============================/========1=========/========== 
I I I / / / 
I Clod/Stone /NI 0.09 0.10 0.39 0.20 / / 2.52 nsl 7.01 ns 
jTUrn I 1(0.29) (0.29) <1.04) (0.45) I I 
I /KI0.Ol04 0.0109 0.0035 0.0092 / / 
! /PI0.0016 0.0015 0.0011 0.0012 1 / 

1 / I I / 
==============/=1===============================1========1=========1========== 

/ I / I I 
Dung Turn 1111 0.07 0.39 0.47 0.32 I 1:3 I 2.67 */ 9.47 * 

/ / (0.22) <1.19) <1.08) (0.93) I I I 
IK/O.COGe 0.0558 0.0063 0.0216 / / 
/P/O.OOll 0.0077 0.0008 0.0027 I / 
/ / / / 

Dung Crur.1b1e Inl 0 0.01 0 0 I / 0.73 ns/ 2.21 ns 
J / (0.05) I I I 
/~I 0 0.0001 0 0 I / 
lpl 0 0.00003 a 0 I I 
I I I I 

==============1=1===============================/========/=========1========== 
/ I I / 1 

,Deep Probe IN/ 0.47 0.04 0.01 0.01 / 1:2,3,4130.02 ***1 8P.74 *** 



Table 7.6 Ingestion rates,.by earthworm/other invertebrate, by cicro
habitat 

Uean (s.d.) rates per minute: N = Numbers ingested per min. 
K = Kca1 ingested per min. 
P = 9 of protein-containing material 

ingested per nine 

Feeding Actions I 
Combined I I 

I I 
Combined Prey I I 
Types: Earth- I / 
worm~ and Other / 
Invertebrates / / 

1/123 4 
IIicro-. prey I 1 
IIc:.bitat Type 1 1 Rook CroH Jackdau I!agpie 
==============1=1=============================== 

l .. bove Othe r 
Soil 
Surface 

Horms 

I 1 
/UI 0.19 0.63 0.99 0.79 
/ / (0.37) (0.85) (1.23) (0.71) 
1I:10.0061 0.0557 0.0208 0.0362 
IPIO.OOOS 0.0071 0.0027 0.00,16 
J I 
Inl 0.10 0.25 0.06 0.07 
I 1(0.39) (0.72) (0.25) (0.13) 
II:IO.OIG7 0.1320 0.0105 0.0136 
IP10.0033 0.0234 0.0019 0.0024 

/ Painlise I 
Differ-I 

ences I i\-V I~-tl 
(Scheffel 
p<.l 0) I F P I X2 P 

========/=========/========== 
I I 

1:2,3,4112.93 
1 
1 

***1 36.02 *** 
1 
I 
I 
I 

2:3 4.03 **1 19.73 *** 

I I I I I 
==============1=1===============================1========1=========1========== 

II / I I I , 
... IJithin/ Other !H/ 0.04 0.34 0.47 0.32 I 1:3 I 3.41 *1 13.58 ** 

Beneath 
Dung 

, / (0.19) (0.89) (1.08) (0.93) / / 
/K/0.0012 0.0429 0.0063 0.0216 I I 
IF/O.OOOI 0.0054 0.0008 0.0027 I I 
/ / I I 

Dorms IN/ 0.02 0.06 0 0 / I 1.GO ns 
/ 1(0.12) (0.41) I I 
IK10.D056 0.0130 0 0 I I 
/PI0.0010 0.0023 0 0 I I 
I / I / 
I 1 1 I 

5.85 ns 

.==============1=1===============================1========1========= ========== 
I I I I 

Beneath Other Inl 0.06 0.08 0.39 0.14 I 3:1,2 I 3.26 * 4.39 ns 
,C1ods/ I / (0.24) (0.26) (1.04) (0.41) I I 
! 
'stones /KI0.0047 0.0031 0.0085 0.0092 I I 

