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ABSTRACT 

Nest and offspring defence by birds can be treated as an optimization problem wherein fitness 
benefits are determined by the survival of the current brood andfitness costs depend upon the proba- 
bility that the parent will survive to breed again. At the optimal intensity of defence, net fitness 
benefits are maximized. Unlike many other aspects of animal behavior, the reproductive consequences 
of nest defence can often be measured directly. 

Within this optimality framework, we review the current adaptive hypotheses to explain both 
interspecific and intraspecific variation in nest defence behavior, and we present some new ideas 
of our own. Most research to date hasfocused on seasonalpatterns of nest defence to test the prediction 
that the intensity of nest defence should increase through the nesting cycle either because renesting 
potential declines or because the probability of offspring survival increases rapidly relative to that 
of the parents. Studies testing the renesting potential hypothesis have both supported and rejected 
it, but few studies to date have been controlled well enough to allow us to distinguish between 
the two hypotheses. 

The intensity of nest defence is also predicted to increase with parental experience and confidence 
of parenthood; offspring number, quality and vulnerability; and nest accessibility and conspicuous- 
ness. The response of parents is also expected to vary with the relative armament and mobility of 
parent and predator and the relative roles of the parents in caringfor their offspring. Although there 
is some evidence supporting many of these predictions, most have not been explicitly tested while 
holding otherfactors constant. The tendency for researchers to ignore variables that might influence 
the intensity of nest defence makes the conclusions of most studies that find support for any single 
adaptive hypothesis relatively unconvincing. Like Optimal Foraging Theory, however, a compre- 
hensive functional theory of nest defence based on life-history theory can help us to elucidate many 
of the patterns observed in this important aspect of the parental care behavior of a wide variety of animals. 

INTRODUCTION 

FOR THE PAST quarter century ornithol- 
ogists have devoted considerable research 

effort to determining the fitness consequences 
of clutch size, body size, and mate choice in 
birds, presumably because these factors have 
an obvious influence on reproductive perfor- 
mance. For many birds, however, the single 

* Order of authors determined by a game of pool. 

most important variable affecting fitness is nest 
predation (Ricklefs, 1969). Nest predators 
commonly destroy the entire contents of a nest 
and may eliminate a substantial proportion of 
all nests that a female constructs. Ricklefs 
(1969), for example, calculated that, for six 
common North American passerine birds, 55 
per cent of all eggs and 66 per cent of all 
nestlings were taken by predators. Under such 
intense selection pressure, we should expect 
a variety of adaptations, like crypticity and nest 
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defence behavior, designed to reduce the vul- 
nerability of nests to predators. Of these adap- 
tations, nest defence behavior has received the 
most experimental and theoretical attention, 
but neither theory nor field studies on the 
adaptive significance of avian nest defence have 
been comprehensively reviewed. 

In the mid-1950s, Armstrong (1954, 1956), 
Simmons (1952, 1955) and Skutch (1955) all 
summarized large numbers of observations of 
nest defence in birds and attempted to clas- 
sify these behaviors according to the parental 
drive involved. At that time nest defence be- 
havior was of particular interest because it was 
believed to be relatively stereotyped in a way 
that could tell us something about the origins 
of such behavior and therefore about 
phylogenetic relationships among species. 
Gochfeld's (1984) extensive review of antipred- 
ator behavior in shorebirds continued in this 
tradition of cataloging and analysing nest 
defence activities. 

In recent years, behavioral ecologists have 
begun posing questions about the fitness con- 
sequences of defending a nest or brood against 
predation, thereby shifting the focus from 
descriptive, interspecific comparisons of be- 
havior to experimental studies on the benefit 
of this behavior to the performing individu- 
als. Williams (1966) clearly laid the founda- 
tion for this new emphasis by modelling the 
fitness costs and benefits of parental decisions 
in the framework of life-history theory, an ap- 
proach that was later expanded into a general 
theory of parental investment by Trivers (1972). 
Kruuk (1964), Ricklefs (1969, 1973) and others 
interpreted some of the patterns that they ob- 
served as being molded by individual selection, 
but Barash (1975) was the first to explicitly use 
nest defence behavior to test a prediction from 
parental investment theory. Since then more 
than 40 studies of nest defence in birds have 
either tested parental investment theory ex- 
perimentally or have used the theory to inter- 
pret their observations. Despite all of this in- 
terest there is some debate about whether 
parental investment theory has really been 
properly tested (Nur, 1983) or even supported 
(Knight and Temple, 1986a) by these studies 
and relatively little effort has been directed to- 
ward testing alternative hypotheses (but see 
Reid and Montgomerie, 1985; Knight and 
Temple, 1986a) or examining the variety of fac- 

tors that might account for such variation (but 
see Curio, Regelmann, and Zimmerman, 
1984). 

In this paper we review both the theoretical 
and empirical literature on the adaptive sig- 
nificance of nest defence by birds. While the 
models and predictions that we discuss should 
be widely applicable to any animal involved 
in parental care, almost all of the work done 
so far on nest defence has focused on birds. 
Despite this, some recent work on nest defence 
in fish (e.g., Coleman, Gross, and Sargent, 
1985) demonstrates that they might be better 
experimental animals than birds for critically 
testing some of the basic assumptions of the 
theory. 

We also restrict our discussion to the defence 
of nests against heterospecific predators. While 
predation by conspecifics has received consid- 
erable attention recently in the context of sex- 
ually selected infanticide (e.g., Power and 
Doner, 1980), this kind of predation is unlikely 
to be as risky to parents as defence against het- 
erospecific predators and may therefore involve 
different kinds of defensive behaviors. The 
analysis of nest defence behavior against het- 
erospecifics is now at a stage where a survey 
of both theory and evidence is needed to help 
focus future work on the important questions 
(e.g., Knight and Temple, 1986a,b). 

HISTORICAL BACKGROUND 

Naturalists since Aristotle (see Cresswell, 
1878) have written about the conspicuous and 
often unusual nest defence behavior of birds. 
Surprisingly though, it was not until the 20th 
Century that nest defence was considered in- 
teresting enough to be worthy of serious study. 
Even Darwin (1872) described the phenome- 
non only briefly, and attributed it to fright or 
anger in parent birds. For Darwin, this was an 
uncharacteristic reliance on proximate expla- 
nations. 

The first serious review of nest defence in 
birds was written as a series of articles in the 
l~ritish journal Oologists' Record by the Rever- 
end F. C. R. Jourdain (1936, 1937a,b). In these 
papers he gathered together all of the cases of 
"injury-feigning" known to him and attempted 
to provide an ultimate explanation for their 
occurrence. Previously, several naturalists had 
suggested that the bizarre behavior of paren- 
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tal birds in the presence of a predator was a 
consequence of a "partial paralysis caused by 
the sudden shock of discovery" (Jourdain, 
1936). It was believed that this paralysis was 
due to a conflict of emotions (or instincts), one 
which told the bird to flee for its life and the 
other which said "stay and look after your off- 
spring" (e.g., Dewar, 1928). Jourdain correctly 
rejected this interpretation for many cases of 
nest defence because the actions of the par- 
ent(s) seemed deliberate and in direct response 
to the behavior of the predator. He noticed, 
for example, that the female Reed Bunting 
(Emberiza schoeniclus) clearly acts as if to draw 
the predator away from the nest and stops her 
display for a few seconds if the predator does 
not respond (Jourdain, 1936). 

Apparently unknown to Jourdain when he 
began writing (see p. 34 in Jourdain, 1936), 
American ornithologists were simultaneously 
arguing about nest defence. In 1934, Herbert 
Friedmann published a hypothesis virtually 
identical to that of Dewar (1928) in which he 
suggested that injury-feigning "is a com- 
promise between fear and reproductive emo- 
tions . . . . [The] result is a crippled depar- 
ture." H. S. Swarth wrote a letter to the editor 
of the American journal The Auk objecting to 
Friedmann's interpretation on the grounds that 
nest defence behavior was far from universal 
in birds, occurring largely in doves and waders. 
He could not accept that a fear-care conflict 
would occur in only two taxa of birds. While 
Swarth's (1935) argument is not as compelling 
asJourdain's, his letter provoked a flood of cor- 
respondence to the journal about the wide- 
spread occurrence of injury-feigning, partic- 
ularly in passerine birds (e.g., Grimes, 1936). 

