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Introduction 

Patrick Bateson 

Sub-Department of Animal Behaviour, University ofCambridge, High 

Street, Madingley, Cambridge, CB3 8AA, UK 

In their time, the founding fathers of ethology were particularly successful, 
partly because they brought to behavioural biology a coherent theory of how 
behaviour is organised and partly because they were interested in what 
behaviour was for. Their functional approach marked them out as being 
quite different from the comparative psychologists who had been 
emphatically upstaged. Niko Tinbergen was as clear as anybody about the 
distinctions that should be drawn between "how" and "why" questions, but 
he saw the value of keeping the two approaches in play at the same time (see 
Dawkins 1989). 

By the early 1970s, ethology itself was ripe for take-over. Its Grand Theory 
was in ruins and the much hoped for understanding of the links between 
behaviour and underlying mechanisms was still fragmentary. Meanwhile, 
field studies relating behaviour patterns to the social and ecological 
conditions in which they normally occur led to the enormous popularity and 
success of behavioural ecology in which an understanding of mechanisms 
played very little part. 

Sociobiology moved into the available space, bringing to the study of 
behaviour important concepts and methods from population biology, 
together with sorne grandiose claims of its own. lmaginations were captured 
by the way the ideas from evolutionary biology were used and the majority 
of aspiring graduate students wanted to work on a problem in this new area. 
The appeal of evolutionary theory, in which sociobiology was embedded, 
was that it seemed to make a complicated subject manageable (see Barlow 
1989). The drawback to the subject as a whole was that large chunks of 
behavioural biology, which had been central con ceros of ethology, were 
deemed to be irrelevant or uninteresting. Few students interested in whole 
animals wanted to work on how behaviour develops or on how it is 
controlled. Por many years, therefore, issues to do with mechanism were 
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largely ignored. Recently, however, a start has been made on rebuilding the 
atrophied links between the "why" and the "how" questions. 

Asking what something is for is never going to reveal directly the way in 
which that thing works. But the functional approach does help to distinguish 
between independent mechanisms controlling behaviour and can lead 
fruitfully to the important controlling variables of each system. This is 
important in the design of experiments in which, inevitably, only a small 

' number of independent variables are manipulated while the others are held 
constant or randomised. The experiment is a waste of time if important 
conditions that are going to be held constant are badly arranged. A 
functional approach can provide the knowledge that prevents expensive and 
time-consuming mistakes. 

Those who worked on optimal foraging have appreciated that their work 
raised important issues about how behaviour is controlled. As a result of the 
regained awareness, flourishing links have been formed most notably 
between the behavioural ecologists and the psychologists interested in the 
experimental analysis of leaming. In behavioural development, too, 
functionally inspired approaches have played a useful role in making sense 
of what otherwise seemed a hopelessly confused area. Asking what might 
be the current use of behaviour helps to distinguish juvenile specialisations 
from emerging adult behaviour and helps to understand the developmental 
scaffolding used in the assembly process. Functional assembly rules are 
important, for instance, in determining when an animal gathers crucial 
information from its environment. With attention focused on the problem, 
attempts can be made to analyse the mechanisms. Here again the optimal 
design approach frames and stimulates research on the processes of 
development (see Bateson 1987). 

The stream of ideas between "how" and "why" approaches flows both ways . 
Finally and at last, many people who would call themselves sociobiologists 
or (more commonly these days) behavioural ecologists are beginning to 
appreciate the need for knowledge of the mechanisms to address the 
functional and evolutionary questions in which they are most interested. 
This has happened notably in the studies of perceptual factors and leaming 
processes influencing mate choice and their implication for associated 
evolutionary theories of sexual selection. It is also happening in areas of 
work generally lumped under the heading of "life-history strategies", which 
raise important issues to do with conditional responses to environmental 
conditions. In general, these changes in thought are occurring because what 
animals actually do is being seen as important in stimulating (as well as 
constraining) ideas about the function and evolution (see Stamps 1991 ). The 
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mechanisms involved in the development and control of behaviour may 
often feed back into evolutionary processes, as seems likely to have been the 
case with mate choice and with the active control of the social environrnent 
(see Bateson 1988). 

While the barriers between the "why" and the "how" approaches have once 
again become more permeable, enormous strides had been made in neuro
ethology and in understanding the hormonal basis of behaviour. Links 
between the physiology of metabolism and behaviour were being made, as 
well as between behavioural state and the immune system. The relevance 
and value of molecular techniques was beginning to be realised. In general, 
studies of the development and control of behaviour loo k very different now 
from how they seemed twenty years ago. 

Experimentalists are less likely these to hold all but one variable constant 
and when the single independent variable was found to produce an effect, it 
was the cause and everything else was deemed unimportant. A systems 
approach is essential and behavioural biologists are particularly well
equipped to provide it. Sorne of the most interesting people studying the 
neural basis of behaviour know only too well that the data they obtain are 
much the same as those obtained by a meteorologists in the middle of 
hurricane working at ground level. They have realised that if you want a 
coherent sense of the whole system you need the equivalent of a satellite 
picture. Only the people who study behaviour provide it for them. 

In this dramatically changed environment the time seems right to rebuild an 
integrated approach to behavioural biology. With a whole array of 
promising new research areas emerging, behavioural biologists have a lot to 
be self-confident about. This matters in a highly competitive world in which 
determined and well-placed people can, in a remarkably short time, change 
what is and what is not funded, close research institutes and radically alter 
the departmental structure of universities. Whether or not a meeting like this 
can do anything as ambitious and portentous as drawing up a new agenda for 
behavioural biology remains to be seen. At the very least, though, it should 
offer to the new generation of young scientists who are coming into the field 
a sense of what are becoming the most exciting areas in the subject. 

Further reading 

Barlow, G. W. (1989). Has sociobiology killed ethology or revitalized it? In: 
Perspectives in Ethology. Vo/8. Whither Ethology? (eds. by P. 
P. G. Bateson & P. H. Klopfer), pp. 1-45. New York: Plenum. 
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Bateson, P. (1987) Biological approaches to the study of behavioural 
development. International Journal of Behavioral 

Development, 10, 1-22. 

Bateson, P .(1988) The active role of behaviour in evolution. In Process and 

Metaphors in Evolution, ed. by M.-W. Ho & S. Fox, pp. 191-
207. Wiley, Chichester. 

Dawkins, M. S. (1989). The future of ethology: how many legs are we 
standing on? In: Perspectives in Ethology. Vol. 8. Whither 

Ethology? (eds by P. P. G. Bateson & P. H. Klopfer), pp. 47-54. 
New York: Plenum. 

Stamps, J.A. (1991) Why evolutionary issues are reviving interest in 
proximate behavioral mechanisms. American Zoologist, 31 , 
338-348. 
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Combining function and mechanism in a model of herbivory 

John R Krcbs 

AFRC Unit of Ecology and Behaviour 

Department of Zoology, South Parks Road, Oxford OXl 3PS 

The objective of m y talk was to show how a 1echnique from behavioural ecology, stochastic 

dynamic modelling, can be applied 10 1he analysis of plan1-herbivore in1erac1ions. The sys1em 

selec1ed for study was the behaviour of sheep grazing on mixtures of perennial ryegrass and 

white clover. This was chosen beca use of its economic importance in agriculture in temperate 

regions of the world. From the poi ni of view of lhe farmer, lhc practica! objective is lo stock 

ryegrass-clover swards with sheep in such a way as to maintain the sward atan appropriate 

equilibrium mixture. The equilibrium mixture depends both on the intrinsic properties of the 

two plant species that determine their relalive growth and competitive abilities and on the effects 

of grazing on the two species. Selective grazing, for example, would tend 10 reduce the cover 

of the preferred species. 

Previous attempts in the agricultura! literature to model ancl/or examine empirically both the 

total daily intake of sheep and their preference for grass or clover ha ve produced inconclusive 

results. The daily intake of sheep appears to reach an asymptote below the limil expected from 

physiological constrainls of intake, passage and absorption. The preference of sheep for 

ryegrass and clover appears to be changing and inconsistent: experimental studies are equally 

divided between those that conclude sheep prefer clover, those that conclude they prefer grass, 

and those that conclude sheep ha ve no preference. 

The stochastic dynamic model consisted of a behavioural repertoire (rest, ruminate, forage for 

clover, forage for grass); three state variables (indigestible material in gut, digestible material 

in gut, energy levels); stochastic elements (encounter with food, predation hazard); and fitness 

consequences (survival as a function of reserves, predation hazard associated with different 

activities). The technique of stochastic dynarnic modelling allows one to determine the oprima! 

(fitness maximising) trajectory of behaviours through a time period. The model requires 

detailed physiological information which was obtained from the agriculturalliterature, 

combined with estimares of the fitness consequences of behaviour. The dynamic aspect of the 

model arises from the fact that the interna! state of the sheep changes in a dynarnic way as a 

consequence of behaviour. Instituto Juan March (Madrid)
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The model was able to account for the observed asymptote in daily intake of sheep below their 

physiological constraint. According to the model, this asymptote arises from the tradeoff 

between benefits of feeding and benefits of other acriviries such as vigilance. The model is al so 

able to offer hypotheses to explain why preference for grass and clover is inconsistent: the 

model predicts that preference depends on relative abundance of the twci species, on state of the 

sheep (energy requirements), and on time of da y. These effects arise from the interaction 

between intake rate, passage rate, and absorption rate, which differ between the two species. 

The effect of time of da y on preference (clover preferred in the moming, grass preferred in the 

aftemoon) was tested in a field-scale experiment in which sheep were monitored conrinually by 

video cameras. The empirical results supported the predictions of the model. 

This example .shows how analysis of behavioural mechanisms can be enhanced and 

strengthened by incorporaring funcrional considerarions. It raises the question of whether a 

purely mechanisric model could, in principie, have explained the same results . Clearly, there 

has to be a set of mechanisms underlying behaviour. So in principie a mechanisric model could 

explain and predict the behaviour. Possibly the role of funcrional elements in the model was to 

provide a basis for understanding the decision processes without a complete analysis of the 

physiological mechanisms causing the decisions. However, it may be ultimately necessary to 

include sorne functional considerarions in any model of mechanism, because the decision 

process is likely to involve calibration of the potential benefits derived from different 

behavioural options. 

Acknowledgement 
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MEMORY PROCESSES AND OPTIMAL FORAGING 

Alejandro Kacelnik 

Edward Grey lnstitute, Department of Zoology, Oxford, UK 

Oprima! foraging models fail to predict actual behaviour at least as often as they succeed. 
These failures, 1 argue, are not drawbacks of the approach but rather useful stepping stones in a 
program of integration of mechanistic and functional explanations of biologically complex 
phenomena. Without this integration, evolutionary interpretations often fall into untestable 
speculation, while purely descriptive analysis of behaviour concentrates on sterile analysis of 
biologically meaningless propenies of animal behaviour. Asan example, 1 shall consider the 
algorithms involved in decision making by animals engaging in foraging tasks. 

It is usual! y acknowledged by evolutionary biologists and behavioural ecologists that 
-everything el se being equal- natural selection ought to favour individuals who are more efficient 
in gathering resources ata higher rate per unit of time (viz. Stephens & Krebs 1986). On this 
basis, a number of optimality models have been dcveloped that predict the optimal choices of 
animals facing various behavioural alternatives, disregarding the cognitive processes involved in 
the control of behaviour. This can be illustrated with the controversy sparked by the identification 
of the so-called Fallacy of the Av.:rages. In an article published in 1981, Templeton & Lawlor 
pointed out that in stochastic foraging problems including recurrent choices, the rate of energetic 

gain over the whole period under consideration ( Expected Gain ) is not the same as the average 
Expected T1me 

rdte of gain per cycle of choice (Expected .Qaill. per cycle). They correctly pointed out that 
T1me 

previous theoretical models and the resulting research had been based on the first assumption, 
while clairning that in their view the relevan! maximised currency ought to have been the second. 
Severa! authors quickly pointed out that this claim was in itself a fallacy (which was natural! y 
called the Fallacy of the Fallacy of the Averages) because an animal max.imising overall rate of 
gain ought to have higher reproductive success than one who maximised the per cycle rate at the 
expense of the overall rate. The logical strength of this reply appeared to settle the issue without 
recourse to empírica! research. Now consider the following foraging situation. An animal faces a 
recurrent choice (in consecutive 'trials') between operating two food sources, identified as colours 
in simultaneously available pecking keys. Operating one of them (Fixed) results in a food reward 
after a cenain delay from the time of choice. Choosing the alternative (Variable) results in food 
aftcr either of two equiprobable delays, one shoner and one longer than the delay in the fixed 
option. The problem is schematically presented in figure l. 

T 
RATE liT 

11 
Rata 1 = 1/11 

(t1+t2)/2 = T lfT1lh 
lllllllllllllllllllllll \l.ll.I.V (Rata 1 + Rata 2) 11+12 

----> RATE 
2 2. t 1. t 2 

t 2 
Rata 2 = 1/12 

Figure 1 

The horizontallines represent waiting times from the moment of choice, and the cireles the 
delivery of a food reward. The thick line followed by a solid black cirele represents the fixed 
option, which leads toa waiting time T every time it is chosen. The two thin solid lines represent 
the variable food souree, which leads to waiting times of either tl cir t2 with equal probability. The 
broken line between them shows a putative average representation of the two outcomes of the 
variable source. The figure illustrates the consequences of two forms of information processing. If 
the animals perceive and base choices on the waiting times, and tl and t2 are programrned so that Instituto Juan March (Madrid)
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their mean equals T, then the two sources ought to be equally rewarding. This is to be expected 

according to the maximisation of Expect:: ~ain, and is shown in the legends over the horizontal 
Expect 1me 

Iines representing waiting times. If instead the subjects perceive rewards directly as gains devalued 
by the waiting times leading to them, i.e. as rates of gain, and store this information at the time of 

the reward, then they would be storing individual observations as ratios of TG,ain , namely as 
tme 

observations of 1 1 for the fixed option and either tt· 1 or 12·1 for the variable option. The 
subjective rate of reward gains from the variable source would be equivalen! to the mean of the 
reciprocals of tl and t2, as shown on the right hand side of the scheme in figure l. Under this 
form of representation, the variable source offers a higher subjective rate than the fixed one. In 
experiments based on this design, starlings (Sturnus vulgaris) strongly preferred the variable food 
source (Reboreda & Kacelnik 1991, Bateson & Kacelnik in preparation). 

We exp1ored the problem in greater detail by means of a titration procedure that allowed for 
the identification of the value of fixed waiúng time which led to indifference between the ftxed and 
the variable option. We calculated the expected indifference value of the fixed source assuming 
thai the two outcomes of the variable source were averaged globally or on a per-cycle basis and 
according to whether the inter-trial interval was included or not. The results for six experimental 
animals are shown in figure 2 

40 

E (Gain) 

30 E(ITI + delay) 
Fixed delay 

at indifference (s) 

20+-------------------------
E Gain 

( ITI + delay ) 

10 
E Gain 

( delay ) 

o 2 3 4 5 

Bird 

Figure 2 

In the figure, E refers to mean values, delay is the interval elapsed between the point of 
choice and the reward delivery, mis the inter-trial interval and error bars are within-subject 
standard deviation. Th~ horizontal bars show what would have been the indifference point if the 
subjects had used each of the given criteria for computing subjective values. The results show that 
the birds considered the fixed delay source to be equal in value to the variable delay source when 
the delay in the former equalled the harmonic mean of the two delays in the variable source, 
excluding the inter-trial interval. Both the averaging process (harmonic means rather than 
arithmetic means) and the exclusion of the inter-trial interval show that the choices did not 
maximise overall rate of gain. Instead, the subjects behaved as if they used directly perceived rates 
of gain and only paid attention to delays associated with each specific choice. 

These findings have been paralleled in experiments based on different experimental designs, 
and indicate that a major revision of optimal foraging theory may be necessary once actual · 
information-processing mechanisms are taken into account. My collaborators and 1 are working 
on two lines of analysis: we are exarnining the generality of the psychological mechanisms causing 
these preferences while simultaneously developing a theoretical account of the selective pressures 
which might have favoured these mechanisms over those leading to the maximisation of expected 
energy gains over total time. Instituto Juan March (Madrid)
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AGGRESSION, MATING SYSTEMS AND HORMONE-BEHAVIOR INTERACTIONS 

IN BIRDS. 

J. C. Wingfield, Department of Zoology, NJ-15, University of Washington, Seattle, Washington 

98195, U.S.A. 

1l1ere is accumulating evidence that testosterone (T) secretion is correlated with expression of reproductive 
aggression, especial! y during social conflicts over dominance status, territories and mates. In more stable 
conditions after hierarchies have been established, territory boundaries and pair bonds formed, then 
correlations of circulating Ievels of testosterone and aggression are less obvious. These observations led to 
the "challenge hypothesis" suggesting that secretion of T may actually increase and sustain the frequency 
and intensity of aggression in reproductive contexts during periods of social instability. Measurements of 
plasma levels of T in free-living mal e birds confirm this relationship and also indica te that if males also 
show parental care then the leve! of circulating T tends to decrease drarnatically since high levels apparently 
are incompatible with feeding of young. These data suggest further that behavioral interactions arnong 
males and females may ha ve a direct effect of the control of T secretion in relation to complex social 
relationships including mating systems and breeding strategies. Paneros ofT secretion generally match 
mating system. For example in polygynous species, circulating T levels in blood remain higher for longer 
periods than in monogamous species in which males feed young. Furthermore, if males of monogamous 
species are given sulrcutaneous irnplants of T to maintaln high concentrations in plasma (i.e. similar to the 
pattem in polygynous species) then these males gain additional mates. This raises the question as to why 
polygyny is thus not more prevalen! in avian species unless there is a cost to high sustained secretion of T. 
Field investigations revealed that high circulating T does not incur a cost in terms of stress or debilitation 
of energy reserves, but rather reduces reproductive success in males that normally provide parental care. In 
many polygynous species males provide little if any parental care and thus there are no restrictions on time 
spent in aggressive interactions with other males for territories and access to females. If males do show 
paternal care, then T levels must decline beca use lúgh levels of male-male aggression and parental behavior 
are incompatible. This series of investigations on free-living birds led to the hypothesis that polygynous 
males ha ve high and prolonged circulating levels of T in blood because social interactions among males 
and with sexual! y receptive females stimulate secretion of testosterone thus maintaining elevated 
concentrations. Monogarnous males, on the other hand, may be Iess sensitive to social cues regulating T 
secretion resulting in Iower levels, especially during the parental phase of the nesting cycle. 