IPIO.0006 ·0.0010 0.0011 0.0012 1 / 

1 I / / 
\"10 r f;l S IZJ / O. 0 3 0 • 01 0 • 01 0 • 01 I 2 • 57 n s I 7 • 4 4 n s 

I 1(0.13) (0.013) (0.06) (0.05) I I 
IK10.0057 0.0028 0.0008 0.0009 I I 
IPI0.OOI0 0.0005 0.0001 0.0001 I 1 
I I I I I 

==============1=1===============================1========1=========1========== 
I I / I I 

Dcneath Other Ill/ 0.37 
Soil I 1(0.56) 
Surface IK/O.0376 

IPIO.0048 
I I 

0.11 
(0.64) 
0.0136 
0.0017 

0.02 
(0 • .11) 
0.0045 
0.0006 

0.02 1:2,3,4118.54 ***1 
(0.08) I I 
0.0018 I I 
0.0002 1 

/ 

57.15 *** 

norms IlJI 0.50 0.04 0.01 0.01 1:2,3,4139.64 ***1111.95 *** 
I 1(0.71) (0.31> (0.05) (0.06) I I 
IRI0.IG03 0.0106 0.C008 0.0008 I I 
IPIO.0284 0.0019 0.0001 0.0001 I I 
I I I I I 

=====~========I=I===============================I========1=========1========== 



r1'able 7.7 Insestion rate~, by e~rthworm/other invertebrate, ~y fee6ins 
action 

.. can (s . a . ) rc:-.tes ... er r:.inute: 

Cor~lbinec:. Prey I 
Types: Earth- I 

:: 

::: er TlLin. 

inqe::. teu :"e r LLin . 

l-JOrr::s an6 Other I I Pairwise I 
Invertebrates I I 1 2 3 4 I Jiffer-I 

lU.tte.r ial 

I I I enccs I A-V "-T! 

.·eedinl] Preyl I Carrion I (Scheffel 
Action Type I I r..ool~ CrO"l <lack~aw !lagpie I p< . 10) I F P I ;'2 p 

==============I=I=======~::======:::~===::==========I========1=========1====::::::==::= 

I I I 
Surf"ce Ott-cr I~:I • • :"7 0 . 50 0 . 67 0 . 64 I 1:2,3, 7 . 05 ***127 . 61' *** 
Picl~ I I( . 37) (0 . 78) (0 . 94) (0 . 60) I 

IK10 . 00S4 - . -375 0 . 0139 C. 0274 I 
IPIO . OC07 (8 0 . 0018 0.0035 I 
\ \ I 

ormv INI - . :C 0 . 11 0 . 86 0 . 05 I 1 . 34 nsl 
I I ( • "7) (C . J2) (C . 25) (C .ll) I I 
.,1 • :',,7 0 . 03:6 C. OI05 8 . 0CfJ7 I ! 

IPIO . OOIS C. 0056 O. OCIS 0 . 0815 I I 

s 

_____________ 1_1 I , ______________ __ 

I I \ \ 
:;')ounce Other \111 0 . 01 0 . 03 1).01 C. 08 I 4:1,3 I 6 . 0 

I I (C . C3) (O.OS) (0.05) (C . 22) I I 
IKI0 . 0006 0 . 0044 0 . 0001 0 . 0(36 I I 
\rI0 . 0001 0 . 0006 0 . 00003 0 . JC05 I I 
I I I I 

on.ls INI C. 03 0 . 13 0 0 . 02 12:3 I 3 . 2 
I 1«(' . 26) (0 . (;6) <0 . 08) I 
Ir~10 . 0057 O . 098~ G 0 . C035 I I 
/PIC . COIO 0 . 0174 0 0 . 0006 I / 

" .:: * I 16. 0 5 
\ 
I 
\ 

*1 15 .1 

**-J: 

** 

------__ ----_ 1_1 1 1 ________ ________ __ 
1 1 1 1 

J~m~ Other lUI 0 a 0 . 26 0 I 3:1,2,4/ 9 . 02 *** 1 35 . 3 
I I (0 . 88 ) I 
lEI P 0 C. C017 0 I 
IPI 0 0 O . OOO~ 0 I 

------------_1_1------

ur~ .... c 
ro 

tLer 
I 

1 
G) 

1: 
I 

I 2 . 7 
I 
I 

*1 
I 
I 

. 51 

orns i~,1 U. Ul U. Ul L :J . Ul I tI . r)l n<l 1.." 

