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ABSTRACT 

I tested three models for the evolution of cooperative breeding, as applied to 

Harris's Hawks. The ecological constraints model argues that cooperative breeding 

arises in response to habitat saturation or a harsh, variable climate. I assessed 

group size, territory quality, and reproductive success at 45 nests during 1986 

through 1990. I found that reproductive success of pairs declined when rainfall and 

prey declined, while reproductive success of groups remained stable, suggesting that 

helping is favored under harsh conditions. I found no evidence of habitat 

saturation. 

Fisherian theory suggests that paretits invest more resources in individual 

offspring of the larger sex, i.e., the female in Harris's Hawks. According to the 

repayment model, however, cooperative breeders preferentially invest in male 

offspring. Both models predict male-biased sex ratios. I sexed 87 yoimg fledged 

during 1986 through 1990 and found sex ratio bias only in 1990, when all female 

nestlings starved. I observed feeding at seven nests with bisexual broods and found 

that dominant females fed female offspring more than male offspring. 

According to the cooperative hunting model, Harris's Hawks form groups, 

because groups kill larger prey, obtaining a higher per capita caloric intake. This 

analysis fails to consider the importance of small prey items. I compared direct 

observations of the prey items eaten at 41 Harris's Hawk nests with prey remains 
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found in 18 nests and with published reports. I showed that previous reports based 

on prey remains were biased in favor of large prey items. 

Nest attendance by female birds of prey has been linked to the female's role 

in antipredator defense. Dominant female Harris's Hawks with helpers to assist in 

nest defense should therefore attend the nest less than females lacking helpers. 

Females rearing broods in conspicuous nests should be more attentive than females 

with cryptic nests. I observed nest attendance and defense at 47 nests. I found 

that dominant females took the leading role in antipredator defense, especially 

against coyotes and Turkey Vultures. Females spent more time on conspicuous 

nests, due to the need to shade the young from direct simlight. Helpers had no 

effect on attendance. 
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INTRODUCTION 

The Problem and Its Context 

Under the paradigm of natural selection, animals are expected to maximize 

their individual fitness. Behavior which enhances the fitness of others, while 

decreasing the fitness of the actor, is referred to as altruism and requires 

explanation (Alexander 1974). Cooperative breeding in birds is a case of apparent 

altruism. In cooperatively breeding species, pairs are often assisted in rearing the 

young by conspecific helpers at the nest. The helpers forego all or part of the 

reproductive output they could potentially achieve by breeding on their own (Skutch 

1935, 1961, 1987, Brown 1978, 1987, Woolfenden and Fitzpatrick 1984). 

The Harris's Hawk is a cooperatively breeding bird of prey with a 

distribution ranging from the southwestern United States to Chile (Brown and 

Amadon 1968). Studies of the behavioral ecology of populations in Arizona 

(Mader 1975, 1978; Whaley 1986, Dawson and Mannon 1989, 1991a and b), New 

Mexico (Bednarz 1987a and b), and Texas (Griffin 1976, Brannon 1980) have 

elucidated many aspects of the Harris's Hawk social system, but with the exception 

of papers by Bednarz and his associates (Bednarz 1988, Bednarz and Ligon 1988, 

Bednarz and Hayden 1991), have addressed only in passing the place of the Harris's 

Hawk within the larger theoretical framework. Bednarz (1988) and Bednarz and 



11 

Ligon (1988) made a case for cooperative hunting as the sine qua non of the 

Harris's Hawk social system. The soundness of their argument rests in part on the 

accuracy of their estimates of group size, which have been called into question 

(Dawson and Maiman 1989). Bednarz and Ligon (1988) considered and dismissed 

five ecological models for the evolution of cooperative breeding, using measures of 

vegetation height and density with, by their own admission, questionable relevance 

to Harris's Hawk biology. Bednarz and Hayden (1991) assessed the relevance of 

four theories of parental sex ratio manipulation to Harris's Hawks, using sex ratio, 

hatching data, and abundance of lagomorph prey. As in previous studies of sex 

ratio manipulation in birds (e.g. Gowaty and Lennartz 1985), no direct measurement 

of parental investment in individual offspring was made. While acknowledging the 

pioneering work of Bednarz and colleagues, the present study revisits these 

theoretical issues and attempts to redress deHciencies in the existing data and 

arguments through field research utilizing a different design. This study also 

examines the effect of helpers on the division of parental labor among Harris's 

Hawks. 