Experiments on the interrelationship of social interactions and secretion of T in male birds have, however, 
revealed conflicting results. In those species in which males provide substantial parental care (e.g. 
Zorwtrichia, Passer), T inhibits expression of parental behavior. Circulating Ievels ofT are low 
throughout the parental phase. However, if males are challenged, or when females once again become 
receptive, subsequent behavioral interactions result in an increase in T secretion to facilitate a high rate of 
territorial aggression and mate guarding. In contras!, those species tending toward polygyny ancl/or little 
male parental care (e.g. Agelaius, Lagopus), do not appear to respond to male-male interactions or 
exposure to receptive females with a rise in circulating T. Others (e.g. Molothrus), show intermediate 
responses. These relationships are revealed in Figure 1 A. The ability to increase circulating Ievels of 
testosterone above the breeding baseline (b) corrected for the non-breeding baseline (a), toa maximum 
leve! (e) also corrected for the non-breeding baseline (i.e. the ratio of e-alb-a) is plotted against an index 
of the degree of male-male aggression and parental care (d). It was expected that polygynous males which 
show little parental care and interact aggressively with other males throughout the season, should have a 
high responsiveness for social modulation ofT secretion (i.e. high ratio of e-alb-a). In Fig.IA it is clear 
that the reverse is true. Polygynous males tend to have a Iower responsiveness of T secretion to social 
cues. These data indicate that maleswith low parental care and high male-male aggression may secrete T at 
a maximum rate throughout the season regardless of social stimuli, i.e. control of T secretion may be . . 
genetic rather than social. However, in monogamous males, or those species in which males show high 
parental care (note that 3 polygynous species overlap with monogamous males in Fig. lA; al! these males 
show high parental care ), plasma levels of T must decline during the nesting phase so that parental 

Instituto Juan March (Madrid)



24 

behavior can be ex.pressed fully. However, these males retain the ability to increase secretion of T when 
challenged by another male for tenitory or mate. In these species regulation of T secretion by social cues is 
well developed. Note also that these data suggest significant differences in neural pathways for 
environmental signals in relation to mating system. 

10 o Monogamous 10 o Passeriformes 

• Polygamous • Charadrllformes 

¡...: 8 o ... Polyandrous 8 • .. Galliformes 
Q) o 11 Procellarliformes - 6 f 6 o o Sphenlsciformes ~ ~ • • 11 

U_g 01. •• + Columbiformes 
~ca Oo • Oo o 

1 4 o 4 + o (.) o o -- • o 
>-O 

2 2 =o :e+= • .. o 
;.1¡ 

< f! • o 

o o 
o 2 3 o 2 3 

Ratio of male-male aggression 
to male parental care (d) 

There is also a phylogenetic component in this relationship (Fig. lB). In many Charadriiformes males 
show parental care whereas in most Galliformes males do not and tend toward poiygyny. Hence these 
groups of species tend to polarize in their relationships of d toe-alb-a. Passerines, on the other hand, 
show great variability - a reflection of this ex. treme! y large and di verse group. 

lt is proposed that hormonal responsiveness to behavioral interactions is related to mating system and 
breeding strategy. Greatest responsiveness appears in males with most parental care and, perhaps 
paradox.ically, least in males showing low parental care but high male-male aggression. 
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Mechanisms of Mate Choice in Monogamy 

by 
George W. Barlow 

Department of Integrative Biology and 

Museum ofVertebrate Zoology 
University of California, Berkeley 

The Midascichlid, Cichlasoma citrinellum, ofNicaragua isa biparental, monogamous fish . 

It is so isomorphic that the sexes can be distinguished by the observer only by examining their 

genital papillae. They reproduce o ver a wide range of sizes, but the female of pair is usually 70 

to 90% the length of her mate. Pairs compete fiercely with other pairs for breeding si tes, and 

most pairs are evicted from such sites before completing a reproductive cycle (McKaye & 

Barlow 1976, McKaye 1977). Consequently, both sexes are under intense selective pressures 

for high levels of aggression and prowess. That places the pair in a difficult situation, especially 

at the time of pair formation but also after pairing. Because the sexes look alike, each 

stimulates in attacking in the other, and much aggression-related behavior appears during pair 

formation. However, the pairmust suppress attacking and cooperate to raise their offspring. 

The Midas cichlid is also color polymorphic. Most adults are gray with dark markings and 

various amounts of redor orange on the throat and in the eyes; these are caBed normal morphs. 

About 8% ofthe adults, however, lack melanin in their skin and are colored ye11ow through 

orange and are Jabeled gold morphs. Golds and normals are equa11y aggressive, given much 

individual varition, but when a11 else is equal, golds domina te normals. The gold color appears 

to inhibit aggression in the other fish. This may ha ve repercussions for pair formation. 

In the field, most pairs mate assortatively by color (McKaye & Barlow 1976). In the Iab, fish 

that are free to interact also mate mostly assortatively (Barlow & Rogers 1978). However, 

when females chose mates through a one-way mirror, precluding interaction, they showed a 

weak but significant preference for normal males, irrespective oftheir own color or experience 

(Barlow et al. 1990). Males did not discriminate among the females. 

When females were offered a choice through a one-way mirror ofmales that differed either 

in size or in aggressiveness, they chose the larger and the more aggressive males, respective) y 

(Rogers & Barlow 1991). Not surprisingly, larger males proved more effective in defending 

breeding territories than did smaller ones. And the more aggressive males, irrespective of their 

size, more successfu11y defended their offspring against small predators. 

Again, males did not discriminate among females on the basis of size or aggressiveness. 

Should they ha ve? Larger females are more fecund and are better able to defend the territory 

against interlopers. Perhaps the maJe can only assess the aggressiveness and prowess of the 

female through interaction, which the one-way mirror precluded in this experiment. 

These results inspired three models to test further (Barlow 1992). The critica) dependent 

variable is the probability of successful pairing; in an experiment, this was judged by the sum 

of maJe and female courtship. One model is Most Aggressive, shown at the bottom of the 

accompanying figure for femdles and males courting more as the males become more 
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aggressive. (It could also have been presented as 
courtship increasing as a function of female 
aggressiveness.) Empírica! data suggest this model 
applies to females when they are safe from maJe 
attack, as when behind a screen of sorne type. 

The second m o del is ComplemeniMity It derives 
from the argument that ifboth the maJe and female 
are highly aggressive they cannot pair, and if both 

are too unaggressive they cannot defend a territory. 

It predicts that courtship is maximized at sorne 
optimal sum o[ maJe and female aggressiveness. 
The result is an inverted-U curve. 

The third model, Parity, derives from impressions 
of courtship, that the maJe is usually more 
aggressive than the female; this rnight result from 
the division of labor of the pair: the maJe invests 
more in territorial defense, the female in protection 

of the young. This model predicts that combined 
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courtship will peak at sorne optimal di/Terence in courtship. Again, the result is an in verted -U 
curve. 

Pernales were exposed to two males of about the same size but difTering in aggressiveness, 
and tested twice with them. The first time, the female viewed the males through a large-mesh 
screen that permitted interaction, even biting ifboth fish pushed into the screen. The second 
test, on the following da y, was done with the screen removed (the femalecould en ter and depart 
the chamber through a slit large enough for her but too small for the maJe). The object was to 

see whether the female could mate with the preferred maJe when not protected by the screen. 
Three independent variables were u sed. The critica! one was aggressiveness ofthe three fish. 

I must stress that aggressiveness was measured before the observations of the fish interacting 
because two fish rnight be highly aggressive but compatible, in which case little aggression 
would be observed between them. Each fish was exposed to its rnirror image and attacks were 
tallied. The other independent variables were relative size ofthe female and female gonopodial 
papilla (FGP). We meant to keep female relative size constant, but lirnitations offlsh available 
resulted in sorne variation. FGP also varied; the larger its size, the closer the female was to 
spawning. 

As in the previous experiment (Rogers & Barlow 1991), females spent more time with the 
more aggressive males with the screens in place, though the result was not significant (the 
experiment is in progress). Choice was obvious- the female stayed almost exclusively with 
one maJe or the other. When the barrier was removed 43% ofthe females either could not or 
did not mate with the previously chosen maJe; sorne left his compartment and sorne remained, 
though courtship fell to zero in the latter case and aggression was frequent. Of those females, 
29% switched to the maJe they had previously ignored. Thus in nearly half ofthe trials, pa!ring 
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was unsuccessful with the "preferred" mate (sorne ofthe fernales could not, or would not, mate 

with the other mate). 

The Complementa.rity Hypothesis was examined in a scattergrarn, with total courtship 

plotted as a function of the surn of aggression. No pattem was apparent, certainly not an 

inverted U-curve. 

The Pan"ty Hypothesis was also rejected. The surn of mate 

and fernale courtship, as a function of the difference in 

aggressfon, did not plot asan inverted U. However, a distinct 

linear relationship emerged, shown in the adjacent figure. The 

more fernale aggression exceeded mate aggression, the more the 

two fish courted. 
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;¡ 

Perhaps this relationship could be explained as a result of '" 

more aggressive fernales being more attractive. Apparently no t. 

M ale courtship regressed on fernale aggression had a negative 

slope and was only just significant (p = 0.054). M ale courtship 

., . . 
p 1: 0 .002 

. . ·. 
lllale mln ul fe male Ac.cn nlon 

was also correlated positively with FGP(p = 0.003). Relative size offernale produced a robust 

outcorne: The larger the fernale the more total courtship was seen (p = 0.017). 

To assess the relative contributions of the three independent variables, 1 perforrned a step

wise regression to find the best predictors. Difference in aggressiveness was the best one (p = 

0.030). Relative size of fernale was the next best predictor (p = 0.035) but it fell out in a 

backward-step analysis. FGP failed to predict. 

If progress in science is rnade by rejecting hypotheses, this study was a success beca use all 

three basic hypotheses were rejected. The results, nonetheless, were inforrnative. Testing the 

hypothesis of Most Aggressive mate revealed a provocative conflict between behavioral 

mechanisms: Fernales were often unable to pair with the mate of choice. 

The results also indicated a possible conflict ofinterest between the sexes, even though they 

have identical fitness after pairing. Males should prefer large fernales, and indeed relatively 

large fernales produced more courtship in both mates. This could mean, further, that males 

need interaction in order to choose a mate. Fernales should prefer relatively unaggressive 

males,judging from the courtship of pairs in which fernales weremuch the more aggressive sex. 

However, when choosing a mate behind a barrier, females consisten ti y selected the largest and 

rnost aggressive males available. 

This experiment will be extended to consider the fitness of pairs that are picked for differing 

relationships in their aggressiveness. Such pairs will be allowed to breed in a pond in the 

presence of predators on their young. 

These results indicate that it is necessary to understand the behavioral mechanisms 

underlying mate choice if one is to interpret properly the outcome of experiments on choice, 

particularly for biparental monogamous species. They also reveal why one should be prudent 

in extending fmdings to radically different field situation. That the Midas cichlid mates 

assortatively in the field has been used as evidence to support the sexual-selection hypothesis 

for the explosive speciation ofmouthbrooding cichlids in African rift lakes (McKaye 1980). 
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That hypothesis requires the active choice by females ofmales by color. However, assortative 

mating in the Midas cichlid apparently results from the indirect effect of color on aggression, 

and certainly not from active choice, as the hypothesis demands. Further, so far no evidence 

has been provided that the African cichlids select mates on the basis of color. 
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Functional and causal aspects of sperm competition in birds. 

T R Birkhead 

Department of Animal and Plant Sciences, PO Box 601 , The 

University, Sheffield SIO 2UQ, UK. 

Sperm competition is widespread in the animal kingdom , and 

occurs regularly among birds despite their mating system being 

predominantly mongamou s. Sperm competition occurs when 

females copulate with two or more males during a single 

reproductive cycle . Behavioural ecologists have asked why 

females of socially monogamous species should form a pair bond 

with one species only to copulate later with another male. The 

answer seems to be that this is one of severa! different ways in 

which females can modify their their initial mate choice and thus 

have their eggs fertilized by particular males (Meller 1992; 

Birkhead & Meller 1992) . Other way s in which females can 

intluence who fathers their offspring include behavioural means , 

and anatomical and physiological mechanisms . 

There appear to be two main sperm competition mechanisms in 

the animal kingd om (Birkhead & Hunter 1990): ( 1) last m ale 

sperm precedence - in which the last male to inseminate the 

female fertilizes the majority of eggs, and (2) the raftle principie -

where fertili zation probability depends upon the relative numbers 

of sperm from different males. Both these mechanisms operate in 

birds , but on different time scales. When copulations occur close 

together in time a raftle operates , but when the copulations are 

well -spaced the mechani sm is last male sperm precedence 

(Birkhead & Meller 1992). 

The mechanism which results in last male sperm precedence is 

not known. Poultry biologists favour the stratification hypothesis , 

where the sperm from successive ejaculates remain stratified, or 

layered within the female' s sperm stores. However, Lessells & 

Birkhead (1990) modelled this and found that stratification could 

not account for the observed levels of precedence. Instead, sperm 
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displacement - where incoming sperm displaced those already 

present, was much more plausible . Sorne empirical observations 

also support the displacement hypothesis. 

Females might attempt to control the paternity of their offspring 

through (i) behaviour, (ii) sperm storage and utilization and (iii) 

through sperm selection. 

(i) lf females control copulations , as they appear to do in most 

species, then by terminating copulation before the end of their 

fertile period and by performing an extra-pair copulation with a 

more preferred maJe, fcmales would have the opportunity to 

determine thc paternity of their offspring. 

(ii) Following copulation , females might selectively destroy or 

eject sperm from less preferred males, in favour of those from a 

more preferred individual. 

(iii) Following copulation th e reduction in sperm numbers in 

successive segments of the female reproductive tract is dramatic : 

from severa) million to less than one hundred. This intense 

selection is brought about by a series of chemical, physical and 

immunological barriers in the female reproductive tract , and 

provides the opportunity for females to select sperm. There is no 

empirical evidence for such selection at present, but severa) lines 

of circumstantial are consisten! with this hypothesis. This idea 

rests on the assumption that a correlation exists between sperm 

quality and offspring quality. Traditionally this has not been 

thought likely , but it is possible that sorne linkage exists between 

a sperm's characteristics and its genotype (Birkhead et al. in 

press). 
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SPERM COMPETITION ANO FEMALE SELECTION IN MAMMALS: 
WHV MECHANISMS MAKE ALL THE DIFFERENCE 

Montserrat GOMENDIQ(1) & Eduardo R. S. ROLDAN(2) 

(1)Museo Nacional de Ciencias Naturales (C.S.I.C.), J. Gutierrez Abascal 2, 
f?.B006 Madrid, Spain 

(2) Department of Biochemistry, AFRC lnstitute of Animal Physiology and 
Genetics Research, Babraham, Cambridge CB2 4AT, U.K. 

Female choosiness and male-male competition do not end when mating 
takes place. After mating, ejaculates tace considerable barriers within 
the female reproductiva tract and, when more than one male copulates 
with a female, sperm from rival males will compete within the female 
tract to fertiliza the ova that are available. 

In arder to understand how different individuals achieve their 
reproductiva success we have to take into account the physiological 
mechanisms that come into play after mating. By incorporating the study 
of these mechanisms we may also improve our understanding of sexual 
behaviour and even of mating systems. On the other hand, the functional 
approach has the potential of integrating new findings in reproductiva 
biology which so far have not been examined from an evolutionary 
perspectiva. 

Mammalian reproductiva biology differs in crucial respects from 
other better-studied groups such as birds and insects (for recent reviews 
see Roldan et al. 1992, Gomendio & Roldan 1993). Female mammals do not 
posses proper sperm storage organs (such as the sperm storage tubules 
and spermathecas present in birds and insects respectively) , and as a 
consequence mammalian sperm live for short periods of time once 
ejaculated into the female tract (bats being a well known exception). 
Female mammals are sexually receptiva for limited periods of time 
within each sexual cycle (i.e . oestrus) , and ovulation time is relatively 
unpredictable. Once ejaculated, sperm are transportad passively by 
movements of the female tract but must also swim actively to go through 
certain physical barriers such as the cervix and the uterotubal junction. 
Those sperm that get through the uterotubal junction spend a short period 
of time in the lower isthmus of the oviduct. During this short period of 
residence only sperm which associate with the oviductal epithelial cells 
are able to survive. After ovulation takes place, sperm swim actively 
towards the ova, and once in the vicinity of the ova sperm ralease the 
enzimes contained in the acrosome, penetrate the ova vestments and 
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fertilization takes place. Mammalian sperm are unique in that they need 
to become "capacitated" before they can fertiliza the ova. 

Sperm competition has selected for an increase in the number of 
sperm that a male deposits in the female tract (Parker 1984). This 
increase may be achieved by increasing the number of copulations, and/or 
by increasing the number of sperm in each ejaculate (Ginsberg & Huck 
19891. The latter has been achieved mainly by an increase in relative 
testes size (Harcourt et al. 1981, Kenagy & Trombulak 1986). For sorne 
time, it was assumed that there was a trade-off between sperm numbers 
and sperm size, and thus that the increase in sperm numbers under sperm 
competition had been achieved at the expense of a reduction in sperm 
size. Contrary to this prediction, sperm are longer in species confronting 
sperm competition than in monandrous species (Gomendio & Roldan 1991 ). 
Sperm competition seems to have favoured the evolution of longer sperm, 
because these are able to swim faster and will thus outcompete sperm 
from rival males in the race to fertiliza the ova. 