Jourdain's papers and Swarth's letter both 
fostered considerable observation and specu- 
lation about nest defence. In the late 1940s, 
for example, the journal British Birds published 
no less than 33 notes on the subject. Most peo- 
ple agreed that the behavior was probably 
adaptive -even Aristotle (Cresswell, 1886) had 
suggested that the distraction behavior of fe- 
males helped their young to survive. The ques- 
tion, in modern parlance, was whether the nest 
defence behavior of parents was molded by nat- 
ural selection or was simply a fright response 
or a conflict of drives that happened to have 
survival value. Although this question has not 
been explicitly addressed in the intervening 

half century, most scientists would now agree 
that such complex behavior is unlikely to have 
arisen entirely as an accidental consequence 
of a conflict of drives. Probably because of 
Jourdain's efforts, however, most subsequent 
studies of nesting behavior in birds included 
a serious description and discussion of nest 
defence. 

By the late 1940s there were enough pub- 
lished descriptions of nest defence that a seri- 
ous review of the behavior was possible. Arm- 
strong (1949), and, shortly thereafter, Skutch 
(1955) and Simmons (1952, 1955), were par- 
ticularly concerned with the origins of these 
nest defence displays. Studies of shorebirds had 
suggested that many of these behaviors were 
highly stereotyped and Armstrong was in- 
terested in examining their relation to other 
kinds of threat and epigamic displays. This ap- 
proach was entirely consistent with main- 
stream ethology of the day wherein behavior 
was studied primarily either for insights into 
taxonomic relations among species or for pat- 
terns that could be elucidated in the evolution- 
ary history of ritualization (Armstrong, 1954, 
1956; Simmons, 1952, 1955). 

Ethologists have also studied nest defence 
behavior to help answer more general ques- 
tions about the proximate control of animal 
activities. For example, some exhaustive 
studies by Curio and his coworkers have fo- 
cused on asking whether and how parents 
could recognize different predators (Curio, 
1975) and whether antipredator behavior 
could be socially transmitted rather than 
learned through direct experience (Curio, 
Ernst, and Vieth, 1978). Similarly, studies of 
nest defence have provided some useful insight 
into the nature of innate behaviors, fixed ac- 
tion patterns, and conflicts of drives (see Goch- 
feld, 1984, for discussion). 

Only recently has the adaptive nature of nest 
defence been explicitly addressed in ex- 
perimental studies. There can be no doubt that 
the burgeoning of interest in nest defence dur- 
ing the past decade is the direct result of hav- 
ing some useful theory to test (Trivers, 1972; 
Ricklefs, 1973: 245; Barash, 1975; Andersson, 
Wiklund, and Rundgren, 1980). In the re- 
mainder of this paper we review the various 
adaptive hypotheses about nest defence be- 
havior, we present some new hypotheses of our 
own, and we evaluate the available data and 
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tests relevant to each hypothesis from studies 
of birds. 

WHAT IS NEST DEFENSE? 

In this paper we only consider as nest defence 
behavior that decreases the probability that a predator 
will harm the contents of the nest (eggs or chicks) while 
simultaneously increasing the probability of injury or 
death to the parent. We restrict ourselves to nest 
defence that meets these conditions because 
it lends itself to a cost- benefit analysis of pa- 
rental behavior wherein there is a tradeoff be- 
tween the loss of nest contents and the proba- 
bility of the parent's own survival. Thus, 
parental behavior that results in changes in 
physical features of the nest that might render 
it cryptic (e.g., such as how or where it is con- 
structed) will not be considered here because 
these actions involve no danger to the parent. 
Thus the nest-covering by some shorebird spe- 
cies (MacLean, 1974) does not lend itself to 
such a cost-benefit analysis because parents 
performing this behavior probably suffer no 
increased survival costs. 

Our cost-benefit approach to nest defence 
behavior is based on two findings from field 
studies. First, Greig-Smith (1980), Andersson, 
Wiklund, and Rundgren (1980), and Blancher 
and Robertson (1982) provide evidence for a 
positive relation between the intensity of pa- 
rental defence and nest success, although 
MacLean, Smith, and Stewart (1986) could 
find no effect. While such an assumption will 
seem to be obviously correct to an adapta- 
tionist, it is possible that nest defence behavior 
has other functions. In some cases, interactions 
with predators may be a way of advertising 
male quality (Curio, 1980) even if it has little 
or no effect on the predator. Second, Curio and 
Regelmann (1985) have assembled a large 
number of references showing that birds risk 
injury or death when mobbing or displaying 
to a predator. Although none of these refer- 
ences provide clear evidence of parent birds 
being killed or injured while defending their 
nest, birds attempting to attack or scold pred- 
ators are obviously at some risk (Curio and 
Regelmann, 1985). The dearth of information 
on parental risk during nest defence is not sur- 
prising both because the act of predation it- 
self is so rarely observed, despite hours of 
detailed field study (e.g., Pettingill, 1976) and 
because selection will favor successful preda- 

tor avoidance. Buitron (1983), in a study of nest 
defence in Black-billed Magpies (Pica pica), 
recorded four instances of predation on par- 
ents, but she did not actually observe any of 
these acts and was therefore unable to deter- 
mine if the predation occurred during nest 
defence. Brunton (1986), on the other hand, 
recorded a Killdeer (Charadrius vociferus) being 
killed by a fox while performing distraction 
and threat displays near its nest. 

Alarm calls, direct attacks on the predator, 
and various distraction and defensive displays 
are clearly nest defence behaviors that may en- 
hance a parent's reproductive success while en- 
tailing some survival cost. For example, two 
parents calling and flitting around a predator 
could have a confusing effect which distracts 
the predator's attention away from the nest. 
The effect of such distraction displays may be 
enhanced if alarm-calling attracts other breed- 
ing birds in the vicinity to mob the predator 
(Curio, Ernst, and Vieth, 1978). 

Alarm calls and distraction displays are also 
used to draw potential predators away from 
the vicinity of the nest rather than simply dis- 
tracting their attention (Jourdain, 1936; Sim- 
mons, 1955; Gochfeld, 1984). Greig-Smith 
(1980) illustrated the route by which he was 
eventually led away from the nests of 
Stonechats (Saxicola torquata) when he followed 
the movements of alarm-calling parents and 
East (1981) found that European Robins 
(Erithacus rubecula) most often moved away from 
the nest while alarm calling. Behaviors such 
as injury-feigning, pseudo-sleeping, and false 
incubation appear to be this form of predator 
distraction. Although injury-feigning was orig- 
inally thought to occur only in ground-nesting 
birds, it has been described in a wide variety 
of tree-nesting species (e.g., Grimes, 1936; 
Jourdain, 1936, 1937a,b). False incubation and 
pseudo-sleeping seem to be confined almost 
entirely to the shorebirds (Gochfeld, 1984). 

FACTORS INFLUENCING RISK-TAKING 

A General Model 

Like many aspects of animal behavior, nest 
defence can be treated as an optimization 
problem. The intensity of nest defence per- 
formed by a parent entails some risk (e.g., in- 
jury, death) and results in some benefits (sur- 
vival of the offspring). Thus fitness cost/benefit 
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FIG. 1. GRAPHICAL MODELS OF NEST DEFENCE 

Fitness benefits, B, are determined by survival 
of the current brood; costs, C, are the loss of future 
reproductive success due to injury or death of the 
parent as a result of nest defence. In each case the 
optimal intensity of nest defence (*) is defined by 
the maximum difference between fitness costs and 
benefits as in graph (a). The optimal intensity of 
nest defence increases with increasing benefits, 
as in graph (b), and with decreasing costs, as in 
graph (c). 

models can be used to predict the optimum 
level of-nest defence in a given situation (see 
Andersson, Wiklund, and Rundgren, 1980; 
Curio, Regelmann, and Zimmerman, 1984; 
Sargent and Gross, 1985), the optimum be- 
ing the intensity of nest defence that maximizes 
fitness. 

We illustrate the general relationship be- 

tween fitness costs and benefits and the inten- 
sity of nest defence in Fig. 1 (a-c). We use this 
basic model throughout this review because it 
is general enough to apply to most aspects of 
nest defence behavior. We define the fitness 
costs and benefits of nest defence with refer- 
ence to reproductive value (Vt), as a conve- 
nient measure of an individual's value to itself 
at any time in its life (Fisher, 1930). Reproduc- 
tive value at age x is determined by both the 
fecundity of present and future broods (b) and 
the probability that the parent will survive to 
each future breeding period (1). Thus 

VX = bx + I7(t1/lx)bt 

where bx is current reproduction at age x and 
I (lt/lx)bt is the residual reproductive value 
(i.e., accrued from all future broods). Here we 
define benefits as the fitness accrued from the 
present brood (bx) and fitness costs as any loss 
in residual reproductive value that result from 
nest defence. A parent can increase its fitness 
benefits by defending the present brood and 
thereby helping its offspring to survive and re- 
produce. Fitness costs, however, also increase 
if such nest defence also decreases the proba- 
bility that the parent will survive (It/lx) to age 
t. Natural selection will favor nest defence be- 
havior that maximizes the difference between 
these benefits and costs (see also Patterson, 
Petrinovich, and James, 1980; Sargent and 
Gross, 1985; Lazurus and Inglis, 1986, for 
related examples). For a given set of conditions, 
we can then determine the optimal intensity 
of nest defence and we can make predictions 
of how defence intensity should vary with those 
conditions. 