03 I I 
1 

** 

* 

=~==::=::::a::==== I ::I===::====~==::=::~=====~::::::=======I===::====I===~===== ==~~::=~~=~ 

I I 1 I 
C1o( / Other '1'1 0 . 06 C. 08 0 . 39 0 . 14 1 3:1,2 I 3 . 26 -;, 4 . 3s> ns 

1 1 (0 . 24 ) ( 0 . 26 ) (1 . 04 ) (0 . 41 ) I 
IK10 . 0047 C. 0081 O. OOfS C. C092 I 
IPI0 . D006 0 . 0010 0 . COl1 0 . 0012 I 
I I 

• orms In ~ . 03 0 . 01 0 . 01 0 . 01 I 2 . 57 n3 7 • • -. 
(0 . 13 ) (C. 08) (0 . C5 ) (0 . 06 ) I 

IK C. 0057 0 . OC28 0 . 0007 0 . 0008 
IP O. COIO 0 . ~005 0 . 0001 C. OOOl 
I 

__ = ==~=:=::===~I= ::====~=~~=~=c=~=~~=========::===I===::====I=====n==::I=~===~~=--
I 1 I I 

Dung Other I:J 0 . 04 0 . 33 0 . 47 (} . 32 11:3 13 . 36 1:113 . 31 :':* 

...'urn (0 . 19 ) (0 . [9 ) (1.C8 ) ( ') . 93 ) I I I 
IE 0 . 0012 0 . 0428 0 . 0063 n . C216 I 
,ry C. OOOI ~ . OC54 0 . 000& C. C027 I 
I I 

crus Ij C. 02 0 . 06 0 . 01 0 . 01 I 1 . 60 n~1 5 . 85 

u _ 
CrLlnbl 

I ) 

t~'1".!r J ) 

., o 
o 

0 . 01 
(C. C5 ) 

. 00003 

o o . 73 2 . 21 n 

o 
o I 

1 I I 
,......,=-:;=:::===-,;==~=-==~~= = =~===~=====::======- =:===="'~-:===:: 1=========:.=:: 1-=:;0.,:-:,-.::-:=",,,-1 =::c-:...,="'''''=-:::--

I I I 
O\ .. her 0 . 1 

1 (0 . 42 ) 
10 . OH;7 
10 . 00 

. 01 0 . 01 I 1:2,3 , 4117 . C5 ":>HI 52 . 2'1 1'*:* 

roTa 
I 
I 
I ( 

~IO . O-(J 

11'10 . 017 

08 

. 03 
( 0 . 3:; ) 

. G060 
O. OOll 

o . ~! 

(0 . 05 ) 
C. OOO 
" . 0001 

(0 . C3) 
0 . 00 
O. OOGI 

O. OJ 
(O. OG ) 

. OOO~ 

0 . 0001 

I I 
I I 

1:2 , 3 , 1.11& . 1 ** .. '; I 6 . 25 ~,'id, 

------------1_1------------------------------ _______ _______ _______ __ 

i .. Otl1ec 
I I 
I~,~I 0 . 11 
I 1( - . -2 ) 
I I( I • 3 
I PI . 17 
I 

C. 07 
(C. 63 ) 
O. Ou 

. GOll 

. 01 
(1),05 ) 
C. COC_ 
C. COOI 

1:.J, .• 3 . 3 1, I 

I 
1 

I 
I 

';cr,u..J I' . J3 1:::' , 3 . 22 :" I 
I 1(0 . 16 ) 
I I: I G . G063 
I;? . uOll 

o o 

__ ----_-- 1 

--~;;;;: 

at 

o 

I 
r I 

I 
I" 