In birds and insects the last male to copulate with a female will 
be more successful at fertilizing the ova (Parker 1984, Birkhead & M0ller 
1992) In mammals there are no such order effects and it is the male who 
copulates closest to the time of ovulation that will be more successful at 
fertilizing the eggs. In birds the combination of last male advantage on 
the one hand, and sequential ovulation and fertilization of the eggs on the 
other, may have led to the evolution of pair bonds and even contributed to 
the evolution of paternal care. By contrast, in mammals there are no order 
effects and, within each sexual cycle, all the ova are ovulated and 
fertilizad simultaneously. Thus, whether a male does any mate guarding 
will depend on a number of factors such as the degree of synchrony 
between the females in the population, the length of oestrus, and the 
predictability of ovulation. Under these circumstances, pair bonds and 
paternal care are unlikely to evolve. 

Female selection has so far received little attention as a selectiva 
force shaping ejaculate features (reviewed in Roldan et al. 1992). In 
mammals, ejaculates tace considerable barriers within the female 
reproductiva tract and these may represent a form of female choice to 
sorne extent. We have considerad three different constraints that a 
female may impose on mal e ejaculates. (1) Temporal constraints. When 
females are in oestrus for longer than sperm are able to survive, males 
tace the risk that their sperm may be unable to fertiliza by the time 
ovulation takes place. There is a positive relationship between oestrus 
duration and sperm fertile lite, which is even stronger when the period of 
time between the beginning of oestrus and ovulation is considerad 
instead. This may have been achieved partly by changas in sperm size 
because short sperm have longer life-spans than long sperm. Thus, when 
oestrus is long males produce short sperm which will survive for longer. Instituto Juan March (Madrid)
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Conversely, when tamales are in oestrus for short periods , males produce 
long sperm which will not survive for long but will capacitate more 
quickly, and will thus be ready to fertiliza when ovulation takes place. (2) 
Spatial constraints. When sperm have to swim long distances males 
produce short sperm which will survive for longer and are also less 
susceptible to damage. lt may also be advantageous to produce long sperm 
when the distance to cover is short, because under sperm competition the 
most" efficient strategy may be to swim fast when the distance is short 
and more slowly when the distance is long . (3) Thickness of the ova 

vestments . Because in mammals the ova vestments are particularly th ick, 
we expected to find a positiva relationship between the thickness of the 
ova vestments and sperm length. However, no relationsh ip could be found . 

At present there is not enough information available to combine 
the relationships foüiid between female traits and sperm size with the 
findings regarding sperm size and sperm competition . We will have to 
await until there is information on both selectiva pressures for the same 
sample of species befare we can carry out such an analyses. 

Given the magnitude of these female barriers it is worth asking 
why they have evolved. There are a number of possible answers which 
include: (a) female barriers are the result of other selectiva torces, (b) 
have evolved primarily to prevent infections, (e) have evolved to prevent 
polispermy, (d) they enable the selection of sperm within an ejaculate , 
and (e) they enable the selection of spermatozoa from different males . 
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Honest Signalling . J. Maynard Smith 

An "honest" signal is one that conveys accurate 
information about the state, genetic or motivational, of 
the signaller : a "costly" signal is o ne that reduces the 
fitness of the signaller more than is necessary to 
transmi t the required information unambiguously. Zahavi 
(1977, 1981) has argued t hat signals can be honest only 
if ~ they are costly - essentially because cost-free 
s ignalling systems are open to invasion by liars - that 
is , individuals that signal that they are in a certain 
state when in fact they are not. Enquist (1985) showed, 
in a formal model of a contest between two individuals 
over a r esource, that it can be e vo lutionarily stable to 
send a risky signal if, and only if, the sender has a 
particularly high need for the resource. Grafen (1990) 
deve loped a more general game theoretic model of honest 
signa l li ng , which essentially confirmed Zahavi' s original 
assertion: altho ugh fo rmulated in the context of sexual 
se l ection , his model has a mo re general rel e vance. 

The Philip Sidney ga me (Maynard Smith, 1991) is an 
at t empt to capture the essence of the argument in a 
simpler and more accessible form . To achieve 
mathema tical simplicity, the cost of a signal, a nd the 
fitne ss outcomes to the participant s, are treated as 
discrete and not as continuous variables. The model 
confi rms Grafen ' s finding that there are si t uations in 
wh i c h signal s must be costly if they are to be honest. 
However, the discrete natu re of the model leads also to 
t h e conclusion that there are situations in which cost 
f r ee signal s can be h o ne s t. This will be the case i f the 
signaller and receiver would place the possible outcomes 
o f the interaction in t he same rank order , in fitness 
terms : it is not necessary that the strengths of their 
preferences should be the same . This raises the question 
of whether situations allowing cost-free signalling arise 
frequently , or at a ll, in the real world . 

Enquist, M. 1 985 . Anim . Behav. 33, 1152-1161. 

Grafen , A. 1990. J . theor. Biol. 144, 517-546. 
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Zahavi, A. 1977. J. theor . Biol. 67, 603-605. 

Zahavi, A. 1981. In Evolution Today (G.G.E. Scudder & 
J.L . Reveal, eds), pp. 133-138. Pittsburg: Carnegie
Mellon. 

Instituto Juan March (Madrid)



40 

Sensory Systems, Signals, and Signalling Behaviour 

John A. Endler 

Department of Biological Sciences 
University of California, Santa Barbara, California 93106 USA 

Signals are disturbances in the environment caused by one organism (sender) 
which convey information to the receiver. The reception of the information must be clear 
enough to allow the receiver to make a behavioural decision. Two components of signals 
evo! ve: (i) information contenr, or what i~ being transmitted: and (ii) signal design, or the 
form required for efficient emission, transrnission, reception, and recognition. There has 
been much theoretical work done on the evolution of signa! content, especially with 
respect to sexual selection and honest signalling (e.g. Grafen 1990), but very little on the 
physical design Gf ~ign:;.l:; (Er.Jler 1992). Any consideration of the evolution of signals 
must consider how the signal is generated and emitted, how it fares during transmission 
through air or water, how it is received and processed by the receivers's sensory 
systems, and the factors which affect the value of altemative ways of reacting to the 
information contained in the signal. Sorne of the factors are summarized in this table: 

SIGNAL 1RANSMISSION SIGNAL REACITON 
GENERATION IN AIRIW A TER RECEPIJON ami cE 

Diopbysical limits to Background noisc Sensory adaptive statc Other signals 

form and intensity (light adaptation, etc.) 

Interfcreing signals Choice time wasted 

Energetic limits Physiological state 

Attenuation Reasons for choice 

Biochemical licü:.s Attentivcness 

Block.ing Nced for choice 

Energy storage Need to be auentivc 

Absorbtion Physiological state 
Timing and localion: Need for alerting signals (bunger, thirst, etc.) 

predation Reflection & rcfTaclion 

sbort season Sbort reception time Predator risk 

corre.ct place & time Distance 

Other conspecifics Parasite risk 

Information conlent Spectral propertics 

versus clarity Jamming Quality of signal 
Self-interfcrence 

Information density Signal rcccption rate Reliability of signal 
lnformation dcnsity 

Temperature lnformation processing Signals different: 

(pberomones) Temperature (olfactioo) ratc individual or 

environmental 

Noise variation 

Temperature 

A careful consideration of each factor relevant for a particular sensory mode 
allows us to predict the form of signals for a given species signalling ata particular time, 
place, and micrometeorological conditions, and may also allow us to predict the outcome 
of choices made in response to the signals (Emller 1992). Sorne rules common to all 
sensory modes include: (1) redundant or repeating signal structure allows averageing-out 
of background noise; (2) greater amplitude and dinectionality makes transmission and 
reception more efficient; (3) higher frequencies are better if a high information 
transmission rate is requined; there is less degradation by turbulence and faster response 
of receptors at higher frequencies; (4) species-specific and tuned receptors minimize the 
effects of noise at other frequencies; the use of pained receptors (one offset from the 
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signal tuning peak) is an even more effeciem way to reduce noise; (5) specific frequency 
bands, places, seasons, and times of da y are associated with less noise, less interlerence 
from other species, and lower predator or parasite risks; (6) avoid signalling al sarne time 
as immediate neighbors (unless jamming is desired); (7) rapidly degrading signals are 
useful for short distance cornrnunication, especially when predators sense from longer 
distances; (8) simpler, more effective alerting signals should be used to attact the 
receiver's attention before sending the rnain (information-laden) signal. l11ere are othcr 
predictions which are specific to each sensory rnode (Endler 1992). 

It is essential to consider both design and contenl when investigating the evolution and 
function of signals (all four colurnns in the table). For example, a consideration of only 
the content of a signal rnay predict one behavioural choice, but an addilional considera !ion 
of sorne of the physical factors affecting the signal may yield a very different prediction 
about the choice. 

The factors in the first three colurnns will be commqn to all species living and 
signalling in the same conditions, so we can predict that sorne properties of signals 
should be predictable and common to such groups of species. Unlike the more general 
predictions (independent of habitat and sensory rnode) of the fourth column, the 
predictions arising from the first three columns will be much more specific to particular 
species (although not necessarily restricted to the same taxonomic groups), so there will 
be a trade-off between generality and specific predictive power when one considers 
various aspects of the evolution and function of signals, sensory systcms, and signalling 
behaviour. However, there is essentially no research which simultaneously tries to tie all 
four columns together in a single organism. Past research has either considered only 
column 4 and ignored the firstthree, or vice versa. It is time for a broader approach. 

Because there are different suites of factors affecting the different sensory modes, it 
may in principie be possible to predict which sensory modes should be used for signals 
containing information of a particular leve! of complexity, and transmitted at a particular 
time and piace. B ut once again, there has been essentially no research in this area. 

The basic questions we should always ask when studying the evolution and function of 
signals are: (1) What information is being transmitted? (2) Which sensory mode (or 
modes) is used for most of the information transmitted? (3) When, where, and under 
what environrnental conditions is the signa! transmitted? (4) What are the in tended and 
unintended receivers? (5) How does the interplay between the environment, signa! 
properties, receiver properties, and signa! contenl affect the function and evolution of the 
signal? (6) How does this affect behaviour, which presumably chooses times, places 
and rnodes which are most effective in reaching the receiver, avoiding unintended 
receivers, and giving the desired information to the receiver? (7) What biophysical 
propreties favor particular signals and associated behaviour? (8) What sensory 
properties favour particular signa! designs and signalling behaviour? (9) How does the 
tradeoff between efficiency and content affect signa! design and signalling behaviour? 
(10) How is the tradeoff between successful signalling to conspecifics and inadvertant 
signalling to predators or parasites accornplished, and can advantage be taken of varying 
sensory properties and modes? (11) How rnuch do these tradeoffs influence each other 
and signalling behaviour? (12) How rnuch do these factors influence the evolution of 
sensory systerns and which sensory rnodes are used to transrnit information? Answers 
to these questions would be fascinating and valuable. 
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Receiver psycbology and tbe design of warning signals 

Tim Guilford, Animal Behaviour Research Group, Department of Zoology, South Parles 

Road, Oxford, OX1 3PS, UK. 

Recent analyses of the evolution of biological signals give the impression that signalling 

systems are either govemed by handicap selection for honest advertising, or are the product 

of sensory exploitation. 1 argue, however, that signals are designed both by the 

characteristics of the message they convey ("strategy"), and by the need to convey that 

message effectively ("efficacy"). 1 illustrate these concepts with reference to warning 

signalling systems, concentrating particularly on the role of signal efficacy. Although 

signal efficacy has been studied before, particularly in terms of efficiency at transmission 

through different environments (e.g. Lythgoe 1979), or efficiency at keying in to receiver 

sensory sensitivities (Endler 1992), the role of "receiver psychology", and particularly the 

mechanisms of learning, has been neglected (Guilford & Dawkins 1991 ). 1 illustrate how 

the functional design of warning signals is closely related to the mechanisms of predator 

leaming by presenting the results of a recent study on the role of aggregation in aposematic 

prey (Gagliardo & Guilford 1992). In this experiment, 38 naive domestic chicks (Gal/us 

gal/us domesticus) were pre-trained to walk singly down an open topped Sm long run-way 

to obtain food items (sieved chick starter crumbs, dyed with food colouring) from a series 

of sunken wells. Once pre-trained, chicks were placed in one of four treatment groups for 

the rest of the experiment, where each treatment offered palatable prey (dyed green) and 

unpalatable prey (dyed yellow, and tainted with quinine hydrochloride) in a different 

arrangement. Birds learned to discriminate green from yellow crumbs over a series of 20 

trials, and were then subjected toa further 10 extinction trials in which both crumb colours 

were made palatable. Discrimination performance under the four treatments is illustrated in 

Figure l. When crumbs were arranged in aggregations (Aggregated treatment) birds 

learned to avoid them faster, and for longer under extinction, eating fewer in the process 

than when crumbs were arranged solitarily in each well (Single treatment). Prey 

aggregation clearly enhances warning signal function. In the next treatment prey were 

offered solitarily, but were placed on top of a perspex window in each well undemeath 

which were inaccessible aggregations of crumbs (Visually Aggregated treatment). Thus, in 

the Visually Aggregated treatment, prey appeared to be pan of an aggregation but could 

only be ingested singly, yet learning was again significantly more effective than in the 

Single treatment and indistinguishable from the Aggregated treatment. From this it is clear 

that the enhancing effect of aggregation is visual rather than ingestive. Most surprising, 
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though, was the fact that the same enhancement was also achieved in the fourth treatment, 

the Visual Single treatment Under the Visual Single treatment, crumbs were available 

solitarily, but appeared on top of a second inaccessible crumb that became visible after the 

accessible crumb was removed by the chicle. This indicated that the aggregated pattern of 

prey is not essential for the enhanced learning effect We suggest that this is in fact caused 

by the temporal contiguity of visual stimulus and punishment generated by having similar 

prey still visible during, or immediately after, perception of the quinine itself. If this 

hypothesis is correct, then it suggests that aggregation in aposematic prey may ha ve 

evolved to exploit the rules of learning in predators to enhance warning signal function . 

We are currently investigating further ways in which receiver psychology may ha ve 

affected the evolution of signal design for efficacy. 
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Figure l. Mean discrirnination performance during Acquisition trials, when yellow crumbs 

are unpalatable, and Extinction trials, when they are switched to being palatable (indicated Instituto Juan March (Madrid)
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by the dashed !in e), for each of the 4 experimental treatments. Performance is measured as 

discrimination ratio (green crumbs attacked/ yellow + green crumbs attacked), which 

retlects the degree to which birds avoid yellow crumbs selectively (l=perfect 

discrimination; 0.5=no discrimination). Statistical significance of treatment differences are 

given in Gagliardo & Guilford (1992). 
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G. A. PARKER 

Parent-offspring conflict: the relevance of mechanisms for modelling 

Since the initial controversy as to whether or not it could exist, there have been a 
series of rnodels of parent-offspring conflict. These have in general confirmed 
Trivers ( 1 97 4) prediction that an evolutionary conflict of interests can exist 
between a parent and its oHspring over the amount of parental investment. However, 
although a potential conflict exists, we can be much less certain about how this 
conflict is likely to be resolved. The various models make very different predictions 
about ESS outcomes: that is, how much parental investment is like!y to be given, how 
mueh each offspring is likely to get, and what sort of costs will be invo!ved in gaining 
parental investment. 

1 review very brietly the assumptions and predictions of three types of model for 
sib-competition and parent-offspring conflict: dominance hierarchy models (Parker, 
Mock & Lamey 1987); 'pro rata payment' begging models (Parker & Macnair
various dates); and 'honest signa!' begging models (Godfray 1 991 ). The models differ 
quite radically in their assumptions about: 
(i) behavioural mechanisms by which offspring compete over food input trom the 
parent; 
(ii) mechanisms by which parents allocate food to the offspring. 
Until we know the exact mechanisms of sib-competition and the behavioural rules by 
which parents allocate food to offspring, it will not be possible to predict how 
parent-offspring conflict will be resolved in a given system. 

This is very much a case where future progress is likely to depend on advances in our 
understanding of mechanisms. 

Instituto Juan March (Madrid)



48 

Parent-offspring conflict: can we decide between modela of 
signalling need and manipulation? Fritz Trillmich, .Dept. of 
Behavioral Ecology, University of Bielefeld, PO Box 10 01 31, 
D-4800 Bielefeld, Germany. 

According to Trivers (1974), conflict is expected between 

parent(s) and offspring about parental investment. However, the 

form of cost and benefit curves has never been measured exactly 

and• is critica! to the arguments about parent-offspring 

conflict. Graphical arguments are dangerous since benefit 

curves can just as easily be constructed which predict no or 

only minor parent-offspring conflict instead of major conflict 

(Fig. 1). Therefore, parent-offspring conflict should not 

automatically be assumed to influence all parent-offspring 

interactions. 

It is a problem to infer the existence of genetic parent

offspring conflict in a given instance from the observation of 

phenotypic conflict (Mock & Forbes 1992 in press). The actual 

measurement of costs and benef i ts is complex and needs to be 

taken more seriously as a few examples show. Even apparently 

obvious assumptions may 

correlation between time 

mammals. 

preve 

sucking 

wrong, e.g. a 

and milk intake 

positive 

of young 

Usually, intense signalling between parent and offspring has 

been taken to indicate conflict. However, this is not 

necessarily true. Weaning (phenotypic) 'conflicts' may also be 

interpreted as exchange of information about costs and benefits 

of the alternatives 'dependence' versus 'independence' to 

offspring and parent alike. Screaming and throwing tantrums by 

young and 'meanness' by parents may be interpreted as 

handicaps, i.e. costly signalling to ensure reliability of the 

information exchanged between parent and offspring (Godfray 

1991). Exchange of reliable information can be in the interest 

of both parties, given that environmental (e.g. feeding) 

conditions vary more or less unpredictably, and that parents as 

well as young do not have full information about each other's 

state and foraging opportunities and abilities. Since high 
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fitness values (survival of young, survival and future 
fertility of the parent) are at stake, interactants need to 
ensure accurate information transmission. Such costly signals 
can certainly in most cases best be understood as a sign of 
underlying parent-offspring conflict, since without the 
potential for conflict no highly costly signalling should 
evolve. However, to judge the actual (energetic, riskiness or 
time) costs of signals, these must be measured empirically to 
determine if they are higher than would be expected if reliable 
signa! transmission were their only function. If parents are 
e.g. energetically limited it may preve that young correctly 
signa! their need which, however, parents cannot fulfill, due 
to energetic constraints. Such a si tuation would produce the 
appearance of parent- offspring conflict when in reality the 
environment is constraining the options of parents. Also, we 
need to consider a much more active interest of offspring in 
weaning once the foraging alternatives of the juveniles have 
developed. Such a situation may exist in the northern fur seal 
where about 75% of all young wean themselves. 