For both costs and benefits, we assume cur- 
vilinear relationships (Fig. la). Thus, we ex- 
pect the costs to the parent to increase ex- 
ponentially as it increases the intensity of its 
nest defence behavior (i.e., gets closer to the 
predator, increases alarm calls or distraction 
displays). The parent should be at relatively 
little risk until the predator is within striking 
distance but risk will increase rapidly as the 
parent gets closer to the predator or makes it- 
self otherwise more vulnerable (e.g., see refer- 
ences in Curio and Regelmann, 1985). 

Note that we equate risk and cost here. Most 
analyses of nest defence behavior fail to dis- 
tinguish between risk and the intensity of nest 
defence. We assume that the risks (or costs) 
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of nest defence are positively related to the in- 
tensity of defensive behavior (e.g., alarm call 
frequency, closeness of approach, attack fre- 
quency) and we recognize that a given inten- 
sity of defence can have different costs for 
different individuals both within and between 
species and for the same individual at differ- 
ent times. Thus a female who is weakened by 
egg production or is smaller than her mate 
might incur more costs than a male for a given 
intensity of defence. 

On the benefit side, we expect that a very 
low intensity of nest defence will have little ef- 
fect on a predator but the probability of off- 
spring survival rises quickly to a maximum as 
nest defence increases. This assumption is sup- 
ported by the positive correlation between nest 
success and the intensity of nest defence that 
has been reported in several studies (e.g., 
Greig-Smith, 1980; Byrkjedal, 1987). Although 
the precise shapes of the cost and benefit curves 
will also vary for different combinations of par- 
ent and predator species, the general qualita- 
tive relation between the costs and benefits of 
nest defence, as illustrated in Fig. 1, should 
hold in most situations (see Sargent and Gross, 
1985; Lazarus and Inglis, 1986, for more 
detailed argument). 

Although we have relatively few empirical 
data to support the assumptions of this model, 
such simple graphical models have proven to 
be valuable in the development of ideas in ecol- 
ogy and behavior (e.g., MacArthur and Wil- 
son, 1967; Krebs and Davies, 1984). As demon- 
strated below, this simple model helps us to 
generate useful predictions that provide the 
focus for further empirical study. Such data 
are needed before more sophisticated models 
can be derived. 

To simplify the following presentation, we 
refer repeatedly to two simple variations on this 
graphical model in which either the benefits 
(Fig. lb) or the costs (Fig. ic) of a given level 
of nest defence vary. In each case our goal is 
to describe and evaluate simple predictions 
concerning factors affecting nest defence be- 
havior. We find that these simple graphical 
models help to clarify the expectations from 
theory. 

Parental Characteristics 

Renesting Potential 
Barash (1975) proposed that a bird's renest- 

ing potential should have an important effect 

on its willingness to take risks in defence of 
its nest. This is a life history problem in which 
selection should favor behaviors that maximize 
lifetime reproductive success whenever there 
is a tradeoff between current and future 
reproductive effort as outlined above (see also 
Hamilton, 1964; Pianka and Parker, 1975). 
Thus, a bird with high renesting potential 
should risk less than a bird with low renesting 
potential (Curio, Regelmann, and Zimmer- 
man, 1984) because costs for the latter are 
higher (Fig. ic). Remember that costs are de- 
fined by the probability of parental survival 
to the next breeding episode. 

Renesting potential is a function of two 
things: (1) the period until another breeding 
attempt is possible, and (2) the survival prob- 
ability of the parent during that period. This 
causes renesting potential to vary asymmetri- 
cally through the annual cycle of most bird spe- 
cies. If it is assumed that the breeding season 
is longer than the time required to complete 
a single nesting attempt, and that the female 
is capable of replacing a lost clutch, then 
renesting potential will be at its maximum at 
the beginning of the season because a lost nest 
can usually be replaced in a matter of days. 
Even for short-lived species, the probability of 
an individual surviving for several days should 
be close to unity. Eventually, renesting poten- 
tial within a season rapidly diminishes so that 
the probability of raising offspring from a 
replacement nest decreases to zero and the 
period until the next possible nesting attempt 
suddenly changes from several days to many 
months (i.e., the next breeding season). Sur- 
vival probability between breeding seasons is 
often relatively low-for small passerine spe- 
cies it may be less than 50 per cent (Ricklefs, 
1974). 

Renesting potential is expected to affect nest 
defence behavior in two ways. First, through 
a breeding season parents should increase their 
nest defence as renesting potential declines, 
reaching a maximum response when the op- 
portunity to renest in that breeding season is 
zero (Barash, 1975; Weatherhead, 1979a). This 
is true because the value of a brood is directly 
proportional to the cost of replacing it 
(Dawkins and Carlisle, 1976; Boucher, 1977). 
Second, through its lifetime, a parent's nest 
defence behavior should change with its own 
life expectancy if survival probability varies 
with age (Williams, 1966; Goodman, 1974). 
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We discuss the evidence for these two effects 
separately. 

Within breeding seasons. Several studies have 
reported results consistent with the prediction 
that a parent should increase the intensity of 
nest defence during a breeding season as a con- 
sequence of decreasing renesting potential. 
The most convincing support comes from 
studies of Great Tits (Parus major) where the 
number of days remaining in the breeding sea- 
son explained a small but significant amount 
of variation in defence response as predicted 
(Regelmann and Curio, 1983; Curio, Regel- 
mann, and Zimmerman, 1984). 

Using a natural experiment, Barash (1980) 
examined nest defence in two subspecies of the 
White-crowned Sparrow (Zonotrichia leucophrys 
gambelli and Z 1. pugetensis) with different 
renesting potentials - pugetensis was capable of 
raising at least two broods in a breeding sea- 
son while gambelli could breed only once. 
Barash (1980) predicted and found that the 
double-brooded subspecies (pugetensis) defended 
their nests less vigorously. Barash made this 
prediction because he assumed that the one 
nest of gambelli was worth relatively more than 
the first nest of pugetensis. While this interpre- 
tation could be correct there are two serious 
shortcomings to the study. First, it is not clear 
whether the pugetensis nests were studied early 
or late in the breeding season. If they were late 
nests, then the defending parents would have 
had relatively low renesting potential during 
that season and they should have defended 
their nests as vigorously as did gambelli par- 
ents if renesting potential alone was determin- 
ing the intensity of nest defence. Second, we 
do not know whether parents in these two 
populations had the same probability of sur- 
viving to the next year. Unless such probabili- 
ties were similar, renesting potential may not 
be the only explanation for differences in nest 
defence behavior (see also Curio, Regelmann, 
and Zimmerman, 1984). 

Based on the observations above, Barash 
(1980) also made the general prediction that 
nest defence should be more vigorous in single- 
brooded than multi-brooded species. Even if 
all else was equal (life expectancy, types of 
predators encountered, and so forth), this 
prediction should only hold when comparing 
defence by single-brooded species with that of 
multi-brooded species defending nests early in 
the season. Since even closely related species 

often use very different nest defence behavior 
(see Gochfeld, 1984; Byrkjedal, 1987) such an 
interspecific comparison will be difficult in 
practice because of the problem of assessing 
the intensity of nest defence on a common 
scale. We therefore caution researchers against 
a simple interspecific test of Barash's predic- 
tion if all of these problems are not taken into 
account. 

A number of other studies have reported a 
seasonal increase in nest defence (e.g., Sim- 
mons, 1955; Barash, 1975; Greig-Smith, 1980; 
Biermann and Robertson, 1981; East, 1981), 
but none of these attempted to examine the 
influence of renesting potential while control- 
ling other factors that might also have been 
responsible for the pattern (e.g., changing 
probabilities of parent and offspring survival - 
see below). In each of these studies the seasonal 
increase in nest defence was vaguely attributed 
to be in support of parental investment theory 
but alternative hypotheses have rarely been 
considered. 