The Natural History of the Harris's Hawk 

The Harris's Hawk is a diurnal bird of prey. The adult plumage is dark 

brown with rufous wing patches and a white tail with a single, wide black band 
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(hence unicinctus). Subadults resemble adults, except for white speckling at the 

base of the outer primaries, visible in flight as pale areas on the underside of the 

wings (Hamerstrom and Hamerstrom 1978). Occasionally, a subadult with a 

mottled breast or a finely barred tail is observed. Harris's Hawks are not sexually 

dimorphic in plimiage, but do exhibit the reverse size dimorphism typical of raptors. 

Adult males of the superior subspecies reach a mean mass of 725 grams, adult 

females 1047 grams (Mader 1975). The Harris's Hawk is smaller than the 

sympatric Red-tailed Hawk {Buteo jamaicensis) and has proportionately longer 

wings, legs, and tail, making it more maneuverable in thick brush (Mader 1978). 

The Harris's Hawk has been well-studied only at the northern extreme of its 

range. Populations in Arizona, New Mexico, and Texas are year-round residents of 

arid thomscrub habitats (Mader 1975, GrifRn 1976, Brannon 1980, Whaley 1986, 

Bednarz 1987a, Dawson and Mannan 1991b). A Chilean population inhabits 

chaparral (Jimenez and Jaksic 1993). Harris's Hawks breed in proximity to 

permanent water sources and drink water daily during the warmer months (Dawson 

and Mannan 1991b). The diet consists largely of rodents and lagomorphs, but also 

includes bu-ds, lizards, frogs, fish, insects, and centipedes (Dickey and Van Rossem 

1938, Pache 1974, Mader 1975, Brannon 1980, Whaley 1986, Bednarz 1987a, 

Jimenez and Jaksic 1993). 

The frequency of cooperative breeding and the number of nest attendants 

vary among populations. In Arizona and New Mexico, cooperative breeding is 
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common (46%, n = 50 nests, Mader 1975; 51%, n = 61 nests, Bednarz 1987b; 84%, 

n = 64 nests, Dawson and Mannan 1991a). In Texas, the incidence of cooperative 

breeding is much lower (5%, n = 19 nests. Griffin 1976; 13%, n = 24 nests, 

Brannon 1980). Up to seven attendants have been observed at Arizona nests 

(Dawson and Mannan 1989). Up to five birds have been observed at New Mexico 

nests (Bednarz 1987b). The greatest number of attendants reported at any Texas 

nest is three (Griffin 1976, Brannon 1980). 

Productivity of nests varies between populations. Mean clutch sizes are 

similar in Arizona and New Mexico (2.96, n = 50 nests, Mader 1975; 3.07, n = 11 

nests, Whaiey 1986; 3.01, « = 78 nests, Bednarz 1987b). Mean clutch sizes are 

somewhat smaller in Texas (2.85, n = 20 nests. Griffin 1976; 2.33, n = 24 nests, 

Brannon 1980). The mean number of young Hedged per nest is highest in New 

Mexico (1.93, n = 14 nests, Bednarz 1987b), somewhat lower in Arizona (1.60, n = 

50 nests, Mader 1975; 1.62, n = 319 nests, Whaiey 1986), and lowest in Texas 

(0.83, n = 18 nests. Griffin 1976; 1.37, « = 24 nests, Brannon 1980). In Arizona 

and New Mexico, groups fiedged more young on average (1.95, « = 23 nests, 

Mader 1975; 1.97, « = 30 nests, Bednarz 1987b) than pairs fiedged (1.30, n = 27 

nests, Mader 1975; 1.90, n = 30 nests, Bednarz 1987b). Comparable data is not 

available for Texas. 