0 . 03 
( 0 . 11 ) 
0 . 003 
C . COO~ 

. v2 • 01 1 1: 
I 
1 

I 
I 

2 . 7 

1 1:2 , 3 , 4 / 11 . 
1 

1 

0 . 0001 I 
I I 1 

::. ~:~=::.; I ~ 1 ::-,,-~;;,=:;:, ,,-=L<-O<::::C,- :::::.:0.=":0. ==-"' '''' : ~ ~ :=.c''':'-''';::'' I "-="'L ..... ~~'" I::.., 

* 

3 ,', ,,:.,, 

",d 

-}: 

7 . 3 

3t:. . 29 *~,* 



Tilb1e Ingestion rates , b} invertebrate , ~Y 8icro
it~t 

n (s . d . ) rate er r::inute : inge::>b"'u 1'L r r'i 
= i,cal ~ntjesteLi per U!~1 . 

D = 9 of protein- containi 
ingestc~ per fuin . 

aterlal 

Feedin,,:) 
Actions 
Cor.l;)ined 1 2 3 4 I~i~fer- I 

lencE'.o> I 
•. icro :?rey Car ri on I (Sc:letfc I 

iI 

•• abitat :"'Yl?C I I !1ook CrOH .:Jc::c1:a.:m 1~dg",ie I 1'< . 10 ) I r p I 
=:======~=~===I=I=~==========~==================I===~=:==I=========I=~~=~ 
",L}ove Fdil I I 1.11 1.29 1. 71'." 1.20 I 1:3 I 2 . 98 ," I C. 2 
oil I I <1.1G) C . SO (1. .. ) (1. 01 ) '* 
urface I I 

U.lhU.L .: 

.e" i Lz ••• 

. :1or 

IPI C. 10 
I 1(0.3;1.) 
1::1".""11 
It> 01 
1 I 
11i1 0 . 03 
I 1(0.10) 
I~IO . OOSO 
1~10 . Ci006 
I I 
I"!I 0 . 10 
1 1 (::l.39) 
I.: It)' C 1 E. 7 
IP IO. 0033 
, I 

.. . .. orm IH I 0 
I I 
I .: I 
IPI 0 
I I 

L. HOG, I !~ I J 
I I 
II~ I 
IP! 0 
I I 

., 
• .J 

(0.63) 
0 . 0023 

. C003 

0 . 2 
(0.41) 

• OS3 . 
0 . 00 

0 . 05 
(0 . 12) 

0.020 
. 0037 

. J1 
(1.17) 

. ::lOGl 

. 000 

0 . 0 
(0.20) 
C. 014. 7 

. OOE 

o 

o 

C. 0005 I 
\ 
I 
I 
I 
I 
\ 

o . 07 I 
(0.13) I 
O. Cl36 \ 

. u02~ I 

o 
I 
I 

o I 

o 

1,2:J, 

1:2, 
2:3 

... :1,3, 

r 13 . 73 ,"':* 
I 
I 

113 . 95 *,,* 
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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) Seasonal trends in habitat use by four Corvid species. 

(2) Caching and recovery of food by rooks and carrion 
crows (see Naite, in press). 

(3) Seasonal trends in rook social and foraging behaviour 
and ecology. 

(4) Comparison of carrion crow and rook social organisa
tion in the breeding season, in relation to food 
supply. 

(5) 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. 

(6) The foraging behaviour of 'third birds' within carrion 
crow territories in winter, compared to the foraging 
behaviour of the resident pair. 



10 randomize 

12 open "tempop . dat" for output as file 12 
34 print "Schoener (1968) niche overlap inde. Itheta) _ random 0eneration" 
36 print f2: "Schoener (1968) niche overlap index Itheta) _ random generation " 50 print 11 II 

51 print #2: 11 " 

52 print "version for matrix input of 4 species data " 
53 print "(usually in order: rook,crow,jackdaw,rnagpie)II 
54 print" Idata must be stored in tempdata . dat for this version of r r00 rar.')" 
55 print "Idata must have an initial variable as well as the 4 species; it" 
56 print " must number consecutively from 1 to n, where n _ n of rows)" 
57 print "I numbers must be separated by commas)" \ print \ print 
58 print I'narne of the resource "; \ input n$ 
59 print #2: "nane Of the resource is I'; n$ 