In contrast, at least three studies find no sup- 
port for the predicted pattern. In a tundra 
population of Savannah Sparrows (Passerculus 
sandwichensis), with a relatively brief breeding 
season, renesting potential explained almost 
none of the variation in nest defence behavior 
(Weatherhead, 1979a). A recent study of Song 
Sparrows (Melospiza melodia) with a longer 
breeding season yielded similar results 
(Weatherhead, unpub.). Similarly, in stone- 
chats there was no detectable difference in nest 
defence behavior between first, second and 
third broods during a season even though re- 
nesting potential was presumably declining 
(Greig-Smith, 1980). This latter result is in di- 
rect opposition to the predictions of Barash 
(1980) for multi-brooded species. On balance, 
then, unequivocal evidence for the influence 
of renesting potential on risk-taking is rela- 
tively slim. More studies are needed that can 
assess the importance of renesting potential 
while controlling other factors, like the chang- 
ing probability of parent and offspring survival 
during any breeding episode (see below). 

Within lifetimes. Birds can be grouped into 
two broad classes with regard to life history 
patterns (Ricklefs, 1974). For some relatively 
long-lived species, survival probability declines 
rapidly in old age. For small, short-lived spe- 
cies, mortality is appareritly not age-dependent 
after the first year of life. Thus, although some 
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eventual senescence is expected in all birds, 
few individuals in small species live to an age 
when the probability of survival until the next 
year begins to decline. When survivorship is 
age-dependent (e.g., with senescence), an in- 
crease in parental effort (e.g., nest defence) is 
expected as residual reproductive value 
declines (Pianka and Parker, 1975). No change 
in parental effort is expected, however, when 
there is no year-to-year change in residual 
reproductive value - i.e., before senescence in 
long-lived large species, or throughout the lives 
of most short-lived smaller birds. 

For species with senescence (i.e., age- 
dependent mortality rates), the limited evi- 
dence available so far supports the prediction 
of increasing nest defence (i.e., higher 
reproductive effort) as parental survivorship 
decreases (i.e., as costs decrease - Fig. ic). In 
California Gulls (Larus californicus) both the in- 
tensity of nest defence and the rate of adult 
mortality increased with parental age (Puge- 
sek, 1983). Similarly, Snow Goose (Anser 
caerulescens) females more than 5 years old 
defended their nests more aggressively than 
birds 2 to 5 years old (Ratcliffe, 1974) and there 
is some evidence of a decline in survivorship 
after the age of 6 years (M. Richards, pers. 
commun.). These results, though consistent 
with predictions, point to a serious difficulty 
in unambiguously testing this hypothesis in 
species with age-dependent mortality. If older 
birds expend higher reproductive effort both 
in nest defence and in all other aspects of off- 
spring rearing, we should expect the increased 
expenditure to exact a cost that ultimately 
manifests itself by a higher mortality rate. But 
is higher reproductive effort the proximate 
cause or the ultimate consequence of higher 
mortality among older birds? It may prove dif- 
ficult to separate these two factors experimen- 
tally, especially with birds, because they are 
relatively long-lived and it is often difficult to 
perform life history experiments on such or- 
ganisms (see Bell, 1980, for discussion). In ad- 
dition, experienced birds may be able to de- 
fend more vigorously than relatively naive 
birds without higher cost because of their 
familiarity with a predator. Thus age-related 
differences in defence behavior could be, at 
least in part, attributable to differences in ex- 
perience (see below). 

The other life history pattern -a constant 

mortality rate through life -is thought to be 
common in passerine birds (Ricklefs, 1974). 
Unfortunately, however, this generalization is 
based on limited evidence -few survivorship 
data are available for older birds in any popu- 
lation because of high mortality rates and be- 
cause of the relative rarity of long-term studies 
(Deevey, 1947; Ricklefs, 1974; O'Connor, 
1984). Even so, among the younger age classes 
for which survivorship is known to be age- 
independent, we should find no increase in the 
intensity of nest defence with age. 

To date, two studies have supported this 
prediction. Curio (1975) found no significant 
difference in the nest defence response of year- 
ling and older Pied Flycatchers (Ficedula 
hypoleuca). Similarly, Weatherhead (unpub.), 
found no age-related variation in nest defence 
behavior in Song Sparrows, a species in which 
survivorship is known to be independent of age 
after the first year of life (Halliburton and 
Mewaldt, 1976). 

Parental Experience 
Both the costs and benefits of nest defence 

should change with the experience of parents. 
First, as parents gain experience in raising off- 
spring, the probability that chicks will survive 
and breed should increase independently of 
the amount of risk taken in nest defence (i.e., 
as a consequence of increased effectiveness of 
parenting in other respects - Fig. lb). Because 
offspring are relatively more valuable to them, 
experienced parents should invest more in their 
defence. 

Second, experience in dealing with nest 
predators should result in both changes in in- 
dividuals through their lifetime and differences 
between populations. Within individuals the 
costs for a given level of nest defence (Fig. ic) 
should decrease with experience as parents 
learn about the capabilities of nest predators. 
As these costs decrease with experience, a 
higher intensity of nest defence is favored (Fig. 
ic). Thus, changes in both costs and benefits 
of nest defence with parental experience re- 
sult in an increase in nest defence behavior. 
To date, the effect of such experience has rarely 
been assessed irrespective of variation in pa- 
rental age. Thus, although we know that in 
some species older birds engage in more vig- 
orous nest defence, it is unclear whether such 
a change in behavior reflects increased ex- 
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perience or decreasing probability of parental 
survival, as outlined above. 

Studies involving repeated presentations of 
model or human predators at the same nest 
allow us to test the influence of experience 
without the confounding effects of parental 
age, and they appear to support the predic- 
tions. Red-winged Blackbird (Agelaius 
phoeniceus) and American Robin (Turdus 
migratorius) parents, for example, increased the 
intensity of nest defence with more exposures 
to both humans and model raccoons whereas 
parents tested only once gave the same re- 
sponse regardless of the stage of the nesting 
cycle (Knight and Temple, 1986a). Knight and 
Temple (1986a) argued that the increasing re- 
sponse of parents faced with repeated presen- 
tations was due to behavioral habituation. We 
suggest, however, that such a response may re- 
sult from a change in the perceived costs of nest 
defence behavior-with experience parents 
learn that they can engage in more intensive 
defence without increasing the actual risk. A 
naive parent should be relatively cautious of 
nest predators until it can assess the nature of 
the threat. Even though the actual risk involved 
does not change, a parent's perception of the 
costs should change as it learns more about 
the predator's abilities. Thus it seems reason- 
able that parental experience can contribute 
to the increased response of parents tested 
through the nesting cycle, but also that off- 
spring age may have some influence on nest 
defence independent of that experience (see 
below). 

Experience could also have the opposite ef- 
fect on parental response as a result of changes 
in perceived benefits. If experience indicates 
that an apparent predator poses no threat to 
the nest then defence is no longer warranted. 
For example, repeated experience with a model 
predator sometimes results in indifference in 
as few as five exposures (e.g., Hinde, 1954; 
Curio, 1975). In such cases, it seems clear that 
parents no longer respond as if model preda- 
tors were a threat to their nest. Because ex- 
perience can affect nest defence in opposite 
ways, both consistent with our model, it is im- 
portant that the frequency of exposure to 
model predators be varied and assessed as an 
independent variable in future work (see 
MacLean, Smith, and Stewart, 1986). 

At the population level, differences in the 

density of a particular nest predator can also 
affect parental experience and consequently 
their nest defence behavior. Urban American 
Crows (Corvus platyrhynchos), for example, 
responded less vigorously to a human intruder 
in the vicinity of their nest tree than did rural 
crows, but their response to an actual nest visit 
was much more intense (Knight, Grout, and 
Temple, 1987). The authors of this study sug- 
gest that urban crows may have perceived lit- 
tle threat from humans (i.e., no benefit to be 
derived from nest defence) until the nest tree 
was climbed. On the other hand, because of 
being continuously persecuted by humans, ru- 
ral crows appear to perceive humans as more 
dangerous. As a result they attacked humans 
at a greater distance from the nest but were 
more cautious than urban crows when their 
nest tree was climbed. This example illustrates 
again how experience can influence both the 
costs (risk to the parent) and benefits (preda- 
tor deterrence) of nest defence behavior. 

Sex of Parent 
Sexual differences in nest defence behavior 

are expected whenever there is a differential 
in such things as (1) confidence of parenthood, 
(2) renesting potential, (3) perception of risk, 
(4) life history characteristics, and (5) the abil- 
ity to raise offspring unaided. To assess the in- 
fluence of each of these factors on nest defence, 
we will assume that all other sexual charac- 
teristics are equal. Also, since a sexual differen- 
tial in two or more of these characters can lead 
to opposite predictions, it is essential that their 
influence be evaluated separately. 