The duration of the breeding season and the fi'equency of multiple clutching 

vary between populations and may also vary over time. Data collected in Pinal and 
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Pima Counties, Arizona from 1974 through 1976 indicates that the breeding season 

extends from February through October, with second clutches laid at 11% of nests 

(« = 45, Mader 1975). Data collected in Pinal County, Arizona from 1984 through 

1986 indicates that the breeding extends from January through August, with second 

clutches at 1% of nests (« = 104, Dawson 1988, Dawson and Mannan 1991b). In 

New Mexico, breeding was observed from February through December, and up to 

70% of groups made a second breeding attempt each year (Bednarz 1987a). Data 

collected during 1975 in west Texas indicated that the breeding season extends 

from March through July, with second clutches laid at 12.5% of nests {n= 16, 

Griffin 1976). Data collected during 1979 in south Texas indicated that the 

breeding season extends from February through November, and second broods were 

produced at 45% of nests (n = 11, Brannon 1980). 

Territorial behavior may differ between populations. In Arizona, group 

members remain within 0.8 km of an active nest and expel intruders from within 

500 m of the nest. Dawson and Mannan (1991b) concluded that the Arizona 

population is territorial. In New Mexico, Harris's Hawks defend a 500 m zone 

around nests containing young, but otherwise tolerate conspeciflcs. Bednarz 

(1987b) concluded that the New Mexico population is not territorial. Dawson and 

Mannan (1991b) suggested that differences between populations in territorial 

behavior may be a consequence of the higher nesting density m Arizona (1 nest / 

2.0 km^), compared to New Mexico (1 nest / 4.1 km^). It is also possible that 
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Oawson and Mannan (1991b) and Bednarz (1987b) have differing interpretations of 

similar behavior. Texas home ranges overlap, suggesting relaxed territorial defense. 

In Texas, average home range size is 2.7 km^ (Brannon 1980). 

During the breeding season, Harris's Hawks form groups characterized by a 

linear dominance hierarchy with distinct behavioral roles for each rank (Dawson 

and Mannan 1991a). The ranks are designated a, P, and y, in descending order of 

dominance. Within each rank, the larger females dominate males, and adults 

dominate subadults. Harris's Hawks express dominance by supplanting subordinate 

individuals on their perches and by taking food from subordinates. The most 

dominant individual in any group is the a female. She spends most of her time on 

or near the nest, where she receives prey captured by her subordinates. She 

performs most of the incubation, brooding, shading, and feeding of the young. At a 

few nests, the a female shares nest attendance duties with an a-2 female nearly 

equal in dominance. The a male freely enters the nest and participates in all 

categories of parental behavior. By repeatedly supplanting subordinates, the a male 

excludes P individuals from a 50 meter radius around the nest and y individuals 

from a 150 meter radius. Subordinates of both ranks are active in hunting, 

transporting prey to the nest area, and defense against predators. The a male and 

subordinates often hunt cooperatively. It was originally thought that all |3 

individuals were male (Dawson and Mannan 1991a), but subsequent observation 

revealed a small number of P females (Dawson, personal communication). 
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Individuals occupying the a and P ranks are almost always adults. Individuals 

occupying the P rank are usually not related to the dominant pair. An unpublished 

DNA fingerprinting study by Sheehy, Dawson, and Oishi has shown that P 

individuals can be breeders. The resulting matings may be polygynous or 

polyandrous. Individuals occupying the y rank are usually the offspring of the 

dominant pair. Males may remain as helpers for up to three years, but females 

typically disperse during their first year. Thus, y females are always subadults, but 

y males may be subadult or fiilly adult. 

During the nonbreeding season, Harris' Hawks form social aggregations 

containing individuals from different breeding groups, as well as transients. 

Aggregations may allow groups to evaluate and recruit new members. Recruitment 

has been observed only in groups with no surviving offspring from the previous 

breeding season (Dawson and Mannan 1991b). During the winter months, Harris's 

Hawks that hunt with four or five others obtain more calories per capita than hawks 

hunting with one to three others (Bednarz 1988, Bednarz and Ligon 1988). 

Cooperative hunting could be an important benefit of aggregations. 

Evolutionary Theory and the Harris's Hawk 

Three major bodies of evolutionary theory have been brought to bear on 

cooperative breeding: they are individual selection, kin selection, and group 
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selection. The individual selection approach to cooperative breeding argues that 

helpers receive direct fitness benefits from remaining on their natal territory that 

outweigh the costs of postponing reproduction. The kin selection approach suggests 

that helpers receive indirect fitness benefits by enhancing the survival of siblings, 

which carry copies of the helper's genes. The group selection approach suggests 

that helpers act to maximize both the within- and between-group components of 

their fitness, respectively, by competing with other group members for the 

opportunity to breed and by working to ensiire the survival of all offspring 

produced in their breeding unit. The three approaches to cooperative breeding were 

once viewed as competing alternate explanations, but are now regarded as 

compatible, even to some extent interchangeable, methods of focusing on particular 

aspects of natural selection (see extended review in Appendix A). 