Developmental studies of the foraging abilities of juveniles 
are needed to enhance our understanding of their options, and 
to improve the interpretation of 'weaning conflict' and parent
offspring conflict in general. 
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Figure legend: 

Potential benefit curve which produces no parent-offspring 
conflict. e = cost; B = Benefit¡ ·PE = parental expenditure. 
Popt and 0 0 pt designate parental and juvenile optima, 
respectively. 
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The Design of Chick-Feeding Rules and How Cuckoos 
Can Exploit Them 

N.B. Davies, Department of Zoology, Univers i ty of Cambridge, 
Cambridge, CB2 3EJ, England. 

I discuss two examples of chick-provisioning by birds where a 
knowledge of mechanism is important for our understanding of adaptation. 

The first is "helping at the nest". In many bird species the helpers 
are previous offspring of the breeders who remain at home because the 
habitat is saturated and there are no vacant breeding territories. By 
helping to raise their younger siblings the helpers increase their indirect 
fitness . The traditional behavioural ecology view of helping, therefore, 
is that "genes for helping" have been favoured by kin selection. Recently, 
Jamieson and Craig have challenged this view. 1 They propose instead that 
individuals are equipped with crude provisioning rules such as "feed any 
begging chick in my territory". Vhen the habitat is full and juveniles are 
forced to remain at home, the presence of begging nestlings elicits 
p~:ovi s ioning. Acco~:ding to them, "helping" is not a nait but simply a by
p~:odu c t of a ~:ule favou~:ed in the context of pa~:ental ca~:e. 

The key question to ask to distinguish these two hypotheses is "is 
not helping an alternative, or do individuals always blindly follow a c~:ude 

provisioning rule? "Understanding the mechanism will tell us whether we 
should be measuring the costs and benefits of provi s ioning or of helping. 
Severa! recent studied have shown that individuals do not follow crude 
p~:ovisioning rules but rathe~: va~:y thei~: provisioning in relation to 
prospects of fitness gain. For example, white-fronted bee-eaters p~:efer to 
help close kin rather than more distant kin and if they have no close kin 
nearby they do not help. 2 In acorn woodpeckers, wh e ~:e two related males 
may share a female, experiments have shown that a male may sometimes help 
to feed the chicks even if he has no chance of pater nity. 3 By contrast, in 
dunnocks, where two unrelated males may share a female, a male helps only 
if he has mated with the female. 4 

In dunnocks males do not discriminate in favour of their own sired 
young but follow a simple rule "feed the chicks provided I gained sorne 
matings with their mother". Vhy do males not have a more precise 
mechanism, such as sorne equivalent of DNA fingerprinting? Sorne social 
insects, like honeybees, and sorne mammals, like ground squirrels, can 
discriminate close versus more distant kin even when these are raised 
together in the same nest, perhaps by using phenotype matching - comparing 
their own odour label with that of thei~: kin to measure relatedness. Birds 
do not have the array of odour cues available to insects and mammals and 
phenotype matching based on visual or vocal cues may be more difficult 
given that chicks change so markedly during development. So maybe birds 
a~:e forced by constraints to use indi~:ect cues to parenthood. 
Alternatively, direct markers may be possible but they may not spread 
because of conflicts of interest. For example, it would pay both mother 
and chicks to suppress paternity ma~:kers in cases where males would give 
reduced help or commit infanticide of young which a r e not their own. 4 . A 
genetic model is needed here. 
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My second example concerns brood parasites . The inability of parent 
birds to "fingerprint" their young opens the way to their exploitation by 
cuckoos and cowbirds . Sorne hosts reject eggs which are unlike their own in 
colouration. How do they know which is the parasitic egg? Experiments 
show that hosts do not simply follow the rule "reject the odd egg" but can 
reject parasite eggs even when these form the majority of the clut ch. Thus 
they know what their own eggs look like. Othe r experiments reveal that 
they learn their own egg-type in an imprinting-like process. 5 Severa! 
studies show that hosts are sensitive t o recognition errors and vary their 
tolerance of deviant eggs in relation to the degree of mimicry of their own 
typ~ by the parasite. 6 

The study of learning mechani sms and rejection thresholds by hosts 
may provide a nice model sys tem for s tudying how behavioural mechanisms 
change during evolution because diffe rent parasite-host systems are likely 
to be at different stages of a continuing evolutionary arms race. 1 
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Exploitation of host parental rules by brood-parasitic chicks 

Tomas Redondo 

Estadón Biológica de Doflana, CSIC, Apdo. 1056, E-41080 Sevilla, Spain, and 
Department of Zoology, University of Cambridge, Cambridge CB2 3EJ, UK 

Brood parasites and their hosts are thought to engage in a coevolutionary arms race 
where parasitism selects for adaptive defenses in the host (e.g. rejection of eggs 
unlike their own) which in tum select for counter-adaptations in the parasite (e.g. 
egg mimicry). Severa) studies suggest that mimicry in cuckoo eggs has evolved in 
response to egg discrimination by hosts. However, most brood parasites have not 
evolved chick mimicry and even those species of hosts capable of subtle 
discrimination against mimetic eggs appear unable to discriminate against a chick 
which looks strikingly different from the host chicks. So far, no satisfactory 
explanation has been found for this puzzling difference in host behaviour. 

In the absence of parasitism, hosts seem capable of sorne discriminative 
processes between chicks within the same brood by following sorne simple rules, 
e .g. favouring the chicks in greater need of food or the larger chicks in 
asynchronously hatched broods. Since they are unre!ated to hosts, brood parasites 
(and in particular cuckoos) may have evolved traits which exaggerate those 
favoured by hosts to care for their own offspring in the absence of parasitism (like 
deceptive persitent begging. fast growth rates and a large size relative to that of the 
host chicks) at no inclusive fitness cost. Here I suggest that such traits may preven! 
the evolution of chick discrimination rules by hosts if the probability of being 
parasitized is, as usual, low. 

Hosts could evolve effective discrimination rules against the parasite by two 
possible ways. One is by modyfing an already existing rule like that of favouring the 
hungrier and larger chicks (e.g. "feed less the chick who begs more when it is the 
largest in the brood") . However, such modifications may be selectively 
disadvantageous in the absence of parasitism. A second possible way is by evolving 
a totally novel discrimination rule (e.g. "refuse to feed a chick of a different 
colour''). This is more improbable, as it may require a cumulation of coadapted 
mutations and may incur importan! rejection costs (mistakingly ejecting host 
chicks). 

However, most cuckoo hosts can recognize the adult parasite and there is 
evidence that hosts caring for a fledgling cuckoo attack it when the cuckoo flies but 
ressume feeding it as soon as it stops and begs for food. This suggests that hosts are 
capable of recognizing the parasite at least during the fledgling stages. I postulate 
that the dedsion-making mechanisms in hosts involved in chick care are shaped 
in a way such that caring for a chick and discriminating against it are mutually 
exclusive states within a continuous motivational space, so that the more willing a 
paren! bird is to favour a chick the less willing is to discriminate against it. The 
intense parental responses elidted by the cuckoo's exaggeration of such stimuli as 
intense begging and a large relative size, are likely to overwhelm any 
discriminative response in hosts triggered by the odd physical appearance of the 
parasite. 
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THE EVOLUTION OF LITTER SIZE IN MAMMALS: PROXIMAL AND 
FUNCTIONAL CONSTRAINTS AND A ROLE FOR SEXUAL SELECTION 

Juan Carranza 

Cátedra de Biologfa y Etologfa, Facultad de Veterinaria, Universidad de Ex/remadura, 
10071 - Cáceres (Spain) . 

The number of offspring per litter is "relative" metabolic rate, which is the 
highly variable among mammalian species. In metabolic rate divided by body weight, scales 
mammals, in general, it appears that small and at -0.25 power with body mass (Hemmingsen 
medium sized species tend to produce many 1960). The slope of many specific 
offspring per birth while large species tend to relationships, such as mass flow, biomass 
bear only one. However, there are big production or parental effort, relative to body 
differences in litter size among species of weight are around this figure (Peters 1983; 
similar size. Moreover, there is not a Reiss 1989). Metabolic rate appears to set an 
continuous relationship between Litter Size upper lirnit in the relative amount of energy 
and Body Weight. If we look at the Figure 1, that a mother can allocate into offspring- i.e. 
we will see that above certain threshold of larger mammals invest relatively less. The 
body mass, litter size is 1; and below the percentage that litter weight represents with 
threshold there is a great variability. But why respect to mother weight decreases with 
should there be a threshold? mother weight to the -0.25 power. Robbins & 

Figure 1.- Mean littcr size ptoaed again.st body size ror 
lhe ctass MammaliL Catvex polygons outline major 
ordinal groupings (ModüJed afta Eisenberg 1981). 

Robbins ( 1979) show this relationship for 
ungulates and subungulates. 

Relative weight of individual newbom 
does not decrease in the same way. For 
eutherian mammals, and despite sorne 
variability, it appears to be roughly around 
5% of maternal body weight (Land 1985). 
One consequence emerges. We should expect 
very large mamma1s to have to cope with the 
problem that maxirnum possible litter weight 
could be smaller than optimal individual 
newborn weight. This would set an upper 
lirnit on rnamrnalian size range (Land 1985). 
But another consequence could also be 
recognized. On going down from such a 
maximum maternal size, twinning is not 

Metabolic rate scales at 0.75 power possible until maxirnum litter weight can be 
with body mass. The "mass specific" or two-fold the individual newbom weight 
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(Fig.2). This sets an upper linút on size for 

mammals having multiple births. Such a linút 

is roughly around 400 Kg maternal weight 

(see Robbins & Robbins 1979). No mammal 

species regularly bears twins above such a 

lhreshold. Therefore, our goal at this point 

should be 10 explain lhe variation in litter size 

for rñammals below 400 Kg., which in tum 

comprises lhe whole extant variation. 

....---J--.. 
Uneuir.e > 1 1 Utteroir.e ~ 1 

~fp 1 
~~ 1 

~j 
5~ 

Figure 2.- Hypothetical relationship among litrer and 
newbom weight with maternal weight, which would explain 

the threshold for litter size reduction to one. 

La ti tu de al so appears to affect Ji tter 

size. May & Rubenstein (1985) made a 

regression of average litter size to body 

weight for a compilation of mammalian 

species. They assigned every species to one 

of lhree geographical zones, namely tropical, 

temperate or arctic. Three regression lines for 

geographical areas showed lhe general pattem 

of decreasing litter size with increasing body 

weight, together with a tendency towards 

larger litters upwards along the tropical

temperate-arctic gradient. The range from K to 

r selection as we go up to lhe poles is one 

possible explanation (May & Rubenstein 

1985), allhough seasonality in reproduction is 

also likely 10 have an effect (Eisenberg 1988). 

Anyway, this result reccomends to take into 

account lhe latitude effects, when seeking for 

any olher influences on litter size. 

At this point we need a new 

hypothesis to explain lhe remaining variation 

wilhin areas, and lhis is why 1 would like to 

present here my hipolhesis of sexual selection 

and Iitter size. Sexual selection is a kind of 

selection which usually affects body mass. 

Male-male competition for mates normally 

involves lhe developmeñt of weapons togelher 

with an increase in maJe body mass with 

respect to that of lhe female (Ciutton-Brock 

1982; J arman 1983; Hedrick & Temeles 

1989). Polygynous mating systems are typical 

of mammals (Ciutton-Brock 1989) and they 

are closely related to lhe development of size 

dimorphism (Ralls 1977; Lande 1980). 

Sexual selection acting on rnale body 

mass can affect lhe shape of lhe curve which 

relates the success of an offspring to the 

amount of care it receives . By means of 

increasing the variance in reproductive 

success, it can change lhe shape of lhe curve 

and reduce the expected fitnes s of the 

offspring when it receives a lower amount of 

investment. Thus making more profitable lhe 

production of one good offspring instead of 

two medium sized offspring (Fig. 3) . 

Allhough this kind of selection would act 

primarily on maJe body mass, lhe sarne basic 

relationship can also be applied to female 

offspring since birth weight in females 

influences birth weight of their offspring of 

both sexes (Clutton-Brock et al. 1988). 

Therefore, even though the strength of 

selection is likely to be different, selection for 

rnale body mass should also affect investrnent 

in female newbom body mass, due to the 

costs otherwise involved for the next 

generation. Our beginning hypolhesis should 

be, lherefore, lhat sexual selection for male 

body mass favours female reproductive 

strategies of single birth parental allocation. 
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Maternal expenditure 

Figure J . . Hypothetical n:lationship between offspring 
success and maternal expenditure. When sexual selection 
for body mass affects the shape of the curve. !he partitioning 
of expenditun: into several offspring become less profi14ble. 

The proper hypothesis to be tested 

would be that the higher the variance in male 

reproductive success due to maternal 
investment, the lower the frequency of 

multiple births . Unfortunately, such 

information is not available for most 

mammalian species. Since it is assumed that a 

high variance in males' reproductive success 

due to body size would probably lead to a 

sexual weight dimorphism (Hedrick & 
Temeles 1989), we can consider a less direct 

but more testable hypothesis, which would be 
that the higher the sexual weight dimorphism, 

the lower the mean litter size. 

In order to remove the variance due to 

constraints from body weight and latitude, 1 

focused the analysis on temperate-arc tic 

species and female weight up to 400 Kg. 1 

followed the comparative method described in 

Pagel & Harvey (1989) and Harvey & Pagel 

( 1991 ). It is based on the comparison of 

species or higher nodes that share a common 

ancestor in a phylogenetic tree. Pairwise 
comparisons can be considered independent 

evolutionary events, and then be used to test 

the relationship between variables. 

Independent contrasts for al! 

mammalian species considered, revealed a 

negative relationship between Litter Size (LS) 

and Weight Dimorphism (WD; r=-0.508; 

N=66; p=O.OOOl; Fig. 4a), which remained 

after removing the effect of Female Weight 

(FW; rLS wo.FW=-0.476; N=66; p=O.OOOl; 

Fig. 4b). 
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Figuro 4 .- lndepondent comparisons of Litter Size (LS) 
al nodes in the phylogenetic tree pJotted again s t 

indepondent contras! of weight dimorphism (WD) for 
temperate -arctic mammals . Rel means relative 

comparisons after removing the effect of Female Weight 

(FW). Ali variab les were log -tran s formed before 

computing the diffcrences. 

In order to see whether the 

relationship remained at two different levels of 
the phylogeny, 1 separated the independent 

contrasts into two groups according to their 

height in the phylogenetic tree. One group 

was constituted by all those comparisons 

below the family leve! (comparisons at low 
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Table 1.- Correlations of WD and LS , afler rcmoving the effect of FW, for independent contrasts in nodes at 
two levels of the phylogenetic tree (high: family leve! and above; low: below family leve!), for three taxonomic 
groups (L+R+I: Lagomorpha+Rodentia+lnsectivora; C+P: Camivora+Pinnipedia; U+C: Ungulata+Cetacea), 
and for three body-weight groups for FW. r= correlation coeficient; S=slope of the rclationship; N=number of 
independent comparisons. •••=p<O.OOI; ••=p<O.Ol; •=p<0.05; ns= non significanl 

PHYLOGENETIC LEVEL T AXONOMIC GROUPS BODY-WEIGHT GROUPS 

HIGH LOW L+R+I C+P U+C <1kg <lOkg >IOKg 

r 0.550** 0.445** 0.488* 0.491 * 0.385ns 0.824*** 0.486** 0.428* 

B -2.071 -0.788 -1.878 -1.310 -1.011 -2.461 -1.362 -1.076 

N 29 37 23 18 24 13 33 32 

leve! in the tree) and the other by the mammals (with non-significan! relationships), 
remaining, including family leve! and above and decreased significantly in bigger 
(comparisons at high leve! in the tree) . The mammals. Moreover, in bigger mammals the 
relationship was held at both levels, even after effect of FW in explaining LS was greater 
removing the effect of FW, although it (r=0.542) than that of WD (r=0.501). 
appeared to be stronger ata higher leve) in the Sexual weight dimorphism has been 
tree than ata lower leve! (fable 1). The same so far considered just as the ratio of male to 
relationship was tested within different female body weight. We could hypothesize 
taxonomic groups (fable 1). In all of them that two-fold size does not involve the same 
there appeared to be a negative relationship cost for a small than for a big animal, if we 
between WD and LS, although this did not take into account the differences in metabolic 
reach significance for Ungulates. 8oth turnover among sizes. Thus, a value of two in 
significan! relationships remained after sexual dimorphism could be not comparable 
removing the effect of FW. On the other hand, between large and small animals. Weight 
the relationship between FW and LS for these dimorphism -male weight divided by female 
groups was only significan! for Carnívora, weight- means, for our purpose, something 
and what is remarkable is that the slope of the related to the optimal body weight to be 
relationship was positive in the case of the produced divided by the amount of resources 
first group (Lago+Rode+lnsect), and negative available to cope with it. But in fact, the 
for the other two, while for WD the budget a female owns to devote into offspóng 
relationship with LS was negative in all cases. weight is not related to her body weight but to 
In order to gain further insight on the effect of her metabolic weight One could predict that a 
female weight, 1 made regressions of WD on given strengh of sexual selection acting on 
LS for different body-size groups. In al! cases body weight would lead to a higher degree of 
there appeared to be a negative relationship dimorphism the smaller the species is. This 
between LS and WD (fable 1). With FW, on prediction is based on the assumption that 
the contrary, LS tended to increase in small increasing in size is more constrained the 
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Table 2.- Correlations of Metaboüc weight dimorphism (Met.WD) with liuer size (LS) for diffcrent groups of 
tempcrate mammals. r = correlation coefficient; p = slope of the regression line; n = number of independent 
conrrasts: • = p<0.05: •• = p<O.OI; ••• p<O.OOI ; ns =non signifficant. 