The confidence of parenthood for male birds 
is almost always less than that for females 
(Trivers, 1972). Thus females should take more 
risk in nest defence because the expected fit- 
ness benefits are higher than those of males 
for the same costs (Fig. lb; see also Weather- 
head, 1982). Such a sexual differential is ex- 
pected particularly in species nesting in dense 
aggregations (Beecher and Beecher, 1979; 
Gladstone, 1979) or asynchronously (Mont- 
gomerie, in press) where there is some oppor- 
tunity for cuckoldry. For example, female 
Savannah and Song Sparrows consistently de- 
fend their nests more vigorously than their 
mates (Weatherhead, 1979a, unpub.). Even 
though the very short breeding season of 
subarctic Savannah Sparrows (Weatherhead, 
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1979b) might be expected to limit the oppor- 
tunities for extra-pair copulations, the behavior 
of males in this population suggests the risk 
of cuckoldry is substantial (Weatherhead and 
Robertson, 1980). 

In populations with a biased sex ratio, males 
and females may sometimes differ in their 
potential for renesting. In a population of 
monogamous birds with a male-biased sex ra- 
tio, a female has the higher probability of find- 
ing a mate and renesting if the present mate 
is lost (e.g., by desertion or predation). In such 
cases, females should defend nests relatively 
less than males because the lifetime costs ac- 
crued by a female from a given act of nest 
defence are, on average, higher than those of 
a male (Fig. ic). In practice, this will be a dif- 
ficult prediction to test because of confound- 
ing variables (such as experience, confidence 
of paternity, and the perception of risk). Such 
a difference in the residual reproductive value 
of males and females, however, may help to ac- 
count for the fact that male Great Tits mob 
nest predators more vigorously than do fe- 
males (Curio, 1980; Regelmann and Curio, 
1983). 

The intensity of nest defence performed by 
each parent may also be different because of 
differences in risk for a given level of defence 
(i.e., different costs-Fig. ic). For example, 
nest defence may be more risky for females 
than males if females are weakened by the 
rigors of nest-building and egg-production. In 
4 days, female Baird's Sandpipers (Calidris bair- 
dii) lay 4 eggs with a total mass that is 117 per 
cent of their body mass. Such a drain on fe- 
male energy reserves may be responsible for 
the fact that they take fewer risks than males 
during nest defence, particularly in the period 
immediately following egg-laying (Reid and 
Montgomerie, 1985). This argument gains 
support from the fact that the intensity of nest 
defence by female Tawny Owls (Strix aluco) 
varies with their condition as measured by 
their weight controlled for body size (Wallin, 
1987). 

Similarly, in sexually dichromatic species 
the brighter sex may be more vulnerable to 
predators (see Baker and Parker, 1979, for dis- 
cussion). Thus, minimal nest defence (such as 
alarm calls given from cover) by the bright sex 
may be as risky as a vigorous response (such 
as a broken-wing act at close range) from the 
duller sex (Fig. lc). This prediction is testable 

in species with delayed plumage maturation 
where subadult males in dull plumage often 
attempt to breed (Rohwer, Fretwell, and Niles, 
1980). Although subadult males have less ex- 
perience than adults, they may sometimes en- 
gage in more vigorous nest defence if their dull 
plumage puts them at less risk. 

There are often substantial differences in 
body size between males and females that 
could affect their respective vulnerability to the 
same predator. When predators are relatively 
small, the larger parent might be expected to 
respond more vigorously if its size puts it at 
less risk than its mate. Conversely, the relatively 
smaller parent may be at less risk if it is more 
maneuverable and it should therefore respond 
more vigorously (i.e., the costs are lower - Fig. 
ic). Such differential maneuverability may ac- 
count for two examples of differences in the 
nest defence response of male and female rap- 
tors. Male Snowy Owls (Nyctea scandiaca) are 
more aggressive and attack human intruders 
more than females, the latter relying more on 
distraction displays (Wiklund and Stigh, 1983). 
Andersson and Wiklund (1987) found similar 
results in the Rough-legged Buzzard (Buteo 
lagopus). In both studies the authors attributed 
these differences to the greater maneuverabil- 
ity of males owing to their smaller size, a fact 
that results in a given level of nest defence be- 
ing less risky for them than for females. In fact, 
both studies suggested that the need for males 
to be effective nest defenders may be an im- 
portant selection pressure that contributes to 
reversed sexual dimorphism in raptors. 

Differences in life history characteristics, 
such as mortality rate, could also account for 
sexual differences in nest defence by virtue of 
altering the costs of such behavior (Fig. ic). 
Thus if one sex suffers a higher overwinter 
mortality, for whatever reason, its loss in re- 
sidual reproductive value (i.e., the risk involved 
in nest defence) will be lower and more intense 
defence can be expected. We know of no 
studies where such an effect has been looked 
for. 

Similarly, a difference in costs will also fa- 
vor a sexual difference in the intensity of nest 
defence when parents do not have the same 
ability to raise a brood on their own. Thus a 
parent taking risks would suffer increased costs 
if its mate is unable to raise the brood on its 
own and less intense nest defence would be fa- 
vored (Fig. lc). This is similar to the explana- 
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tion proposed by Regelmann and Curio (1983) 
to explain the differences in nest defence be- 
havior of male and female Great Tit parents - 
females can raise a brood unaided but males 
cannot until after the nestlings no longer re- 
quire brooding. As a result females have more 
to lose than males from a given level of nest 
defence (i.e., they have increased costs -Fig. 
ic) and this may account for the fact that they 
engage in less vigorous nest defence than males 
during incubation and brooding periods. Note, 
however, that female Great Tits are also in 
poorer body condition than males right after 
egg-laying (Curio, 1980), so their perception 
of risk may also be altered, as argued above. 

Past Parental Effort 
Adjusting the intensity of nest defence with 

respect to past parental effort is consistent with 
our model only if such effort is a reliable in- 
dex of expected benefits (Maynard Smith, 
1977; Weatherhead, 1982). Parents that base 
their defensive decisions on past effort irrespec- 
tive of future benefits are making a decidedly 
non-optimal response (Dawkins and Carlisle, 
1976; Boucher, 1977), often called the Con- 
corde Fallacy. Because nest defence is a read- 
ily quantifiable parental decision that is as- 
sumed to indicate the value of the brood to the 
parent, a few studies of birds have tried to use 
this behavior to test the Concorde Fallacy 
either by examining the influence of past ef- 
fort (e.g., incubation period -Weatherhead, 
1979a, 1982; Curio, 1983) or expected benefits 
(e.g., clutch size -Robertson and Biermann, 
1979). Unfortunately, because of the difficulty 
of testing the Concorde Fallacy the results of 
these studies are equivocal. This difficulty 
arises because it is often impossible to alter past 
effort without also changing the parent's per- 
ception of future benefits (Weatherhead, 1982). 
Although Sargent and Gross (1985) outline the 
necessary protocol to provide a convincing test 
of alternative rules governing parental deci- 
sions including testing the Concorde Fallacy, 
these have not yet been applied to a study of 
birds. 

Parental Interactions 
In species with uniparental care, a given 

level of risk will often be less tolerable than in 
species with biparental care since injury or 
death of the parent that cares for the young 
has much greater ramifications for the survival 

probabilities of the young. Thus the reproduc- 
tive benefits for a given level of nest defence 
are sometimes lower for a single parent than 
for two parents and a lower level of nest defence 
is expected (Fig. ic). Even in a species with 
biparental care, however, such a difference in 
benefits will only occur if one parent is able 
to raise some offspring with reduced or no help 
(Lyon and Montgomerie, 1985). 

The effectiveness of defence by one parent 
compared to that by two parents will also in- 
fluence how members of a pair respond to a 
predator. If two parents are at least twice as 
effective as one parent at deterring predators 
then both birds should cooperate fully. When 
two parents are less than twice as effective as 
one, however, a conflict of interest arises and 
it is useful to ask how vigorously each should 
defend (see Regelmann and Curio, 1983, 
1986). Existing asymmetries between parents 
(age, plumage brightness, size) may force one 
parent to take greater risks than it otherwise 
would were the two parents perfectly cooper- 
ative. Alternatively, the arrival of its mate 
might allow a parent to decrease the intensity 
of nest defence without putting its offspring 
at greater risk (Regelmann and Curio, 1986). 
Moreover, in species where mortality is age- 
dependent (i.e., where senescence occurs), a 
young bird mated to an older bird might be 
able to take advantage of its mate's willingness 
to take greater risks defending the nest. 

Curio, Regelmann, and Zimmerman (1984) 
discovered a third type of mate interaction af- 
fecting nest defence. Male Great Tits defended 
first broods more vigorously than their mates 
but defended second broods with equal inten- 
sity. The authors suggested that a male defend- 
ing a first brood may engage in more vigor- 
ous nest defence as a signal of male quality in 
order to ensure that the female remain for a 
second brood. Males who do this should 
achieve an advantage whenever females are in 
short supply as long as the increase in costs 
is more than offset by the advantages of rais- 
ing a second brood. Once the female has com- 
mitted to nesting a second time there is no ad- 
vantage to the male to be derived from taking 
greater risks. 