61 print "how [,lany components to the resource 10 to finish) "; \ input n 
62 print #2: "hO\,1 many components to the resource (0 to finish) "in 
63 print 11 II 

Go! r-rint :l!:2: " 11 

65 print "output is stored in tempop . dat" 
70 if n<l then 3000 
80 goto lSOO 

90 al-0\a2-0\a3-0\a4-0\a5-0\a6-0\Ll_0\b2_0\b3=O\b4_0\al=O\d2-0\03-0 
91 el-0\e2-0\e3-0\cC-0\fl=0\f2_0\f3=0\f4_0\fS=0\f6_0 
92 d4 -0 \c S-O \d6 -0 \n,I-0 \m2-0 \[:13 -0 \n.4 -0 \01-0 \02-0 \pl-0 \102=0 \ql=0\q2=0\rl-0 \r2=0 
94 Sl-0\S2-0\S3=0\S4=0\tl=0\t2=0\t3=0\t4=0\tS=0\t6=0 
96 wl=0\w2=0\w3=0\w4=0\wS=0\w6_0 
100 for i-I to n 
120 U-tl+v(1) *x (1) 
121 t2-t2+vli)*yli) 
122 t3-t3+vli)*z(i) 
123 t"-t4+" (il *y (1) 

124 tS-tS+x(iI *z(i) 
125 t6-t6+y(i)*z(U 
130 ol-ol+v(i) 
140 pl-pl+x I i) 
142 gl=g1+y Ii) 

rl=rl+z I i) 
02=02+v( i) *v (il 
p2-,,2+>:(1) *x(1) 
q2-q2+y (1) *y (i) 
r2-r2+z (i) *z (i) 
next i 
ml-ml+ol/n 
m2-m2+pl/n 
n3=m3+g1/n 
m4=r.A+rl/n 
sl-sl+sqr 102/n) 
s2=s2+sqr Ip2/n) 
s3=s3+sqrlq2In) 
s4=s4+sqr Ir2/n) 
bl-bl+«1/(02/(01*01»)-1)/ln-l) 
b2-b2+lll/lp2/(pl*pl»)-1)/ln-1) 
b3-b3+(ll/lg2/(gl*gl»)-1)/(n-l) 
b4=b4+1(1/(r2/Irl*rl»))-1)/ln-l) 
if ml <m2 then 260 
dl =dl +r,11-m2 
if m2<-ml then 270 
dl=dl+m2-ml 
wl=wl+sqrll(sl*sl)+ls2"s2»/2) 
al=al+sgr 102*p2) 
if ml<m3 then 360 
d 2=d 2 +111-m3 

55 if 1l'3<=ml then 310 
o d2=c12+r,)3 - Ell 

70 1,2=112+5<] r ( ( (51 *5lJ + (53 *531) /2) 
80 a2=a2+s'1rl02*g2) 

440 if ~~<m4 then 460 
d3=d3+d - [;l4 

55 it m4<=ml then ~70 
"60 a3=d3+m4-ml 
470 \'I3='13+5'1r«(sl*sl)+(s4*s4»)/2) 
480 a3-a3+sgrl02*r2) 

if m2<m3 then 560 
a~=d4+m2 -m3 
if m3<~m2 then S70 
d~-dl,+m3-m2 

w4=w4+8qrllls2*&2)+153*s3»/2) 
a4-a4+sgr (p2*q2) 
if m2<m~ then 660 
d5=d5+r,,2-m4 
if m4<=m2 then 670 
dS-dS+m4-[;l2 
wS=wS+sqrllls2*s2)+(s4*s4»/2) 
a5=a5+sqr 11'2*r2) 