Met WD with LS Met WD with LS 
(After removing the effect of fW) 

p n rMetWD LS.FW p n 

TEMPERA TE 
MAMMALS 0.379** -0.331 66 0.342** -0.616 66 

LAGOMORPHA+ 
RODENTIA+ 0.135ns 0.099 23 0.180ns -0.230 23 
INSECilVORA 

CARNIVORA+P 0.540* -0.424 18 0.194ns -0.481 18 

UNGULATA+C 0.498* -0.596 24 0.388ns -1.027 24 

BELOW 1KGFW 0.312ns 0.221 13 0.018ns 0.018 13 

BELOW 10KG FW 0.078ns 0.062 33 0.15 1ns -0.209 33 

ABOYE 10KG FW 0.634*** -0.658 32 0.432* -1.097 32 

bigger the animal is. 1 worked out a measure dimorphism are accompanied by decreases in 

of sexual weight dimorphism by dividing litter size. Variaúon in weight dimorphism can 

maJe weight by female metabolic weight explain an imponant proportion ofvariaúon in 

(which is: female weight to the 0.75 power). 1 Iitter size among man1mals. This is especially 

called this new measure Metabolic Weight remarkable since litter size has been 

Dimorphism (Met. WD), and tested its tradiúonally considered to be affected by 

relationships with Litter Size (Table 2). LS number of different factors, either 

decreased with Met.WD for temperate physiological and ecological ones (i.e., body 

mammals in general, although the groups weight, latitude, diet, basal metabolic rate, 

responsible for such a trend were those of etc.; Eisenberg 1981; May & Rubenstein 

larger size, i.e. Carnívora, Ungulata and 1985; Boyce 1988). Those multiple factors 

especially all those taxa abo ve 1 O Kg FW influencing 1itter size can be responsible for 

(Table 2). The relationship appeared to be the relatively lower predictability of litter size 

stronger than for classical WD in both from weight dimorphism ata Iow leve! in the 

Ungulates and al! taxa above lO Kg FW. The phylogenetic tree. The macroevolutionary 

constraint by metabolic size appeared, pattem is more evident, probably because at 

therefore, to be useful to explain LS in bigger this leve! the averaged values at higher nodes 

animals. promediate an importan! amount of the 

The results presented here support variation dueto ecological factors. 

the hypothesis that increases in weight An imponant source of confidence on 
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the relationship between weight dimorphism 

and litter size comes from the fact that the 

negative trend remains in every taxonomic 

group . The results show an amount of 

residual variance for smaller changes in 

weight dimorphism - i.e. when the force 

towards litter size reduction is slight. 

However, this should be expected considering 

that a number of other factors can influence 

litter size, and what is imponant in favour of 

the hypothesis of sexual selection is that when 

it is present with a noticeable strength (high 

weight dimorphism), in most cases it is able 

to produce a reduction in litter size in spite of 

other forces. 

To summarize, severa) new 

constraints have to be considered to explain 

litter size in mammals: 

1) The threshold of body weight 

which makes impossible twinning in very 

large mammals (due to constraints by 

rnetabolic rate) 

2) The sexual selection for male body 

mass as a force against multiple births, and 

3) When sexual dimorphism is used as 

a measure of sexual selection for maJe body 

mass, it has to be corrected by metabolic 

weight to better explain the reduction of Iitter 

size in bigger animals. 
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Proximate and ultimate determination of avían 
reprod uctive decisions 

Juan Moreno 
Museo Nacional de Ciencias Naturales-CSIC 
J. Gutierrez Abascal 2 
28006 Madrid 

B¿th laying date and clutch size have important consequences for 
the number of surviving offspring. In the past 40 years since David 
Lack's seminal papers on avian reproduction (Lack 1954 ), a great 
amount of work has been devoted to the evolutionary basis of these 
decisions (Martin 1987). However, our understanding of the 
physiological basis of reproductive decision-making lags far behind. 
1 will review sorne models and studies dealing with reproductive 
decisions from the proximate point of view. 
A set of models on the relationship between energy reserves and 
breeding schedule began with Darwin (1871) and was given the 
most explicit treatment by Price et al. (1988). In them energy 
reserves place a direct linear limitation on breeding schedule: the 
larger the storage reserve or food availability prior to breeding, the 
earlier that breeding is initiated . As an alternative to the 'linear 
model', Schultz ( 1981) has proposed the 'saturation point model'. 
Below a certain leve! of reserves, breeding is delayed as the linear 
model predicts. Above the saturation point limit, however, breeding 
date is unrelated to leve! of reserves . The evidence from 
experimental food supplementations suggests that the relationship 
between breeding time and energy reserves often contains a 
saturation point (Schultz 1981 ). Saturation points can be due to the 
reproductive system of all individuals being triggered at the same 
time by the same factor (photoperiod, rainfall, etc.), which is 
independent of the nutritional status of the individuals. The best 
proximate factor would be that which predicts food availability for 
the time when chicks have to be fed. The two proximate 
determination mechanisms, i.e. directly by food supply (linear 
model) or by an environmental cue (saturation point model), have 
different implications with respect to the ability to exploit 
unpredictable resources (better with food supply determination) 
and the risks of not predicting future food supply (higher for direct 
food supply determination) . The point is, that only for directly food 
limited breeding schedules, is there a need to explain why in spite 
of early breeders being the most productive, there is no directional 
selection for earlier breeding dates in avian populations (Perrins 
1970, Price et al. 1988). If saturation points occur, laying date is 
constrained by the common time threshold and no selection is 
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expected. Only a change in the time threshold is expected if the 

environment induces changes in the optimal laying date. 

Under both proximate models, changes in food supply at laying may 

deviate from a general trend. Such deviations may be unrelated to 

future food supply. Under these conditions, females would lay 

erroneous clutch sizes with respect to their parental quality . 

Parental quality is the capacity to raise healthy young, and is 

positively associated but not equivalen! to clutch size if errors do 

occur. If we assume that each parental quality has an optimal 

clutch size, that the proportion of positive and negative errors with 

respect to the optimum is the same for each parental quality 

category, and that extreme parental qualities are less frequent than 

intermediate qualities, then we would expect that erroneously 

enlarged clutches are more frequent among the largest clutches, 

while erroneousty reauced clutches will be more frequent among 

the smallest clutches. Thus, fitness in relation to clutch size may be 

greater for intermediate than for large clutches, while the 

relationship between fitness and parental quality remains linear. 

Also, in bad years, the large clutches contatnmg a greater 

proportion of positi ve errors will be more adversely affected, 

increasing the interyear variance for the greatest clutch sizes, as 

observed in sorne studies (Boyce & Perrins 1987). The idea of 

individuals making errors in predicting future conditions (Aparicio, 

MS) reconciles the evidence for individual optimization of clutch 

size (Drent & Daan 1980, Gustafsson & Sutherland 1988, Pettifor et 

al. 1988) with the observation of declining parental feeding rates, 

starvation of young and reduced survival probabilities in the 

largest broods (Kiomp 1970, Magrath 1991 ). No assumptions about 

heritability of life history characters are needed, only that quality 

as such and the probability of making errors are not heritable, 

which seems reasonable given the potential of age, individual 

experience and environmental effects during development as 

determinants of these characters . 
Based on their detailed field and laboratory studies of European 

kestrels, Daan et al. (1988) have proposed an elegant model 

explaining how Iaying date determines clutch size in temperate 

environments. Given that the reproductive value of eggs declines 

with laying date as shown for severa! species, the optimal clutch 

size should decrease with Iaying date independently of the seasonal 

trend in food availability. Even if food availability increases 

throughout the season, as is the case in sorne species, the trade-off 

between waiting for food availability to allow for more young to be 

fed and the decrease in the reproductive value of these young 

favours decreasing clutches with season. The model postulates the 

existence of a condition threshold decreasing with time, which is 

governed via an interna! annual program or via sorne externa! 
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variable . However, there are severa[ pieces of evidence which 
indicate that the fixed laying date-clutch size relationship model is 
not generally applicable . In a food supplementation experiment 
with Spanish kestrels, J. Aparicio (Aparicio, in prep.) has found that: 
1) although there was a decreasing trend of clutch size with 1aying 
date in the population, the largest clutches were not always the 
earliest; 2) clutches were significantly larger for the supplemented 
than for the non-supplemented pairs, although there was no 
significan! difference with respect to laying date; 3) clutch size did 
not decline with laying date in the supplemented group, and 4) the 
mínimum laying date in the population was not advanced by 
supplementation. The first three resu1ts contradict the hypothesis 
of a fixed laying date-clutch size re1ationship, while the fourth 
supports the saturation point model. The independence of laying 
date and clutch size, contrary to the fixed condition threshold 
model, has been observed in other experimental studies (Hochachka 
1990, Hornfeldt & Eklund 1990, Nilsson 1991 ). A general model of 
clutch size determination has to envisage situations in which such a 
fixed threshold would not be adaptive. 
The fixed condition threshold model is mechanistically linked to a 
seasonal rise in prolactin levels in females during the breeding 
season (Meijer et al. 1988). This increase is accelerated as soon as 
laying begins, inducing a rapid rise in incubation time. When 
prolactin levels reach a certain threshold, resorbtion of remaining 
follicles in the ovary and thus cessation of laying occurs . As the 
acceleration of prolactin levels is induced from increasingly higher 
levels as the season progresses, the prolactin threshold will be 
reached after a decreasing number of eggs has been laid, leading to 
the seasonal decrease in clutch size. However, the seasonal rise in 
prolactin levels could also be induced by the increasing need to 
start incubation early in the laying process to reduce the loss of 
viability of the first -laid eggs . The rate of viability loss of 
unincubated eggs would increase during the season due to higher 
ambient temperatures, which would sooner induce uncontrolled 
embryo development (Veiga 1992) . 
The rising prolactin model incorporales fixed laying intervals 
between eggs . However, these intervals do vary depending on food 
availability. In the kestrel experiment referred to earlier (Aparicio 
in prep.), supplemented females had shorter laying intervals than 
control females. Clutch size was negatively related to laying 
intervals and positively to the time taken to lay the whole clutch. 
Laying date had no independent effect on clutch size, when laying 
intervals were controlled for. Prolonged laying intervals, implying 
energy stress on the laying female, could induce the hormonal 
changes necessary to produce cessation of laying. 
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PARENT-OFFSPRING SYMBIOSIS: 
RESOURCE EXCHANGE AS PRECURSOR TO AFFECITVE EXCHANGE 

AND THE EVOLUTION OF SOCIAL BOND S 

Jeffrey R. Alberts 
Indiana University, Bloomington, Indiana, U.S .A. 

The phylogenetic breadth and depth of social bonds present a 
challenging evolutionary puzzle. While the functions of social bonds 
seem apparent, their likely evolutionary origins and phylogenetic 
elaborations do not. Recent psychobiological investigations of 
parent-offspring relations in Norway rat offer new clues to 
proximate mechanisms of behavior and affective responses that may 
help decipher the evolution of social bonds. 

Maternal behavior in Norway rat (Rattus norvegicus) consists 
of an organized cycle of stereotyped activities, viz., nursing and 
brooding, licking the young, nest-building, and carrying. lt is 
common to describe and interpret in adaptive terms each of these 
activities and the overall maternal behavior cycle, emphasizing 
"parental investments" of time, resources, and skills that compensate 
for the offspring's infantile deficits and benefit the parent's lifetime 
fitness . This perspective usually highlights the unidirectional flow 
of resources from parent to offspring, and thus sets the stage for 
analyses of parental investment and of the prediction of "conflict" 
that arise when the economics of parental interests clash with those 
of the offspring. 

Licking of the young is a common componen! in the parental 
repertoire of many species. In rat, this licking is directed at the 
infants' anogenital region and provides to the young stimulation that 
provokes voiding. Such maternal licking compensates for the pups' 
inabilities, improves nest hygiene, makes the nest less obvious to 
predators, enhances the young's bloodflow and arousal, and leads to 
other consequences that offer helpful support to them at a 
vulnerable time of early life. 

But it has been discovered that there is more to such parental 
licking than providing vital stimulation to needy offspring. By 
injecting radioactively-labeled water into sorne of the pups in a litter 
and tracing the fate of the !abe! one day later, it was found that 
mother rats not , only lick the pups and stimulate urination, but the 
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the dam also ingests the urine. Quantitative, developmental studies 

of this urine ingestion revealed that the rat dams ingest (reclaim) 

about 2/3 of their lactational water transferred to the pups the day 

before. Additional experiments documented that this water resource 

is both physiologically and behaviorally significant to the dams. 

Other studies have demonstrated that resources such as 

theqnal energy, mechanical energy, immune competence, endocrine 

factors, and electrolytes fit into a similar framework of bi-directional 

exchange between parent and offspring. The metaphor of parent-

offspring symbiosis provides a clear guide to the rule that mutually 

beneficia) consequences can derive from interactions that are 

determined by individually and autonomously controlled behavior. 

That is, symbiotic exchanges are ruled by parent and offspring 

regulating themselves, not the exchanges . 

Quantifying the value of physiological and behavioral resources 

is further complicated by the ability of each partJcJpant in a parent

offspring symbiosis to alter the perceptions of the other. For 

instance, suckling rat pups magnify the mother's salt appetite and 

enhance her perception of the meager salinity of their hypotonic 

urine. It can also be shown that stimulus contingencies within the 

family system can establish conditioned associations between 

previously neutral stimuli (e .g., an odor) and behavioral or 

physiological responses . Cues with such potency can also be part of 

the interindividual exchanges . 

Experiential mechanisms that modify the value of physiological 

commodities, or induce perceptions that create new commodities for 

a symbiont, contribute to affective exchanges. This can be viewed 

as fundamental to the establishment of social bonds . A gradual, 

evolutionary process can be conceptualized: Parents and infants 

applied extant mechanisms for individual homeostasis in the 

regulation of their interactions. In the case of licking, for example, 

the dams' behavior is controlled by mechanisms that derive directly 

from those that govern body fluid and electrolyte balance. These 

mechanisms are susceptible to modulation by factors, such as 

hormone titers, that offspring can affect both directly and indirectly. 

As part of this abbreviated overview, attention was given also 

to human language. It was posited that word usages reflect links 

between somatic and affective dimensions that are consistent with 

the symbiosis model. Por example, words for warm and cool have 
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both thermal and affective meanings. In the affective domain, 
warmth generally connotes closeness and a positive valence, 
whereas coolness connotes the opposite. Examination of extant 
languages with maximally remote ancestry (languages with Proto
Uralic versus Indo-European roots), revealed that this thermal
affective duality was consistently expressed and has apparently 
evolved independently in both linguistic lines. 

This perspective on resource exchange and parent-offspring 
symbiosis thus helps focus attention on novel behavioral 
mechanisms in both parents and offspring. It does not reject the 
existence of conflict within the parent-offspring system, but 
recognizes mutualistic relations where they have been previously 
overlooked. We can better formulate hypothetical but plausible 
evolutionary pathways from resource exchange to exchanges of 
stimuli that have experience-based qualities, and place these 
interchanges within a framework of mechanisms underlying the 
regulatory systems used for maintenance of homeostasis. 
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Environmental Conditions and Social Organization 

Daniel l. Rubcnstcin 
Department of Ecology and Evolutionary Biology 

Princeton University 
Princeton, NJ 08544-1003 

USA 

Ecological circwnstances ultimately iní1uence how animal socictics 
dev elup. Typically, fcmale reproductive ~mcces.s is limited by critica! 
re~uurces illld a:'> a result the abw1dance and distribution of thcsc rcsourccs 
~ll a pe: femak:. relationships and associations. In tum, maJe relationships and 
assuciations primarily depend on those of females and it is this interaction 
among intra- ami intcrsexual relationships that defines a spccies' social 
organization. In sorne instances environmental influences are so strong that 
different populations exhibir social variations that revolve around a 
common theme. Yet despite the crisp logic of, and broad qualitative 
support for, this hierarchical scheme, a detailed mechanistic understanding 
ot how foraging, agonistic and affiliative decisions by individual females 
over resources, and by males over females, produces a social system is 
lilcUiuplete. 

The purpose of this presentation is to bcgin highlighting the basic 
elements of such a framework. Understa.nding how simple behavioral 
responses to physical or social environmental factor.; can not only account 
for the arra y of social organizations exhibited by a group of related species 
such as grazing ungulares. but also how mechanisrk responses can shape the 
species-specific pattems of natal dispersa! that often lead to sex-specific 
biases in philopatry, the tendency of youngsters 10 remai.n near home when 
fuily devt-loped. 
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Primate Social Systems and the Social and Reproductive Decisions of Males: 
Constraints on and Consequences of Alternative Individual Strategies. 

Fernando Colmenares 
Departamento de Psicobiología, Universidad Complutense de Madrid, Campus de 
Somosaguas, 28223 Madrid, Spain. 

Introduction 

At any given time, organisms must make severa! "decisions" in order to cope successfully 
with the various problems of survival and reproduction that they have to resol ve (for example, 
avoiding predators, feeding, mating, rearing and socializing) in the species-typical social and 
ecological niches where they happen to live in. Both inter-specific and intra-specific analyses 
ha ve shown that, in fact, much of the variation observed in the "decisions" made appears to be 
of adaptive value (Lott 1991, Krebs and Da vi es 1991 ). 

lf wc ask, for example, the general question: why individuals who live in complex social 
systems differ in the decisions they make ? then there are a number of conceptual problems that 
need to be clarifieJ b.::fute we cmbark in answering the question. First, 1 am using the word 
"decision" to mean the particular course of action taken by an individual. 1 am making the 
assumption that, in theory, individuals ha ve the possibility of making different decisions. not 
just one. Second, every decision can be considered one of the severa! possible determinants (or 
causes) of the decision(s) to be made later on and/or the consequence (or outcome) of the 
decision(s) made previously. Finally, we must make clear that (a) individuals may not show 
any significan! variation in the decisions they make; (b) sorne decisions may have benefitial 
social and/or reproductive consequences for the individual who makes them but even so they 
may not correlate with any componen! of the individual's fitness; (e) sorne decisions may be 
adaptive (for example, sorne decisions may correlate with an individual's reproductive success) 
but they may still be of no evolutionary consequence (if variation in decisions does not corre! ate 
with variation in genotypes) (see Endler 1986). 