Offspring Characteristics 

Offspring Age 
Ricklefs (1973: 245) and Barash (1975) ar- 

gued that offspring become more valuable as 
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they age (from newly laid eggs through to 
fledging) because of the increasing parental in- 
vestment necessary to replace them if they are 
lost. This differs from the previously discussed 
question of how risk-taking should vary 
through a breeding season in that the chang- 
ing probability that the offspring will survive 
(as they approach independence) is thought 
to be the driving variable rather than chang- 
ing renesting potential of the parents. An off- 
spring's probability of survival to some future 
time changes from a very low value when the 
eggs are first laid to a relatively high value 
when the chicks leave the nest. Andersson, 
Wiklund, and Rundgren (1980) have pointed 
out that during that same period a parent's 
probability of survival changes relatively lit- 
tle, possibly even declining slightly owing to 
the cost of reproductive efforts. Thus, any off- 
spring becomes relatively more valuable to the 
parent during the nesting cycle. Because of this 
increase in the benefits of nest defence (Fig. 
lb), the offspring warrant increased risk-taking 
by the parents, at least until nest departure. 
Once the young leave the nest their value to 
parents continues to increase but the benefits 
from a single act of defence decline (Fig. lb) 
because (1) fledglings become more capable of 
escaping danger and (2) predators are unlikely 
to be able to destroy an entire brood once it 
has dispersed from the nest. Thus the inten- 
sity of defence by parents should decline after 
the brood departs from the nest, as the brood 
becomes increasingly dispersed, and as the 
ability of offspring to escape from predators 
improves. 

Parents should therefore take relatively low 
risks early in incubation, but the intensity of 
defence should increase gradually through to 
hatching as the probability that eggs will hatch 
increases. For parents with altricial young, we 
then expect a rapid rise in nest defence, from 
hatching of the young until their departure 
from the nest (Fig. 2), as the probability in- 
creases that the offspring will survive to repro- 
duce (Andersson, Wiklund, and Rundgren, 
1980). In species with precocial young, nest 
defence should reach a peak at hatching be- 
cause that is when chicks leave the nest (Fig. 
2). Barash (1975) suggested that this difference 
in the pattern of nest defence was a fundainen- 
tal difference between precocial and altricial 
birds attributable to newly hatched precocial 

L H11D I Precocial 
Qf L IH D II Altricial 

Offspring Age 

FIG. 2. VARIATION IN THE OPTIMAL INTENSITY 

OF NEST DEFENCE WITH OFFSPRING AGE FOR 

PRECOCIAL AND ALTRICIAL BIRDS 

L indicates egg-laying; H, hatching; D, nest 
departure; and I, the age at independence from 
parents. 

young being more likely than altricial young 
to survive without parental care if the parent 
died defending them. It can now be seen, how- 
ever, that both types of birds have the same 
pattern if compared on the basis of offspring 
location (in or out of nest) rather than offspring 
age. The expected pattern of nest defence with 
respect to nest departure of the young has been 
described for both precocial, nidifugous 
(Swarth, 1935; Simmons, 1955; Stephen, 1963; 
Gramza, 1967; Lemmetyinen, 1971, 1972) and 
altricial, nidicolous birds (Greig-Smith, 1980). 
To date, however, only one study (Greig-Smith, 
1980) has quantified brood defence in altricial 
birds after nest departure. 

The pattern of nest defence within a breed- 
ing episode has been well documented and has 
consistently shown qualitative agreement with 
the predicted pattern in both passerines (Pat- 
terson, Petrinovich, andJames, 1980) and non- 
passerines (Armstrong, 1956; Gramza, 1967; 
Pugesek, 1983); in birds nesting on the ground 
(Barash, 1975; Gottfried, 1979; Greig-Smith, 
1980), on shrubs and trees (Erpino, 1968; 
Weatherhead, 1982; Roell and Bossema, 1982; 
Buitron, 1983), and in holes (Curio, 1975; 
Regelmann and Curio, 1983); in both solitary 
(East, 1981) and colonial species (Andersson, 
Wiklund, and Rundgren, 1980; Shields, 1984); 
and in both arctic (Weatherhead, 1979a; Reid 
and Montgomerie, 1985) and temperate 
regions (most studies cited above), though not 
yet in the tropics. Although the pattern is clear, 
interpretations have often been confused by the 
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failure to separate the effects of offspring age 
from renesting potential. In many species both 
renesting potential and relative parent and off- 
spring survival probabilities change through 
the nesting cycle and should have the same 
qualitative effects on nest defence behavior. 
Ideally, the influence of nestling age and 
renesting potential should be separated either 
statistically or experimentally. For example, in 
both Savannah (Weatherhead, 1979a) and 
Song Sparrows (Weatherhead, unpub.) nest- 
ling age explained substantially more of the 
variance in nest defence behavior than did 
renesting potential. Similarly, Regelmann and 
Curio (1983) found that the age of the nestlings 
explained much more of the variance in nest 
defence behavior by Great Tits than did renest- 
ing potential. Collectively these results suggest 
that whereas both factors affect nest defence 
as predicted, nestling age has a much greater 
effect then does renesting potential. 

Experimentally the problem can be tackled 
by looking at defence in species with no renest- 
ing potential or by studying nest defence late 
in the season when renesting potential is 
negligible. In Arctic-nesting Baird's Sand- 
pipers, where the breeding season is too short 
to allow more than one nesting attempt, there 
was a significant correlation between nestling 
age and nest defence intensity (Reid and 
Montgomerie, 1985), thereby demonstrating 
that nestling age per se can influence nest 
defence behavior as predicted by Andersson, 
Wiklund, and Rundgren (1980). 

Knight and Temple (1986a) have recently 
suggested that a strong seasonal response by 
parental American Robins and Red-winged 
Blackbirds may be due to habituation to the 
predator model rather than being a response 
to changes in either renesting potential or the 
relative probabilities of parent and offspring 
survival as expected from theory. They demon- 
strated that no general increase in nest defence 
occurred when individual nests were visited 
only once during the nesting cycle. Unfortu- 
nately, visits during the finding of some nests, 
and the presentation of both a human and a 
predator model (in randomized order) during 
many tests, invalidates their claim that those 
nests were visited only once. This and the fact 
that there is often considerable interindividual 
variation in the intensity of nest defence (Reid 
and Montgomerie, 1985) would introduce even 

more variation into parental response scores. 
Since their sample sizes were small (<10 nests 
per sample period) significant trends would 
have been difficult to detect. Although the 
results of Knight and Temple's (1986a) study 
are intriguing, more careful controls are 
needed. 

Other studies make it clear that increased 
parental experience or some form of behavioral 
habituation to a model predator are not the 
sole reasons for an increase in defence through 
a nesting cycle. Data on Stonechats (Greig- 
Smith, 1980) and Song Sparrows (Weather- 
head, unpub.) show that during consecutive 
breeding episodes in the same season, the nest 
defense response of parents rose and fell in the 
same pattern. Simple habituation or increas- 
ing experience in these cases would have 
resulted in a steady rise in response across all 
three episodes. It is thus clear that nest defence 
behavior changes with offspring age in a way 
that is not determined solely by parental ex- 
perience or habituation. 

Offspring Number 
Although the risks to the parent of defend- 

ing its nest should vary independently of the 
number of eggs or nestlings being defended, 
the benefits of deterring a predator will in- 
crease with offspring number. Thus the inten- 
sity of nest defence should be positively cor- 
related with offspring number (Fig. lb). This 
prediction is nicely supported by an ex- 
perimental study of American Goldfinches 
(Carduelis tristis) showing that a significant 
proportion of parents increased or decreased 
their alarm call rates when their clutches or 
broods were artificially increased or reduced, 
respectively (Knight and Temple, 1986c). 
Note, however, that in species with uniparen- 
tal care such a correlation will not necessarily 
be observed if the type of defensive behavior 
used is particularly risky, because death of the 
parent will result in loss of the brood as well 
(Lazurus and Inglis, 1986). 