740 if rr3<m4 then 760 
750 d6=a6+[;l3-[;l4 
755 if m4<=~.3 then 770 
760 d6-d6+rA-n3 
770 w6=w6+6'1r«ls3*s3)+(84*54»12) 
780 a6=a6+sqrly2*r2) 
781 tor i-I to n 
784 el=vli)/01 
786 e2=x (il Ipl 
788 e3=yli)/'ll 
790 e4=zli)/rl 
800 if el>e2 then 806 
802 fl=fl+e2-el 
804 if e2>-el then 810 
806 fl=fl+el-e2 
010 if el>e3 then 816 
012 f2-f2+e3-el 
814 if e3>-el then 820 
816 f2=f2+el - e3 
820 if el>e4 then 826 
822 f3-f3+e~-el 
824 if e4>=el then 830 
826 f3=f3+el-e4 
830 if e2>e3 then 836 
832 f4-f4+e3-e2 
834 if e3>-e2 then 840 
836 f4=f4+e2 - e3 
840 if e2>e4 then 8~6 
842 f5=f5+e4-e2 
844 if e4>-e2 then 8S0 
846 f5=fS+e2 - e4 
850 if e3>e4 then 856 
852 f6=f6 +e4 - e3 
854 if e4>-e3 then 860 
856 f6-f6+e3 - e4 
860 next i * ) 
870 print ~2:1 - 10 . S*fl) ,l - 10 . 5*f2) ,l - IO . S*f) ,l - (0 . S*f4) ,l - 10 . S*f5) ,1 - (0 . 5 f6 
1390 goto 2900 . 
lS00 open "temptiata . dat " for input as flle 11 
lS10 dim v(200) ,,:(200) ,y(200) ,z(200) 
1520 for i=l to n 
lS30 input lil:c,vli) ,xli) ,yli) ,z(i) 
1540 next i 
lSS0 din v2(200) ,::2(200) ,y2(2QO) ,~2(200) 
1560 dim c14,100) 
1561 c9=1 
1562 for i=l to 4 
1563 for j=l to 100 
1564 c (i, j) -0 
1565 next j 
lS66 next i 
lS70 let x9-int l rnd*n)+1 
lS80 if cll,x9)=1 then goto 1570 
lS90 let v2Ic9)=v(x9) 
1600 let cll,x9)-1 
1610 let c9=c9+l 
1620 if c9 <= n then goto 1570 
1621 c9=1 
1630 let xg-intlrnd*n)+l 
1640 if c(2,x9)-1 then goto 1630 
16S0 let x2Ic9)=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-intlrnd*n)+1 
1740 if c(3,x9)=1 then gota 1730 
1750 let y2Ic9)=y(x9) 
1760 let c(3,x9)=1 
1770 let c9=c9+1 
1780 if c9 <= n then goto 1730 
1781 c9-1 
1830 let x9=int(rnd*n)+1 
1840 if cI4 , x9)-1 then gota 1830 
18S0 let z2Ic9)=zlx9) 
1860 let c(4,x9)=1 
1870 let c9-c9+1 

8CC it c9 <- n then goto 1830 
1881 for i~l to 200 

B82 vIi) = v2 I i) 
1883 xli) = >:2(i) 
1884 yli) - y2 Ii) 
1885 zli) - z2 I i) 
1886 next i 
1900 goto 90 
2900 if h9-100 then end 
2910 let h9=h9+l 
2911 print "Iteration ";h9 
2920 goto 1561 
3000 enL 

10 ~rint "this calculates t ioc the dif(erenc~ between r~ndoDly" 
20 ~rint "generated Dean theta (for P = 100 iterations) and th~" 
30 ~rint "observed theta " \print 
o print "input observe~ overla~ value";\input a 

50 print "in~ut calculated overlap value";\input ~ 
60 print "input calculated s . c .II ;\i, )ut c 
70 L-abslb-~) 

eo e-sgrI100/l01) 
90 Jrint "L = "; (G*e)/c 
100 ir (d*e)/c >= 1 . 984 then 120 

10 JriPt "n~t sigpificantly different from rando~" 
115 goto 40 

\print 

120 
130 
14 

print "signific~ntly different from rDnco 
cota 40 

(p < 0 . 05 or less)" \~(int 

~~G 

I 
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