The thesis of this paper is that by identifying and analysing the mechanisms which drive 
the individuals' decisions during their lifetimes wc can get a better understanding of the 
adaptive value and evolutionary implications, if any, of observed ínter-individual variation in 
social and reproductivc decisions. As it has been repeatedly pointed out by Robert Hinde (e.g., 
1970, 1982), the degree of g'eneralization of a theory is inversely related to the extent with 
which it can accurately predict specific courses of action, outcomes, or "decisions". When 
someone, like myself, is especially interested in predicting and understanding the specific 
factors that drive an individual's decisions (Colmenares 1991, 1992) then it turns out that the 
integration of "how" and "why" questions provide the best pay-offs. The functional approach 
may suggest long-term end goal -states which should inform individuals about the appropriate 
direction in the decisions they make at every stage of their ontogenetic trajectories, given certain 
interna) and externa! constraints. The study of mechanisms may tell us what are the immediate 
constraints (perturbations) which cause directional persistence or changes in the individuals' 
decisions during ontogeny and whether such changes are (i) essentially random, (ii) driven by 
short-term (proximate) causes and (intermediate) ontogenetic goals or (iii) they are driven by 
long-term (ultimate) causes and (end) ontogenetic goals. 

Social and Reproductive Decisions of Male Baboons 

Hamadryas baboons (Papio hamad!)'as) are Old World monkeys who live in complex 
social systems comprising severa! nested groupings (bands, clans and barems). Unlike most 
other primate species, and even mammals (Dunbar 1988), the dispersing sex in hamadryas 
baboons is the female (Kummer 1984). This paper presents data collected in the large colony of 
hamadryas baboons housed in an open enclosure at the Madrid Zoo. The colony has been 
shown to display the social organization typical of this species in the wild (Colmenares 1992). 
The data presented here were collected from June 1972 through August 1992. There are two 
data sets which were recorded in different periods: 1972-1985 (colony 1: size ranged from 26 to 
91 individuals, including 18 adult males) and 1985-1992 (colony 11: size ranged from 40 to 78 
individuals, including 15 adult males). · Instituto Juan March (Madrid)
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Were rhe tactical decisions nuuie by males at a certain point in time predictive .of tactical 
decisions nuuie later on in their ontogenetic trajectories? Did particular tactical or 'Strategic 
decisions have higher pay-offs ? 

1 analysed the following "tactical decision": (1) age at which the first adult female was 
acquired (colonies 1 and 11), and the following "strategic decisions" (sequence of tactical 
decisions during ontogenetic trajectory): (2) mean number of oestrous females monopolised 
(colon y 1), (3) mean percentage of adult females monopolised (colony 11). The fitness-related 
outcomes studied were: (4) age at which the first offspring was produced (colonies 1 and 11) 
and (5) breeding rate per year (colon y 1). In all these measures, males showed large variation. 

As it is shown in Table 1, the answcrs to these two questions were negative: there was no 
significan! correlation between the various tactical and strategic decisions studied. Also, no 
tactical or strategic decision correlated with the fitness-related measures studied. In other 
words, if a maJe made the decision of starting to acquire females early in his reproductive 
lifespan, this would not necessarily mean that he would ha ve offspring earlier than others who 
had started their reproductive careers later or that he would have higher reproductive success 
than the latter. 

Slum-term or long-term consequences of particular tactical decisions ? Were strategic decisions 
consistent ? 

In order to answer to these questions, 1 analysed tactical decision (1) and the strategic 
decision (3) (see above) by examining the percent of females that each male owned at five 6-
mo. age points (between ages 7.0 through 9.0). 1 also studied the fitness-related measure (4). 
In theses analyses 1 only used data from colony 11. 

Table 2 shows that (i) the first tactical decision made in the male's reproductive career, 
that is, when to acquire the first,adult female did not predict how successful they were going to 
be later on , specifically betwcen ages 7.0 through 9.0; (ii) the males who had their first 
offspring early in their reproductive careers tended to monopolise a greater number of female 
resources at ages 7.0 and 7.6; and (iii) most tactical decisions had short-terrns cffects, that is, 
they were only predictive of the trajectories followed by the males within the next six or twelve 
months, at most. 

Were the tactical decisions nuuie by males at different times of their reproductive careers 
influenced hy sorne demographic factor ? 

Table 3 shows that, especially the ratios of adult males to adult females and of older adult 
males to adult females appeared to be the main determinants of the tactical decisions made by 
the males, as measured by the actual percent of adult females that they monopolised at six 
different age points of their reproductive careers. 

Conclusion 

The results of the preliminary analyses presented bere demonstrated ( 1) the existence of 
large variation both in the tactical and in the strategic decisions made by adult male baboons of 
two different colonies (n= 34 males); (2) tbe existence of large inter-male variation in at least 
two fitness-related measures: age at which first offspring was produced and breeding rate per 
ycar; (3) the lack of any relation between variation in tactical and strategic decisions and 
variation in the fitness of the incumbent males; and, finally, (4) that the tactical decisions made 
by the males at cach age point, and the sequence of tactical decisions (strategic decision) made 
over their reproductive lifetimes, were better predicted by curren! demographic conditions 
(externa! constraints) than by the previous decisions that tbey had already made. 

Thcse results have sorne importan! implications in relation with the major topic addressed 
by this workshop. They suggest that direction in a male's social and reproductive ontogenetic 
trajectory may be determined mainly by current social constraints (that is, the decisions of the 
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other individuals in the group) rather than (1) by past social achievements or (2) by.long-term 
adaptive goals (that is, maximising fitness). In other words, in sorne higher animals, direction 
and rate in behavioural ontogeoy may be best predicted by analysing the short-term effects of 
the interaction between the phenotypes and the constraints imposed by curren! environments 
than by assuming long-term goal-directedness. lndividuals behave like stochastic, short-term 
goal-directed systems. The states (for example, defined by direction) of the system during 
ontogeny are not random but they may be highly variable. Prediction of concrete directions will 
need much more research and conceptual advance in the integration of our knowledge on 
mechanisms and functions. Knowledge of the end goal-state of a given system may help to 
hypothesize about the direction(s) it is .most likely to follow during its Iifetime, given certain 
environmental circumstances and given certain more or less variable modes of reacting to 
circumstances (that is, how the circumstances constrain the system) (see Dunbar 1984, for an 
excellent illustration of the productivity of this approach). However, the study of mechanisms 
is the only tool we have to assess the role of circumstances and constraints in driving the 
changes in the direction of systems (in our case, social and reproductive decisions of 
individuals) in ontogeny and in evolution, especially if (a) the degree of variation in direction is 
very large and (b) if the principie of equifinality is at work ( e.g. Caro and Bateson 1986). 
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Table l: Co ... ~lations between diiTerent tactical and strategic decisions and 
reproductive outcomes* 

Tactic 
Stralcgy 2 3 
Out come 4 S 

2 +0.38( 1) X X X X 
3 +0.08(11) X X X X 
4 -0.23(1) -0.35(1) -0.31(11) X X 

+0.6 1(11) 
5 +0.52(1) X X -0.51(1 ) X 

* Tactic: age when first adult fcmale acquired (1 ). Strategies: Mean nurnber of oestrous females 
rnonopolized (2) and mean percentage of adult females monopolized (3). Outcomes: age wben 

first offspring produced (4) and breeding rate per year (5). Body of tableare Spearman Rank 

Correlation Coefficients. 1 and 11 in parentheses denote colonies I and II, respectively. None of 
thc correlations were statistically significanL N's ranged from 8 to 11 . 

Table 2: Correlations between tactical decisions (age when tlrst adult female 
acquired and mean percentage of adult females monopoüsed) made at diiTerent 
age points in ontogeny (from 7.0 until 9.0) and an intermediate ou(come (age 

when first oiTspring produced) 0 

Tactical Decision/Age 7.0 7 .6 8.0 8.6 9.0 

Outcome/Age 

1 NO NO NO NO NO 
2 YES YES NO NO NO 
3 XX YES NO NO NO 
4 XX YES YES NO 
5 XX YES NO 
6 XX YES 
7 XX 

* 1: age when first adult female acquired (tactic). 2: age when first offspring produced 
(outcome). 3 lo 7: mean percentage of adult females monopolized at ages 7.0, 7.6, 8.0, 8.6 and 
9.0 (tactics). 

Table 3: Correlation between demographic factors and tactical decisions made 
by males at diiTerent age points in their reproductive lifetimes*. 

Mean Percentage of 
Females Monopolized 
at ages 7.0 7 .6 8.0 8.6 9 .0 

Ratio: adult males/ 
adult females 0.008 0 .01 0.06 0 .17 0.22 

Ratio: older adult males/ 
adult females 0.02 0 .01 0 .09 0.02 0 .02 

Ratio: same age adult males/ 
adult females 0 .06 0 .19 0 .63 0 .69 0.24 

Ratio: younger adult males/ 
adult females 0.87 0 .04 0.34 0.61 0 . 10 

*Body of table gives p-values for the Spearrnan Rank Correlation Coefficients computed 
between tbe four demographic variables on Y -axis and the tactical decisions made by males at 
five age points. Instituto Juan March (Madrid)
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Environmentel end Cognitive Conatreinta on Group Size in Primetea 

R. l. H. Dunbar 

Department of Anthropology 
University College London 

An i me 1 s 1 ive in groups in order to so l Vt cr_i ti c a 1 probl e n1s of 

s urvival or reproducti o n th~t adverse ly affe ct their filnes s (i . e. 

t heir ahi 1 ity to l <"~ vc, rll" :,;centl.,nts) As far as primates are 

concerned , the ~onrensus is tha t the funrti o nal prob lem that 

favours group-living i s eit her predation risk or defence of f ood 

resourcet1 (Ree va n Sc haik 1983 , Dunbar 19R8) . Since 1 iving in 

groups i ncurs costs (Bu c.:h as compet H ion for ac.:cess to resources, 

increosed d~y journey l e ngt:h. et c ), the o pt imal group size f or ~ 

given ind ividu8 l animal will be involve a trade-off between the 

advantages of larger grou p size a nd its costs . 

Al though natural se l ec tion can be expected to en s ur e the 

evolution of those me c h anisms that are required t o support a given 

fun c.:t ional out c ome., it. Js becoming increa singly c l ear that we ha ve 

to make a clea r distinc tion bet.ween the wo rld as seen by the 

individual animal and the world as see n hy the evolutionary 

processes . Thi s is especia lly t.rue of s pe c ies whi c h h~ ve <>volverl 

the kind of phenotypic flexibility that al l ows individual animals 

to adjust their behavi our to the particular exigencias of the 

moment, as is likely t o be the case with primates . The past decade 

of field work has shown us that we have hitherto great l y 

underestimated the behavioural flexibility of the higher primates 

in particular. 

One consequence of this is thot we need to di st inguish very 

carefully between the different kinds of questions we ask about the 

behaviour of animals . When we are interested in general 

evolutionary problems , we do not need to worry so much about the 

proximate mechanisms . But if we are interested in the behavioural 

choices that individual animals ma.ke, then constraints imposed by Instituto Juan March (Madrid)
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become more int.n1sive . I E<hall illustrate thiB with two examples 

of how features o f the sys lem m~y constrain group size in primates: 

one concerns the fact t h a t. time i s a limiting resource, the e>ther 

concerns the com;traint-s imposed by the cognitive c:apacity of the 

animal 's hrain. 

llnimals living in the real W(>rld fac:t'l twn important ctemands on 

their time . One is the nRRd t •• ar.qnire the nulrients they need 

both to survive anrl t<' creabc ... ff s ¡or·in~¡ (i.e. r·eproduce). In an 

attempt to under·;;f'i:tnd hrow c•,nf 1 i r. t ing demands on anima ls' time 

budgets limit their de c i s ions about 

systems model of bab<:>o n ( Piipi<:> 

gr·oup 

:'lpp.) 

s ize. I developed a 

soc:io-ecology (see Dunbar 

1992a) . This m•,del used 31 ["' PulationH nf bot.ooóns for whi c h 

quantitativP. data wet·"- availatol"' (• 11 \)roup size . day journey length. 

time budget and r. limatic variables rlerive multivariate 

functional <equati•:>ns Jjr,ki llg t.J·,.-s., variables . This model has very 

high pr<edictive power . being ab)A to prAdict day journey lengths 

and time 

populrttions 

b1.1dget structure •· f an i ndepe nrlent suh-sample of 

to within 0.44 standard deviat:i o w'l on variabl<es that 

vary by as much as an <:>rcter 

populations. 

of magnitude a c r oss the sample 

Primate groups are unusual in two rAspect.s: one is the extent 

to which they ar·e based on intense flocial relationships, the second 

being the way sophisticated cognitiva al.oilities are used to exploit 

social knowledge about other individuals in order to create 

alliances. In the higher primates at least, social grooming is 

the main mechanism used to service the social relationships that 

bind the group together. The amount of time devoted to social 

grooming turns out to be a linear function of group size (Dunbar 

1991). We can use this relationship in the model to examine the 
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limitlng size for b<~boon gr011ps hy as'king at what <Jroup size the 

animals would run O<Jt <>f "sp.;re" 1:imP. if they cnnverterl all thei , .. 

surplus resting time to feeding , travel and social time . 

Jjmiting group sizt> is a c o mple x fun c 1ion c•f hahitat q11ality . B1.1t 

it predicts the o hserved ~ ¡r ~0 gr a pilical di s trihllf ior, t>f l•a l ... ..-. .,s 
_/,.. 

extremely accurately (D11nhM· l<l 9 2ü ) 

Analysis o f the strucf.un; nf time budgPt. s r e veals tl1ilt 

animal s Jjving in me~rgin.-,1 habit' c.t s s ug ges t :'< that t.hP.y a 1 · ~ · • : ·hli ~ ¡ e d 

t o give pr iority t o f o raging a nd tre~v P. l 

time . One cons equ e n c e ( •f lhi s i s th <:.t· <Jl<'~ll' "' that exce ed !he 

e cologically limiting gro up :'< i ZP d e vot e less time t 0 soc i a l 

intera c tion than they ,·,ught t •.• in o rrl e r l:o maintain th P. gr·c> up' s 

cohesi o n . We wo uld e x pec 1 s uc h gn •"P"' t. n b ~e. so(: ial ly f r r. ~ tlllle.nt e d . 

And indee d they a r e: <Jl' n up :'< that we r e dA s c rihAd as fr a gme nting 

regularly during trave l o r a f< s uhSA I']<Jelltly ul!derg n ing fis s i o n w e n ~ 

signifi•.' <lntl y rn<>r e likely t .:o e x •·~> " d t he predi<"f t> d me~ x imum t o lerabl e 

f o r t.hat habitat f· han gro ups t ha t rlid n '' ' fr ag nuent (Dunl:oa r l 9 <l ?.a ) 

The signifi c ance o f s oc ial int e ra c ti o n in primate s n c ieti e s 

raises the poss ibility of lhe seco nd c: o ns t:raint , nnmely the limit 

that c o gnitive c apa c ity might impos P o n th P. numher o f relati o ns hips 

that an animal c an 'keep t r ack o f thro 11gh time . Since i t i s 

neocortex size that ha s h ee n l a rg e ly re s po nsihle for the increase 

in primate brain size (both in compariso n with other taxa and f o r 

the di fferences between spe ci e s wi th:in the Order Primates), I 

examined the relationship between relative neocortex size and mean 

group size in different primate genera (Dunbar 1992b) . Using the 

ratio of neocortex v o lume to the volume o f the rest of the brain as 

a means of standardising for the effec ts of b ody size differences, 

I found a linear relationship between relative neocortex size and 
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(Fig. l). The 

regressi o n equat i o n a cco•mt s f •) r d r-< urpri s ingly high 76% of t.he 

variance . 

Further ev idence suggests th~t the Gonstrainl lies nol so mu c h 

in t,.rying t o kE> e p t.ra c k ,, f the •; h a ng ing pa t.ter n o f all possibl e 

dya d ic; r P.lat i r.nships witJ ,in l org<" g r ••"f>A h•d. in th" ~-< ÍZP. •:>f the 

c i<'Se knit c <• a l it-i•.' n s <) rt wtiic'h U"' s tahilit y of these gro11p s 

depe nds. Thi s mesh es wel l wi t h t· h P. s••-<.'i:t ll <" d Mocbiavf'\ llian 

Int e lligence theory o f p r imat e snria l ev•:ol uti <> n (see Byrne & WhitP.n 

] 988) . It imrolie s th~t. t-he cr• ns l.rain t· 1 i ~:s in i ndivid ual anim~Js' 

ahi lities to rP.menilier ll1 <:1 1lip••l ate inf ••rma t: ion about t. h e 

heh a viour (•f a mnal J c: J i qu,. o f snr: i a l •:•:•mpan i<:• n,; whom the y ne e d t o 

use as al li es against c>t: IH>r gr <:·up rnembet· B 

These a na J y ses h avP. a n11mbe r <:>f ·iwpl j c oti(1ns. First, it 

s uggest s that wh e ther WP. E> Xamin e \ho'! he havJ <•liY o f a n imal s "to p 

d own" ( i . e. asan evo lu t.ionary pn:ol_ol e m) •.>r " l.>n lt om up" ( i . e. as 

deci s i n ns made by i ndividua l a nin.al s <"• perati ng i n a spec ifi c 

e nviro nment) makes a d i fferen ce as tn whether or no t f eat ures of 

t h e s ystem are mutabl e or 6rl as rnns tra int s . Seconct , i t sugges t s 

thnt if pr i mate s neect l o evolve 

ne w more predat or ri sky hahitat, 

larg e r g >-oups i 11 o rd e r t.o oc;c upy a 

they first need to be able t o 

evo lve a 1 arger ne o c <. •r l e x si ze. Thi rct. there may be dietary 

constra i nts o n the e ase wi th whi e h tl1 i s •. ,an b e do ne, e i t.her beca use 

of the nature of the di et { low qu a li t.y diets may )jmit. the arnount 

of spare nu trien t. tha t ca n be devoted to developing large brained 

neonates ) o r the l imited time t hat animals have avai l abl¿ for 

feeding (essentially a " thro ughpu t " problem) . 
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Legend to Fjgure 

Mean group f or individual primate gener_a . plotted against 

neocortex raUo (defined as the ratio o f neoco rtex volume to the 

vo lume o f the rest of the br'ain) . Bra i n part vo lumes are based on 

dato given by Stephan et al (1981) . Data on group sizes for 

individual taxa derive from Smuts et al (1 987) . Redrawn fn>m 

Dunbar (l992b) . 
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Parental care and offspring decisions about how to develop 

Patrick Bateson 

Sub-Department of Animal Behaviour, University ofCambridge, High Street, 

Madingley, Cambridge, CB3 8AA, UK 

It has become obvious that members of the same species, the same sex and the same 
age may behave in dramatically different ways. "Altemative strategies" or 
"altemative tactics" within a species cornmonly arise because an individual has the 
capacity to respond in more than one way according to environmental conditions or 
its own body state (Caro & Bateson 1988). Such conditional responses during 
development are well known in the social insects, but they are also occur more 
frequently in mammals than had been realised. Young marnmals may pick up 
crucial information from their mothers about when to wean themselves and how to 
develop afterwards on the basis of cues that they pick up from their nursing mothers. 
In an experiment on domestic cats, for instance, kittens of rationed mothers 
developed quite differently from those of mothers given ad libitum food, playing 
much more weeks after weaning as if they were preparing for an earlier break-up of 
the family group than the kittens growing up in a nutritionally rich environment 
(Bateson et al1990). 