By manipulating clutch sizes of Red-winged 
Blackbirds, Robertson and Biermann (1979) 
found some support for this prediction as par- 
ents defended more vigorously with increas- 
ing clutch size. They found, however, that the 
behavior of females defending different-sized 
broods did not differ and they suggested that 
this anomalous result was due to conflicting 
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demands on parents during the nestling 
period. They argued that the time and energy 
demands made on a female during the nest- 
ling period prevented her from optimally 
defending her young. It makes little sense, 
however, for a parent to defend its young in 
a manner that is less than optimal (as defined 
by parent and offspring survival probabilities) 
in order that the parent might forage for 
nestlings in an optimal manner (as defined by 
nestling growth rates). Nestlings lost to pred- 
ators are of no value to parents regardless of 
their growth rate before predation. Most im- 
portant, Robertson and Biermann's analysis 
of nest defence for different-sized broods 
pooled the data for chicks of various ages. Since 
an age effect is also expected, any real differ- 
ences among data from females with different 
brood sizes would tend to be obscured. Nur 
(1983) has raised other important questions 
about this analysis (see Biermann and Robert- 
son, 1983, for a response). At best the results 
of Biermann and Robertson's study seem to 
provide equivocal support for the influences 
of offspring number on nest defence behavior. 

Data from observing Great Tits are also 
equivocal in that two studies by the same 
authors have come to different conclusions 
with respect to the predicted positive correla- 
tion between brood size and nest defence 
(Regelmann and Curio 1983; Curio and Regel- 
mann, 1987). Moreover, natural rather than 
experimental variation in brood sizes was used 
in these studies. This is important because the 
value of a given number of nestlings may de- 
pend to some extent on the reproductive poten- 
tial of the parents. Two nestlings may repre- 
sent as large a proportion of the lifetime 
reproductive success of a parent that is capa- 
ble of rearing only 2 as do 10 nestlings for a 
parent that is capable of rearing 10. Only by 
testing the effects of an experimental manip- 
ulation of clutches can this problem be avoided 
in field studies (e.g., Knight and Temple, 
1986c). 

In an interspecific comparison of tropical 
birds, Ricklefs (1977) found a positive corre- 
lation between the intensity of nest defence and 
clutch size. Although he suggested that larger 
clutches have higher reproductive value and 
are therefore worth greater risk, it is inap- 
propriate to compare species. To a bird that 
only lays a small clutch, two eggs will be worth 
much more than would two eggs to a bird that 

lays large clutches. Additionally, interspecific 
comparisons can potentially involve other con- 
founding factors such as differences in paren- 
tal armament or mobility. Ricklefs did recog- 
nize this problem and conceded that the 
correlation he obtained could be spurious. 

Offspring Quality 
Irrespective of the number and age of off- 

spring in a nest, their value to a parent may 
vary in other ways. In a year when food avail- 
ability is low, so that there is a reduced proba- 
bility that the offspring would survive even if 
they fledged, a parent should risk less in 
defending those young since a given level of 
defence will result in lower benefits (Fig. lb). 
Similarly, if young that fledge late in the sea- 
son have a lower probability of surviving to the 
following year than young fledged earlier in 
the season (Curio, Regelmann, and Zimmer- 
man, 1984), then late broods are worth less and 
should be defended less intensively than early 
broods. This prediction is clearly opposite to 
that predicted for defending early versus late 
broods based on renesting potential. Thus, a 
decline in offspring quality through a breed- 
ing season may counter any effect of renest- 
ing potential and could explain the relatively 
limited evidence available supporting the 
prediction that parents should increase risk- 
taking as renesting potential decreases. Wal- 
lin (1987), for example, found that the inten- 
sity of nest defence by Tawny Owl parents 
declined during the breeding season, irrespec- 
tive of changes in brood size, as did the sur- 
vivorship of the broods. 

The genetic aspect of offspring quality may 
also influence parental nest defence. Females 
mated to relatively high-quality males may de- 
fend their young more vigorously than when 
mated to a low-quality individual, again be- 
cause the lifetime fitness benefits are higher 
(Fig. lb). Male parents might be expected to 
make the same distinction. These predictions 
could be tested by experimentally altering 
some feature known to be used in assessing 
mate quality (e.g., Andersson, 1982; Burley, 
Krantzberg, and Radman, 1982) and then 
measuring the nest defence behavior of the 
mate. 

Offspring Vulnerability 
In some situations, absence of the parent 

from the nest, while interacting with the pred- 
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ator, could affect offspring survival. An ex- 
posed shorebird nest on bare ground could be 
quite vulnerable to rapid overheating in the 
midday sun or to hypothermia in cold wet 
weather (Cartar and Montgomerie, 1985). 
Thus, when the young are more vulnerable 
(eggs vs. nestlings or ectothermic vs. endother- 
mic nestlings), a parent should respond more 
aggressively to a predator because of the in- 
creased benefits of defence (Fig. lb), allowing 
the parent to return more quickly to the nest. 

Larson (1960) reported that Arctic shore- 
birds increase the intensity of their distraction 
displays in bad weather. Regelmann and Curio 
(1983) found that Great Tits (a hole-nesting 
species) also defended their nests more in- 
tensely during cold wet weather. They had 
predicted just the opposite result, primarily be- 
cause they expected a parent to be more 
energy-stressed in cool weather. They sug- 
gested, however, that their results could be ex- 
plained by the fact that the response of par- 
ents in warm weather is limited by heat stress; 
during cool wet weather heat stress would be 
less likely to occur, and more active responses 
would be possible. It seems to us that offspring 
are more likely to be vulnerable to cold than 
parents to heat stress but both hypotheses make 
the same prediction about the intensity of nest 
defence during bad weather. To distinguish be- 
tween these two explanations, the response of 
the same parents should be examined at differ- 
ent stages of offspring vulnerability. 

Nest Characteristics 

Crypsis 
A parent with a cryptic nest should engage 

in less vigorous nest defence than one with an 
exposed nest since the benefits of defending 
a cryptic nest are lower (Fig. lb). This is so 
because the probability that a predator will 
find a cryptic nest is relatively low for any given 
level of nest defence by the parents. Thus when 
nest concealment varies with season, either in- 
creasing as trees leaf out in the spring or 
decreasing as the nestlings exhibit begging be- 
havior, parents should adjust their response to 
predators. Harvey and Greenwood (1978) sug- 
gested that the increasing conspicuousness be- 
cause of nestling begging behavior may, in fact, 
account for the often-observed seasonal in- 
crease in nest defence during a breeding cy- 
cle. Such an increase, however, has been ob- 
served even before the eggs hatch (Reid and 

Montgomerie, 1985), so other factors are cer- 
tainly involved. In addition, many parents use 
a specific call to silence nestlings (Greig-Smith, 
1980; East, 1981; Knight and Temple, 1986c) 
rather than immediately engaging in nest 
defence when a predator is nearby. 

The expected pattern has been found within 
a species in a study of American Robins - the 
response of parents to a model crow was more 
vigorous when their nest was poorly concealed 
(MacLean, Smith, and Stewart, 1986). In this 
study, however, nest concealment was not al- 
tered experimentally so it is unclear whether 
concealment alone was responsible for the vari- 
ation in parental defence. It is possible, for ex- 
ample, that aggressive parents simply tend not 
to conceal their nests. 

Ricklefs (1977) also provided some evidence 
in support of the predicted pattern among 
different species. In tropical passerines, the 
strength of the parents' nest defence response 
was directly related to the conspicuousness of 
the nest. Although these results may be con- 
founded by the various intraspecific differences 
mentioned earlier (e.g., renesting potential, 
offspring vulnerability), there was still a nega- 
tive correlation between adult response and 
nest concealment even when the type of food 
and the number of offspring were held con- 
stant (Ricklefs, 1977). These results are so 
suggestive that a detailed interspecific compari- 
son of nest defence relative to nest conspicuous- 
ness is warranted. 

Accessibility 
Birds should also defend in a manner related 

to the accessibility of nests, regardless of the 
conspicuousness of the nests. If the predator 
is unlikely to gain access even if it locates the 
nest, the parent should not respond, because 
there are decreased benefits for a given level 
of defence (Fig. lb). Hole-nesting birds would 
be interesting to study in this regard since the 
accessibility of their nests should vary substan- 
tially according to the size of potential pred- 
ators. 

Predator Characteristics 

Predator-specific responses have been recorded 
for many species of birds (Armstrong, 1954; 
Buitron, 1983; Skutch, 1955, 1976; Kruuk, 
1964; Curio, 1975; Gottfried, 1979; Gottfried, 
Andrews, and Haug, 1985). In his discussion 
of this phenomenon in shorebirds, Gochfeld 
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(1984) reviewed a number of studies that sug- 
gest that birds probably respond to broad 
classes of predators (e.g., ungulate, avian) ac- 
cording to the danger they pose to their nests. 
That danger should be directly related to both 
the mobility and the armament of nest pred- 
ators. 