In this experiment, the rationed mothers were less a,vailable to their kittens than 
mothers given ad libitum food, but their kittens put on weight as rapidly as the 
kittens of mothers given ad libitum food because they demanded more vigorously. 
Evidently, within certain limits, the mothers do respond to the behaviour of their 
offspring, but equally the kittens are responsive to their mother and change their 
developmental trajectory accordingly. 

A mother may be sensitive to the condition of its offspring so that, if it is weak but 
reasonably well developed, she may forego a breeding opportunity in order to 
nurture it through to independence. Young have to be sensitive to the condition of 
their mothers and adjust their pattem of development accordingly since their mothers 
respond not only to the state of the young but also to their own condition. When 
food is in very short supply, mothers of many species wean much earlier than they 
would otherwise have done. The interplay may be surnmarised as follows: · 
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MOTHER OFFSPRING 

S tate 
A vailability 

S tate 

Offspring 
~ Stage Stage 
Demand 

The mother's nutritional state as well as the offspring's stage and demands influence 

the mother's availability. The offspring's state and stage of development together 

with the mother's availability influence the offspring's demands. 

All this evidence from the study of mechanism forces a reappraisal of the optimal 

route to maximum reproductive success in mothers and the optimal route to highest 
probability of survival in their offspring. Genetic conflict of interest in parent

offspring relationships does not necessarily imply behavioural conflict. Indeed, 
contrary to popular belief, aggression between mother and offspring is rarely seen in 

mammals particular! y at the time of weaning when it has been most avidly expected. 

The evidence suggests, however, a variety of other points that need to be fed into 
evolutionary arguments about what might be expected in the changing relationships 
between mothers and their offspring. First, young often have the capacity to adopt a 

phenotype appropriate to the environment into which they will have fend for 
themselves. They need to respond to information provided by the mother. Second, 

preparation for weaning in the young requires many changes in the gut and a 
constraint on how rapidly the metamorphosis of the intestinal anatomy and 

physiology can take place may require that offspring pay attention to cues from the 
mother. Finally, the young may also have to pay attention to the condition of the 

mother because of the need to take into account both the immediate effects of 
maternal care on survival but also the post-weaning contributions of the mother. The 

more they demand befo re weaning, the less they may get la ter because lactation is so 
costly to the mother. As consequence, mammals receiving post-weaning care are 
especially likely to wean themselves at an optimum moment. The evolutionary 
approach has to take into account the interplay between mother and offspring as they 

update information about each other. 
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Developmental Swilches and rhe Evolurion of LiJe Hisrory Srraregies Felicity A Huntingford, Department of 
Zoology, University of Glasgow, Glasgow G12 8QQ, UK 

Atlantic salmon (Salmo salar) havc very variable life histories; for examplc, juveniles may spend between 1 
and 7 years in freshwatcr befare migrating to sea (smolting), wherc they may spend a futher 1-6 years befare 
breeding. Recen! work by FAH, with John Thorpe (Scottish Office Freshwater Fisheries Laboratory, 
Pi!lochry, Pcrthshirc) and Ncil Mctcalfe (Glasgow University Zoology Department), has shown that the 
distribution of lengths among siblings is initially unimodal bu! becomes bimodal by the autumn as sorne fish 
beco me anorexic (Thorpe eral. 1992; Figure la). Fish in the upper mode smolt the next spring, while those 
in thc lower mode de la y smol!ing. lnitially, sizes of fish that eventually form the two modes overlap 
considerably. Evidcnce suggests that fish that grow well during a key time in July-August follow the early 
smolting route, while those that grow poorly at this time dclay smolting. Similarly, only those adult fish that 
are tl!latively large and fa! in January maintain gonadal growth and mature for the next breeding season. 

Figure J. a. Length frcqucncy distributions for a population of real sibling Atlantic salman in their first year 
of life. b. Simulated lcngth frcqucnL-y distributions generated by a dynamic programming model. 
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To elucida te the adaptive consequcnces ofvariable ages ofsmolting and breeding based on performance
dependcnt developmcntal switches, we have collaboratcd with Marc Mangel (University of C3lifornia, 
Da vis) in devcloping a model based on the method of stochastic dynamic programming. This technique 
cxtends classical optimality modelling by allowing the modeller to bridge the gap between events that may 
happen wcll befare breeding and thc ultima te fitness of thc animals conccrncd (Mangel & Clark 1988). 

Thc model currently refcrs only to females and assumes that the fish brecd just once. A terminal fitncss 
funclion relates a state variable (size) to fitncss (fecundity) . Change in size is modelled by equations 
dcfining anabolic and catabolic processes, with temperature-depcndent scasonal trends anda seasonally-
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variable food supply. An additional term (food utilisalion efliciency) defines thc cfficicncy with which each 

fish turns food in the environmcnl inlo nesh. Thc paramcters in thc growth cqualion are derived separately 

for thc freshwater and sea water stages based on our empirical data on fish houscd in good growing 

conditions. For anorexic fish, the anabolic componen! is absenl and thc catabolic componen! is reduced 10 

allow for the effects of feeding on metabolism. Al the samc time, predalion risk is zero, sincc the model 

assumes that fish are only preyed u pon while foraging. 

Growth cquations, sizc-predation and size-fecundity functions are uscd 10 calculate thc Jifetime 

reproductive success of fish of a givcn size al a givcn time dcpending on their subsequentlife history 

decisions (in adulls, to brced al the next opponunity orlo delay; in juveniles, 10 smoll at the next 

opponunity or delay, in which case they may become anorexic). In this way wc can identify the Iife history 

trajectory that maximises fitness for fish of a range of sizes al each time period. Thus, Figure 2a shows the 

reproductive success of juveniles of different sizes that spend 1 or 2 years in frcshwater. Note that the lines 

cr955, so small fish do best if thcy smoll at 2y, while large ones do best by smolling at !y. This effect is driven 

by sizc-dependent predation during the smolt migration. Prcsenting similar data in a different way, Figure 

2b shows the optimum number of years in fresh water for fish of a given weight and for different food 

utilisalion efficiencies, which is higher for smaller fish and for those with low efficiency. 

Figure 2a. Expected lifelime reproductive success for fish of differenl weights that remain in freshwater for 1 

or 2 years. b. Optimal number ofyears al sea for fish of different weights and food utilisation efficiencies. 
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Running the modcl forwards genera tes growth patte rns for fi sh of a givcn initial size following their optimal 

developmental routes (Figure lb). The real data and the model's output fit well, in that po pulations of 

model fish become bimodal by late autumn, beca use smaller fish do bcst by dclaying smolling and bccoming 

anorexic. However, unlike real fish, model fish that form the 1wo modes are already different in size in 

midsummer, beca use in generating thcse figures the model assumed a fixed food utilisation efficiency. 

Although development of this model of Ji fe history variation is still atan early stage, it does reconstruct 

known phenomena such as variable age of smolling, condition dependen! switches and the emergence of 

bimodal size distributions within cohons, so the selective forces depicted in the model provide a plausible 

functional explanation for variable life histories . lf it does turn out to be correct, we will ha ve a powerful 

tool for exploring the selective processcs acting on life history variants and the developmental mechanisms 

that controlthem. However, it is important to note that the model works beca use and only beca use it is 

based on an understanding of the mechanisms of growth in fishes. This information is needed lo model 

changes in the state variable in relation 10 Iife history events. In the contexl of the present meeting, one of 

the great vinues of stochastic drnamic modelling is that it forces us 10 incorparate 'how' information into 

'why' models and demonstrates what can be achieved when causal and functional approaches are integrated. 
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SEXUAL IMPRINTING AND PLUMAGE EVOLUTION 

Carel ten Cate 

Department of Organismal Zoology, University of Leiden 
P.O . Box 9516, 2300 RA Leiden 

Theoreti cal models for the evolutionary process of sexual 
selection in birds are quite divers. Nevertheless they have one 
characteristic in common, which is that mate preferences and 
variations in preferences are always modeled as a consequence of 
the genetic constitution of the choosing individual. This 
assumption is crucial to the dynamics of the evolutionary 
process, but is it valid? 

It is known for a long time that several bird species 
acquire their preference as a consequence of early experience 
with the ir parents, i.e. by the learning process of sexual 
imprinting. This process has, so far, hardly been considered as 
an important factor in sexual selection and I discuss three 
reasons as to why this may be so. 

Objection 1: It has bee n stated that imprinting is limited 
to specific groups of rapidly evolving, sympatrical, groups of 
birds. This statement is based on severa! reviews published 20 
years ago . An update of the existing evidence suggests that it 
is much wider spread than previously realized. Evidence for 
imprinting (including compelling case histories) is present for 
at least 13 of the 27 orders of birds, including the emu, 
penguins, birds of prey and owls . As imprinting seems to occur 
in any species where someone bothered to look for it, it may be 
the rule rather than the exception among birds (1). 

Objection 2: Many textbooks mention that imprinting is often 
confined to one sex and that the other has an 'innate' or 
'preprogrammed' preference for the appearance of i ts own species. 
Again, critica! inspection of the evidence reveals that this i:; 

not true. For both mallard and zebra finch there is good evidence 
that cross-fostered individuals end up being paired with their 
own species as a result of being exposed to more (courtship)-
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activi ty of the conspecific mate. When this factor is being 

controlled for, it turns ciut that cross-fostered and normal 

reared birds of both sexes choose mates resernbling the rearing 

type. So, sex-differences in mate choice do exist, but they are 

either due to both sexes giving different weights to different 

aspects of their mates or (perhaps) to the sexes learning 

difi-ferent things, but not beca use one sex learns the parental 

appearance and the other has an 'innate ' preference for it (ref. 

2,3). In species with uni-parental care, irnprinting on siblings 

reaching rnaturity rnay provide a rneans of learning about the other 

sex. 

Objection 3: Irnprinting is usually assurned to lead to a 

preference for mates closely resernbling the original stirnulus, 

which would not provide a rnechanisrn for evolutionary change. 

Recent research has indicated that there are at least two ways 

in which irnprinting rnay lead to a preference for spe cific, 

differently looking mates. Japanese quail prefer mates which are 

slightly different frorn the ones they were reared wi th. Whe n 

chicks are exposed to a white adult with blacks dots, they later 

on prefer a mate with more dots than the familiar stirnulus rather 

than one with fewer dots (4). This gives a directionality to the 

preference for novel mates which rnay drive plurnage changes ( 5, 6). 

The second rnechanisrn which rnay produce evolutionary changes 

in appearance is suggested by experirnents on zebra finches. Males 

raised by pairs consisting of two colour rnorphs prefer mates of 

their rnother's phenotype later on. Nevertheless the father seerns 

to contribute to the preference. However, the evidence suggests 

that males later on prefer mate s dissirnilar to the father. Thi s 

suggests that discrirnination learning is occurring wi th each 

parent having a different, more or less opposite effect on the 

later preference. Discrirnination learning rnay give rise to a 

phenornenon known as 'peak shift' in which stirnuli of a more 

extreme type than the training stirnuli give rise to stronger 

responses than the original stirnuli. Sorne prelirninary data 

suggest the sarne to be true for irnprinting. This effect rnay .also 

qive rise to preferences for specific, deviating mates and hence 

lead to plurnage changes. The rnechanisrn is also very effective in 
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maintaining sexual dimorphism once occurred. 

The wide spread occurrence of sexual imprinting, the absence 

of good evidence for sex differences in 'irnprintability' and the 

mechanisms available for producing preferences for specific types 

of novel mates strengthen the importance of irnprinting as a 

factor involved in the evolution of conspicuous features by means 

of "sexual selection. Imprinting may alter the dynamics of the 

evolutionary process as birds with a parent which has a heritable 

novel trait will not only inherit the trait, but, by learning 

the ir parents appearance, will also take th i s into account in 

their later mate preference. 
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Fluctuatlng asymmetry ana the evolutlon or slgnals 

Anders Pape Meller 

The Galton Laboratory, Department of Genetics and Biometry, University 

College of London, 4 Stephenson Way, London NW 1 2HE, U. K. Present 

address: Department or zoology, Uppsala Un1Verslty, Box 561, S-751 22 

Uppsala, sweden. 

Slgnals are In sorne way or another produced by morphologlcal characters. 

Most morphologícal traíts (lncludlng those lnvolved In slgnalllngl 

demonstrate rluctuatlng asymmetry (FA) whlch occurs as usually small, 

random devlatlons from perfect symmetry. The degree of FA ls primarlly 

determlned by the runctlonal lmportance of a character, and therefore the 

prevalltng mode of selectlon (Meller and Pomíankowsk í 1993) Characters 

subject to íntense dlrectlonal selectlon demonstrate elevated levels of 

asymmetry, whlle tralts subject to lntense stabilising selectlon have 

small degrees of asymmetry. FA reflects the ablllty of an individual to 

cope wtth a vartety of envtronmental and genettc stresses, and asymmetry 

can thererore be vlewed as a health certtrlcate ror the Individual durlng 

development. Performance generally decreases wlth 1ncreasing asymmetry. 

One of the ma jor advantages of FA as a means of assessment of 

performance ts that we l<now the opttmal solutlon whlch ts symmetry. 

Studles or the runctlons and mechanlsms or stgnalllng have not fully 

exploited these facts. 

Fluctuattng asymmetry can be used to study the mechantsms of 

slgnalltng ata number or dtrrerent levels. Flrst, FAlsa snapshot or the 

lnteractlons between an Individual, lts genotype and the envlronment 

durlng development of morphology. Slnce performance generally decreases 

wlth lncreaslng asymmetry, FA becomes a mechantsm anda test for how a 
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genotype performs In terms of development of morphology. The morphology 

ts the phenotype whlch ts sutlseQuently sutljected to natural and sexual 

selectlon, and deviations from the opttmum morphology result In selection 

agalnst such phenotypes. 

Second, FA represents a snapshot or how developmental homeostasls 

ts matntatned durtng ontogeny ora character. In other words, lt represents 

a record or the developmental process tr growth lncrements can tle 

determlned. The mechanlsm ror development or asymmetry can thererore 

tle unravelled. 

Thlrd, FA can be used In assessment or the quallty or conspeclflcs 

(Meller and Pomlankowskl 1993). The reason ror thls ls that large degrees 

or asymmetry are costly in terms of performance. Preferences for 

tndividuals that perform well may thus also tle preferences for lndtviduals 

with llttle asymmetry. Signals are often under strong dlrecttonal selectlon 

which reduces the level of developmental control and thus increases the 

level of FA Small degrees of asymmetry in the exaggerated morphological 

basis for a signa! reliably indicate an ability to cope with genetic and 

envtronmental stress. Many stgnalling characters demonstrate negative 

relattonshtps between the stze of a character and lts degree of asymmetry. 

Thls demonstrates that lndlvlduals desplte of developtng the most 

extravagant slgnals still are able to produce these with little asymmetry. 

In other words, these slgnals provlde rellable lnformatlon on the ablllty to 

produce a perfect morphologlcal oasis for a signal. The selectlve part in 

the signalling system has severa! times been demonstrated to prefer 

symmetric signals over asymmetric ones (e. g., Meller 1992). This provided 

a mechanism ror how rellability or signalling systems can be matntained, 

and how selection simultaneously acts ror signal exaggeration and signa! 

symmetry. 

Fourth, most living organlsms and thelr structural parts are 

bllaterally or radlally symmetrlc, and Individual organlsms may have 
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evolved sensory b1ases 1n their ability to discriminate between 

asymmetr1c and symmetric objects. Sensory abilities of organisms may 

have been biased towards detection of symmetry because food items, 

predators and competitors are symmetric. Symmetry therefore provides a 

potential mechanism for how perception of signal asymmetry has evolved. 

In conclusion, FA may provide a mechanism for the tranfer of 

1nformat1on during signalling ata number of dlfferent levels. 
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Mechanisms and evolution in sexual selection. MJ Ryan, Dept. Zoology, University of Texas, Austin, 

TX, USJ\.. Female mating preference is an importan! componen! of Darwin 's theory of sexual selection. 