Mobility 
Since predators probably cannot find a nest 

until they are relatively close, there should be 
some threshold distance beyond which no re- 
sponse is given. The threshold will be the dis- 
tance at which a parent can reduce the proba- 
bility of the predator detecting the nest by 
sight, sound or smell (Fig. 3). If the predator 
is inside the threshold distance, nest defence 
should reduce the probability of the predator 
finding the nest by silencing the offspring, con- 
fusing the predator, or eliciting a group mob- 
bing response from neighbors. This threshold 
will also be determined by the mobility of the 
predator and should be sufficiently distant 
from the nest that if the predator begins to 
move toward the nest the parents have ade- 
quate time to respond to and deter the preda- 
tor. Thus, for a highly mobile predator like a 
bird, the threshold distance should be much 
greater than that for a mammalian predator. 

There is ample evidence that nesting birds 
respond to predators as if there was a thresh- 
old distance that triggers their response 

without nest defence 

0t > with nest defence 

threshold 

Distance from Nest 
FIG. 3. PROBABILITY THAT A PREDATOR WILL 

FIND A NEST 

This varies with the predator's distance from the 
nest and with the behavior of the parents. 

(Kruuk, 1964; Ryden, 1970; Regelmann and 
Curio, 1983; Curio and Regelmann, 1985). 
Black-headed Gulls (Larus ridibundus), for ex- 
ample, responded to foxes at greater distances 
from their nests (10 m) than stoats (5 m) and 
to stoats at greater distances than hedgehogs 
(Kruuk, 1964). This suggests that both mobil- 
ity and relative armament may affect the re- 
sponse of parents. 

Armament 
Any encounter between a parent and a nest 

predator involves potential costs and benefits 
for the predator as well as for the parent. The 
benefits for both are relatively straightforward: 
the parent can gain by the survival of its off- 
spring; the predator, by consuming the nest 
contents. The costs of the interaction, however, 
will depend upon the nature of the threat that 
each poses to the other. The relative armament 
of predator and parent should therefore de- 
termine the intensity of nest defence. By ar- 
mament we mean any feature such as bill, 
talons, or body size that poses a threat of in- 
jury to others. 

When the predator is relatively well armed, 
the parent poses little direct threat to it (e.g., 
a small passerine defending against a large 
mammalian predator). In this case, parental 
response should remain constant or vary ran- 
domly with distance from the nest. To do 
otherwise would provide the predator with in- 
formation on the nest location thereby increas- 
ing the likelihood of the nest being discovered 
without increasing the effectiveness of the par- 
ent's response. However, an increased response 
as the predator approaches the nest has been 
reported in Barn Swallows (Hirundo rustica; 
Shields, 1984) and is probably familiar to any 
naturalist who has searched for cryptic nests. 
This "geiger-counter effect" often facilitates 
nest-finding (pers. obs.) but it seems maladap- 
tive for poorly armed parent birds and clearly 
warrants further study. 

Why should parents provide predators with 
reliable information regarding nest location? 
If the parent is poorly armed relative to the 
predator, it is unlikely that the direct threat 
the parent poses to the predator will vary with 
response intensity. One possibility, suggested 
by Bourne (1977), is that an increase in the in- 
tensity of defence will increase the threat to 
the predator from third-party predators (i.e., 
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predators dangerous to the animal threaten- 
ing the nest) within hearing distance of the re- 
sponse of the nest owner. By the commotion 
that they create, the parents may also attract 
third-party predators dangerous to themselves. 
Thus American Robins mobbing a model crow 
near their nest attracted more crows, poten- 
tial nest predators (MacLean, Smith, and 
Stewart, 1986) and crows (Corvus corone) mob- 
bing a model owl attracted and were attacked 
by Goshawks (Accipitergentilis; Slagsvold, 1982). 
The costs and benefits of attracting third-party 
predators will depend on their relative abun- 
dance in the local fauna. 

When the parent is well armed relative to 
the predator and poses a direct threat to the 
predator (as might be the case, for instance, 
with raptorial parents), a response different 
from that described above is to be expected: 
the response of the parent should increase 
as the predator gets closer to the nest. By re- 
sponding more vigorously as the predator ap- 
proaches, the parent informs the predator of 
its willingness to attack if the predator con- 
tinues to move toward the nest. Even when 
there is some danger from a direct attack on 
the predator, parents usually should be more 
willing than the predator to escalate the en- 
counter because the nest contents should have 
greater relative fitness value to them (see 
Dawkins, 1983). Because parental responses 
also inform the predator of the nest location, 
the direction that the predator must move to 
reduce the likelihood of injury should be clear. 
We are unaware of any evidence relevant to 
the question of how well-armed parents vary 
their response to predators according to the 
distance of the predator from the nest. How- 
ever, Gottfried, Andrews, and Haug (1985) 
have shown that American Robins signal their 
intention to attack a model predator using spe- 
cific alarm vocalizations. It is possible, there- 
fore, that response intensity could also be used 
to signal an intention to attack. 

CONCLUSIONS 

Two general conclusions emerge from this re- 
view. First it is clear that, at least in theory, 
there are a multitude of factors that should af- 
fect nest defence behavior. The empirical data 
available so far support this conclusion: nest 
defence behavior is highly variable both within 
and among species and often we can account 

for only a small proportion of the variation. 
Regelmann and Curio (1983), for example, 
found that in Great Tits 11 of the 16 indepen- 
dent variables they examined affected the be- 
havior of the parent birds. Equally impressive 
is the fact that collectively those 11 variables 
explained only 57 per cent of the variation in 
the parents' behavior. An important source of 
unexplained variation in defence responses 
could prove to be variation that is adaptive by 
virtue of being unpredictable (see Schall and 
Pianka, 1980). 

The fact that nest defence behavior is likely 
to be influenced by many different factors also 
has important practical implications. For ex- 
ample, most studies have focused on only a few 
factors that might explain parental behavior. 
The amount of variation in nest defence be- 
havior that will be explained by just a few vari- 
ables, however, is likely to be small, and vari- 
ables that are not monitored could well 
confound the results and lead to erroneous in- 
terpretations. In the future, researchers should 
attempt to monitor whatever independent vari- 
ables are likely to be important, or to control 
those variables through experimental design. 

The second general conclusion is that there 
is an obvious need for more research aimed 
at testing the assumptions involved in field ex- 
periments. Despite more than a decade of re- 
search on the adaptive significance of nest 
defence, few studies have examined the relia- 
bility of the methods used. There may there- 
fore be some question whether results are 
comparable across studies and whether experi- 
ments have been properly controlled. Knight 
and Temple (1986a), for example, demon- 
strated that nest defence response of Red- 
winged Blackbirds was more intense to a live 
crow than to a mount, to a human looking at 
the nest rather than at the parent, and to a 
familiar human rather than to a stranger. 
These results underline the need for consis- 
tent and repeatable methods of minimizing the 
confounding variables and for detailed descrip- 
tions of experimental protocols so that the 
results of different studies can be evaluated and 
compared. 

Studies of nest defence commonly use hu- 
mans (e.g., Weatherhead, 1979a; Greig-Smith, 
1980; Reid and Montgomerie, 1985) or model 
predators (e.g., Curio, 1975; Robertson and 
Biermann, 1979) in order to elicit defence re- 
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sponses. How birds classify humans or model 
predators probably depends on how similar 
these "predators" are to those real predators 
they normally encounter. Thus the parents' re- 
sponses in an experiment must be interpreted 
in the light of the variety of natural predators 
to which they would normally respond. Some 
birds may respond to humans as they would 
to ungulates (as, for instance, when humans 
are rarely encountered); others may treat hu- 
mans as they do other mammalian nest pred- 
ators (especially where there has been a long 
history of egg harvesting). 

The study of nest defence in birds is 
presently at about the same stage as the study 
of foraging behavior was a decade ago (Pyke, 
Pulliam, and Charnov, 1977): some simple op- 
timality theory has been proposed and tested 
but rarely have the studies been comprehen- 
sive enough to convince skeptics that the the- 
ory is supported by the available data (see 
Knight and Temple, 1986a,b). As a result, 
much of the theory proposed to date is based 
on untested assumptions about the shapes of 
cost/benefit curves and the ability of parents 
to respond to variations in those costs and 
benefits. Although it is certainly true that some 

of the parameters of our models are correct 
(e.g., the reproductive value of offspring in- 
creases with their age), we cannot yet be cer- 
tain that a parent increasing the intensity of 
defence will always reduce the probability that 
its nest will be preyed upon while increasing 
the risks to itself. There may be some cases 
in which these models simply do not apply. In 
spite of these potential drawbacks, we have al- 
ready seen that optimality modelling helps us 
focus our attention on testable predictions and 
that it can be a productive approach to under- 
standing, rather than simply describing, the 
patterns in this important aspect of parental 
care. 
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