At the mechanistic level, we can view mating preferences as behavioral manifes tations of sensory biases 

of females' that are exhibited when females perceive and compare maJe signals. We have been 

investigating the neural mechanisms underlying female mating preferences in frogs that are exhibited 

within populations, among populations, and among species. Also, when appropriate we have combined 

these studies with information of phylogenetic relationships to deduce the historical sequence of signal

receiver evolution. These pattems can allow us to evaluate various hypotheses conceming the evolution 

of female mating preferences. We suggest that sexual selection is best understood when combining 

informa !ion of neural mechanisms and evolutionary his¡ory together with the more usual approaches that 

utilizes population genetic models and field measures of reproductive success. 
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Summing up 

Patrick Batesonl and Montserrat Gomendio2 

1 Sub-Department of Animal Behaviour, University of Cambridge, High 

Street, Madingley, Cambridge, CB3 8AA, UK 

2' Museo Nacional de Ciencias Naturales (CS/C), José Gutierrez Abascal 
2, 28006, Madrid, Spain 

The Workshop brought together research workers from many different 
disciplines to discuss the ways in which the study of functional issues 
and the study of the underlying mechanisms could be integrated. The 
scientific quality of the papers was very high and the discussion was 
good-tempered, constructive and well focused . From the stand-point of 
the organisers, the Workshop was an outstanding success (and we 
naturally hope that everybody who attended agrees with us). Despite a 
packed programme that started every day at 9.15 and on two of them 
continued until 18.45, the pattem of 20 minutes of prepared talk 
followed by 20 minutes of discussion worked well, thanks to the 
speakers' discipline and the co-operation of everybody. Behavioural 
biology differs from many other fields in that considerable time and 
effort is needed for discussion of conceptual issues. Molecular biology, 
for instance, does not possess such an elaborate theoretical background 
and tends to rely largely on the power of sophisticated laboratory 
techniques to uncover and describe the biological processes. For our 
field, the format of short talks and plenty of time for discussion was 
especially appropriate and many would have liked much more time for 
argument. 

Inevitably, our own interests and friendships led to many omissions and 
what undoubtedly was an overwhelming bias towards the vertebrates. 
Nevertheless, the range of material was enormous and reflected what is 
perhaps both a weakness and a strength and of present day behavioural 
biology. The weakness is that replications in our field are unusual and 
parametric variation of important conditions influencing behaviour is 
not that common. The strength is that the new material constantly 
surprises and opens up new lines of research. We shall retum to this 
point when considering where the subject might go. 

It was remarkable to discover how people working on quite different 
aspects of animal behaviour had independently, but more or less 
simultaneously, come to the conclusion that the integration of the 
functional and causal approaches was the most fruitful way forward. 
Most participants felt that the powerful theoretical framework of 
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behavioural ecology had lost sorne of the initial excitement in rccent 
years and that the incorporation of the study of mechanisms would 
reinvigorate the field. Throughout the workshop it became clear that 
this combined approach could be applied successfully to many, if not all, 
aspects of the study of animal behaviour. There was an atmosphere of 
great excitement generated by the acknowledgement that the strict 
separation between the causal and the functional approach had been 
o'\lercome, and that this was one of the few meetings (if not the first) 
where an effort to integrate the two approaches had not led to sterile 
discussions about old fashioned dichotomies or to the formation of two 
bands of people speaking different languages. The enthusiasm and the 
sense that something important was happening permeated the whole 
meeting. 

Talk after talk showed the power of moving backwards and forwards 
between an understanding of how behaviour works and an 
understanding of how it evo! ved. The stream of ideas flowed both ways 
as we both hoped it would. Sorne speakers (beginning with the first, 
John Krebs) were intent on showing how an understanding of the 
contributions to the overall fitness of the animal helped to reach the goal 
of understanding how behaviour is organised. Others (ending with the 
last, Mike Ryan) showed how knowledge of behaviour and underlying 
neural mechanisms helps to reach the goal of understanding 
evolutionary processes. 

Such intellectual tension as occurred in the meeting was primarily 
between the view that variation in behaviour is what matters most of all 
and the view that we should all be looking for universals. Of course, 
what this reflected was differences in research goals. If they had been 
pressed, most people at the Workshop would have agreed that they were 
more interested in one goal rather than the other, even though they 
would have disagreed about which was the most important one. 
However, it would be too crude to suggest that the broadening of 
behavioural biology has taken place because an all round approach to 
behaviour helps each research worker to get more easily to where they 
had always intended to go. A great many of those present at the 
Workshop quite simply took delight in the study of behaviour in all its 
diversity. 

The manifest advantages of moving backwards and forwards between 
the how and why questions generated sorne concern that the clarity of 
Tinbergen's logical distinctions between the four problems of ethology 
would be lost (development, control, survival value and evolution). The 
consensus view of the Workshop seemed to be that lack of confusion 
about the distinctions was all the more necessary as the barriers between 
different compartments of knowledge became more permeable. That 
having been said, "mechanism" means different things to different 
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people. The development and control of an individual's behaviour can 
both be investigated at many levels, the whole animal, the systems 
physiology and the molecular levels. Also as Robert Hinde has 
repeatedly emphasised, behaviour between individuals can be 
investigated in terms of interactions, relationships and social structures. 
For these reasons, we have to appreciate that, in addition to Tinbergen's 
distinction between the proximate questions of how behaviour develops 
4nd how it is controlled once fully assembled, clarity about differences 
between levels of organisation matters a lot. 

On the ultimate side, the word "function" still causes confusion, even if 
we ignore its implications of purpose and the physiologists' usage in 
terms of the workings of a structure. Most people at the Workshop 
preferred to use "function" in the sense of current utility, namely that 
consequence of a behaviour pattem that will play the greatest part in 
enabling the animal to survive and reproduce itself in its present 
environment. This usage begs no questions about the historical origins 
of behaviour. Sorne people were plainly anxious about the distinction 
because current use sometimes provides the only evidence for historical 
process in studies of behaviour. Nevertheless, in our field as in others 
we have to accept that variation may arise from genetic drift and 
founder effects and we also have to be sensitive to the possibility that the 
behaviour pattem has been coopted from sorne other use or was a side
effect of an evolutionary process shaping another system. So, most felt 
that Tinbergen's distinction between survival value and historical 
process was well worth retaining. 

The neo-Darwinian emphasis on the adaptation-creating aspects of the 
evolutionary process was a strong theme in sociobiology and 
behavioural ecology. It may have accounted for another semantic 
argument in the Workshop about the meaning of "constraint". Since 
one view has been that constraint refers to those factors that get in the 
way of a perfect match between behaviour and ecological conditions, it 
was thought by sorne of the more mechanistically inclined members of 
the Workshop to have a pejorative flavour, and is still used to play 
down the importance of mechanism. Many felt, though, that this was a 
residue of past compartmentalisation of the subject and, with the easier 
flow of ideas between "how" and "why" problems, these difficulties 
would soon disappear. 

A more subtle language problem often arises when people with different 
interests and backgrounds start to interact. Unintended puns may lead 
to great confusion. We had several instances of this in the Workshop, 
namely over "conflict", "selection" and "active and passive choice". 
Genetic conflict of interest does not necessarily imply behavioural 
conflict. Evolutionary selection is clearly a different process from 
behavioural choice or, indeed, filtering of sperm by the female's 
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reproductive tract. Finally, the distinction between active and passive 
evolutionary processes giving rise to the differential responding seen in 
mate choice does not necessarily map onto two types behavioural choice 
mechanism. Once these points have been made, problems of 
communication between scientists usually evaporate and, indeed, that 
seemed to be the case in the Workshop. Nevertheless, we need to be 
alert to such problems in the freshly re-integrated behavioural biology. 

Sorne of the most interesting debates in the Workshop centred on the 
behavioural implications of evolutionary theory of parent-offspring 
conflict. These were not simply because of the punning use of 
"conflict". It became clear that most of the static ESS modelling of 
what might have happened in the course of evolution rested on great 
simplifications of behavioural process. When the flow of information 
between par~nt and off~pring is taken into account, the evident disparity 
between what has been expected from evolutionary models and what has 
been found is much easier to understand. As the full complexity of the 
empirical observations was revealed, the theoreticians shook their heads 
in doubt about whether the modelling problems would be tractable. 
However, not everybody agreed and this may well be another area 
inviting application of the dynamic modelling techniques that John 
Krebs described for understanding foraging in sheep and Felicity 
Huntingford described for understanding salmon life-histories. 

The discussion of parent-offspring communication tied into another hot 
topic in the Workshop, namely "honest signalling". Far from being 
manipulative, the signalling between parent and offspring may indicate 
real state and real needs. However, to be credible they have to carry a 
cost. The theory of honest signalling suggests that a signal has to be 
more expensive than is necessary for it to be unambiguous. 
Furthermore, the cost should relate to the nature of the need that is 
being honestly signalled. These ideas are still controversia!, but they 
raise empirical questions about the character of signals that are different 
from those suggested by other ideas from evolutionary biology. 

A hope was expressed at the beginning of the Workshop that our 
discussions might help us to formulate an agenda for the subject. Sorne 
hard-nosed (but sympathetic) biologists from other disciplines like to 
tell us that, if we really want to understand how behaviour works, we 
should focus our efforts on a few well chosen model animals, thereby 
concentrating effort and resources. Our pottering excursions down the 
country lanes of animal diversity are luxuries that we can no longer 
afford. We should all get on to the motorways and drive as fast and as 
furiously as we can towards the goal of describing the universal 
principies that underlie the organisation of behaviour. Such tough
minded advice undoubtedly has sorne force, but it clearly does not apply 
to those people wishing to uncover evolutionary principies, for whom 
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the study of diversity is crucial. Concentrating effort and resources on 
a few model species would complete! y miss the point of their work. 

Even for those primarily interested in how behaviour develops and is 
integrated, the advice from fellow biologists has to be balanced against 
various pressures in the opposite direction. For a start, sorne important 
general features of behavioural organisation may simply not be tackled 
tr;¡.ctably in a particular model animal. This has been obvious enough in 
genetics and development biology where focus on particular animals 
such as Drosophila has been powerful, but would have been too 
restrictive if these had been the only ones to have been studied. 
Secondly, the motivating effects of being exposed to different aspects of 
a subject should not be underestimated. Nevertheless, it is certainly the 
case that we have to think seriously about the trade-offs that are 
required in order to make most rapid progress in the field. 

We also have to blow our own trumpets . If we fail to communicate our 
own sense of excitement about the coherence and promise of the subject, 
we have only ourselves to blame if others, who advertise themselves 
more aggressively, comer the available funds for research. 
Commitment to our own subject does not require us all to become 
scientific politicians, copy-writers or commercial travellers. What is 
required is considerable co-operation between all those who are active 
in the field in assembling a good case. 

The Fundacion Juan March provided a perfect setting for the 
Workshop. It is one of the those rare institutions where art and science, 
co-exist in harmony. What better place for a discussion of ideas? Ideas 
provide the motor for understanding and we are deeply grateful to the 
foundation for its generosity and foresight in lubricating the process. 
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E. B. Dumbroff, H. E. Rores, A. W. Galston, 
J. Martin-Tanguy, D. Serafini-Fracassini, 
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tion in Animal Virus-Infectad Calls. 
Organized by N. Sonenberg and L. Ca
rrasco. Lectures by V. Agol , R. Bablanian, 
L. Carrasco, M. J. Clemens, E. Ehrenfeld, 
D. Etchison, R. F. Garry, J. W. B. Hershey, 
A. G. Hovanessian, R. J. Jackson, M. G. 
Katze, M. B. Mathews, W. C. Merrick, D. 
J. Rowlands, P. Sarnow, R. J. Schneider, 
A. J. Shatkin, N. Sonenberg, H. O. Voor
ma and E. Wimmer. 

263 Lectura Course on tha Polymarase 
Chain Raaction. 
Organized by M. Perucho and E. Martinez-

Salas. Lecturas by D. Gelfand, K. Hayashi, 
H. H. Kazazian, E. Martínez-Salas, M. Me 
Clelland, K. B. Mullis, C. Oste, M. Perucho 
and J. Sninsky. 

264 Workshop on Yeast Transport and 
Energetics. 
Organized by A. Rodríguez-Navarro and 
R. Lagunas. Lecturas by M. R. Chevallier, 
A. A. Eddy, Y. Eilam, G. F. Fuhrrnann, A. 
Goffeau, M. Hofer, A. Kotyk, D. Kuschmitz, 
R. Lagunas, C. Leao, L. A. Okorokov, A. 
Peña, J. Ramos, A. Rodríguez-Navarro, 
W. A. Scheffers and J. M. Thevelein 

265 Workshop on Adhesion Receptora in 
the lmmuna System. 
Organized by T. A. Springer and F. Sán
chez-Madrid. Lecturas by S. J. Burakoff, 
A. L. Corbi-López, C. Figdor, B. Furie, J. 
C. Gutiérrez-Ramos, A. Hamann, N. Hogg, 
L. Lasky, R. R. Lobb, J. A. López de Cas
tro, B . .Malissen, P. Moingeon, K. Okumu
ra, J. C. Paulson, F. Sánchez-Madrid, S. 
Shaw, T. A. Springer, T. F. Tedder and A. 
F. Williams. 

266 Workshop on lnnovations on Protea
ses and their lnhibitors: Fundamental 
and Applied Aspects. 
Organizad by F. X. Avilés. Lectures by T. 
L. Blundell, W. Bode, P. Carbonero, R. 
W.Carrell , C. S. Craik, T. E. Creighton, E. 
W. Davie, L. D. Fricker, H. Fritz, R. Huber, 
J. Kenny, H. Neurath, A. Puigserver, C. 
A. Ryan, J. J. Sánchez-Serrano, S. Shal
tiel , R. L. Stevens, K. Suzuki , V. Turk, J. 
Vendrell and K. Wüthrich. 

267 Workshop on Role of Glycosyi-Phos
phatidylinositol in Cell Signalling. 
Organized by J. M. Mato and J. Lamer. 
Lectures by M. V. Chao, R. V. Farese, J . 
E. Felíu, G. N. Gaulton, H. U. Haring, C. 
Jacquemin, J. Lamer, M. G. Low, M. Mar
tín Lomas, J. M. Mato, E. Rodríguez
Boulan, G. Romero, G. Rougon, A. R. 
Saltiel, P. Stralfors and l. Varela-Nieto. 

268 Workshop on Salt Tolerance in Mi
croorganisms and Plants: Physiological 
and Molecular Aspects. 
Organized by R. Serrano and J. A. Pintor-
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Toro. Lectures by L. Adler, E. Blumwald, 
V. Conejero, W. Epstein, R. F. Gaber, P. 
M. Hasegawa, C. F. Higgins, C. J. Lamb, 
A. Uiuchli, U. Lüttge, E. Padan, M. Pages, 
U. Pick, J. A. Pintor-Toro, R. S. Quatrano, 
L. Reinhold , A. Rodríguez-Navarro, R. 
Serrano and R. G. Wyn Jones. 

269 Workshop on Neural Control of Move
ment in Vertebrates. 

Texts published by the 

Organized by R. Baker and J. M. Delgado
García. Lectures by C. Acuña, R. Baker, 
A. H. Bass, A. Berthoz, A. L. Bianchi, J. 
R. Bloedel, W. Buño, R. E. Burke, R. Ca
miniti, G. Cheron, J. M. Delgado-García, 
E. E. Fetz, R. Gallego, S. Grillner, D. Guit
ton , S. M. Highstein, F. Mora, F. J. Rubia 
Vi la, Y. Shinoda, M. Steriade and P. L. 
Strick. 

CENTRE FOR INTERNATIONAL MEETINGS ON BIOLOGY 

Workshop on What do Nociceptors Tell 
the Brain? 
Organized by C. Belmonte and F. Cerveró. 
Lectures by C. · Belmonte, G. J. Bénnet, J. 
N. Campbell , F. Cerveró, A. W. Duggan, J . 
Gallar, H. O. Handwerker, M. Koltzenburg, 
R. H. LaMotte, R. A. Meyer, J. Ochoa, E. 
R. Perl , H. P. Rang, P. W. Reeh, H. G. 
Schaible, R. F. Schmidt, J. Szolcsányi, E. 
Torebjork and W. D. Willis Jr. 

2 Workshop on DNA Structure and Pro
tein Recognitíon. 
Organized by A. Klug and J. A. Subirana. 
Lectures by F. Azorín, D. M. Crothers, R. 
E. Dickerson, M. D. Frank-Kamenetskii , C. 
W. Hilbers, R. Kaptein, D. Moras, D. Rho
des, W. Saenger, M. Salas, P. B. Sigler, L. 
Kohlstaedt , J. A. Subirana, D. Suck, A. 
Travers and J. C. Wang. 

3 Lecture Course on Palaeobiology: Pre
paring for the Twenty-First Century. 
Organized by F. Alvarez and S. Conway 
Morris. Lectures by F. Alvarez, S. Conway 
Morris, B. Runnegar, A. Seilacher and R. 
A. Spicer. 

4 Workshop on The Past and the Future 
of Zea Mays. 
Organized by B. Burr, L. Herrera-Estrella 
and P. Puigdoménech. Lectures by P. 
Arruda, J. L. Bennetzen, S. P. Briggs, B. 
Burr, J. Doebley, H. K. Dooner, M. Fromm, 
G. Gavazzi, C. Gioot. S. Hake, L. Herrera-

Estrella, D. A. Hoisington, J. Kermicle, M. 
Motto, T. Nelson, G. Neuhaus, P. Puigdo
ménech, H. Saedler, V. Szabo andA. Viotti . 

5 Workshop on Structure of the Major 
Histocompatibility complex. 
Organized by A. Arnáiz-Villena and P. Par
ham. Lectures by A. Arnaiz-Villena, R. E. 
Bontrop, F. M. Brodsky, R. D. Campbell , 
E. J. Collins, P. Cresswell , M. Edidin, H. 
Erlich, L. Flaherty, F. Garriao, R. Germain, 
T. H. Hansen, G. J. Hámmerling , J. Klein , 
J. A. López de Castro, A. McMichael , P. 
Parham, P. Stastny, P. Travers and J. 
Trowsdale . 
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The Centre for International Meetings on Biology 
has been created within the 

Instituto Juan March de Estudios e Investigaciones, 
a private foundation which complements the work 

of the Fundación Juan March (established in 1955) 
as an entity specialized in scientific activities 

in general. 

The Centre's initiatives stem from the Plan 
for International Meetings on Biology , 

supported by the Fundación Juan March. 
A total of 30 meet ings and 3 Juan March Lecture 
Cycles, all dealing with a wide range of subjects 

of biological interest , were organized between 
1989 and 1991 within the scope of this Plan. 

The Centre endeavours to actively and 
sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 
through the organization of Lecture 

and Experimental Courses, Workshops, Seminars , 
Symposia and the Juan March Lectures on Biology . 
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The lectures summarized in this publication 

were presented by their authors at a workshop 

held on the 28th through the 30th of September, 

1992, at the Instituto Juan March. 

A ll published articles are exact 

reproductions of author's text. 

There is a limited edition of 400 copies 

of this volume, available free ·of charge. 