The ecological constraints theory of Steve Emlen (1982, 1994) is the 

dominant individual selection approach to cooperative breeding. This theory 

attributes cooperative breeding to one of two factors: habitat saturation or a harsh, 

variable climate. Under habitat saturation, all suitable habitat is occupied by 

breeding territories. Established breeders may be able to rear young without help, 

but it is difficult for new breeders to become established. In a harsh climate, 

experienced pairs may not be able to breed successfully without helpers, and 

inexperienced pairs are even less likely to raise young. Under both habitat 

saturation and harsh climate, dispersing yoimg would have difficulty breeding and 
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might not survive. Individuals that delay dispersal might benefit from enhanced 

survival, learning parental skills, and in some social systems, recruitment of their 

own future helpers. If habitat saturation applies, helpers might also benefit by 

inheriting the natal territory or by rapidly filling a vacancy among the breeders on 

neighboring territories. Both the habitat saturation and climate scenarios are 

compatible with kin selection theory, which proposes that individuals gain fitness 

through actions that enhance the survival of any relative carrying their genes. For 

diploid organisms such as birds, a sibling that survives due to the care provided by 

a helper is equal in fitness value to an offspring the helper might otherwise have 

produced (Maynard Smith 1964, Hamilton 1964). 

Bednarz and Ligon (1988) provided evidence that the ecological constraints 

model does not apply to the New Mexico Harris's Hawk population. They argued 

that habitat saturation was unlikely, because one or more known breeding territories 

were vacant in each year of the study, and because group size was not correlated 

with any measure of habitat quality. They ruled out the climate theory, because 

group size was not inversely correlated with the availability of lagomorph prey. 

However, the Bednarz and Ligon (1988) data regarding both group size and the 

unportance of lagomorphs in the diet may be flawed (Dawson and Mannan 1989; 

see also Appendix D to this dissertation). Therefore, the relevance of ecological 

constraints to cooperative breeding in Harris's Hawks remains to be determined. 
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Sex ratio bias plays an important role in theories of the evolution of 

cooperative breeding. Male-biased sex ratios are widely observed in cooperative 

breeders, leading Rowley (1965,1981), Maynard Smith and Ridpath (1972), and 

Reyer (1980, 1984, 1986) to hypothesize that cooperative breeding may have 

evolved in response to a shortage of females. In contrast, Steve Emlen et al. (1986) 

proposed the repayment model, which argues that cooperative breeders selectively 

invest in male offspring, because males later repay the investment by serving as 

helpers. The repayment model considers male-biased sex ratios a result, rather than 

a cause, of cooperative breeding. 

Bednarz and Hayden (1991) found a male-biased sex ratio in nestling 

Harris's Hawks, as predicted by Emlen et al. (1986), but also as predicted by 

Fisher's (1930) equilibrium sex ratio hypothesis when applied to a species, such as 

the Harris's Hawk, with reverse size dimorphism. Following the methods of 

Gowaty and Lennartz (1985), Bednarz and Hayden (1991) examined the sex ratios 

of nestlings reared by pairs and groups. If the repayment model holds, pairs should 

produce more males. They did not, and this result was interpreted as support for 

the Fisher hypothesis. Neither Gowaty and Lennartz 1985) nor Bednarz and 

Hayden (1991) attempted to directly measure parental investment or to distinguish 

between parentally-mediated and non-parentally-mediated causes of biased sex 

ratios. The relevance of the repayment model to Harris's Hawks requires further 

testing. 
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Cooperative hunting is a conspicuous feature of the Harris's Hawk 

behavioral repertoire (Mader 1975, Dawson and Mannan 1991a). Bednarz and his 

associates (Bednarz 1988, Bednarz and Ligon 1988, Faaborg and Bednarz 1990) 

have suggested that cooperative hunting plays the same central role in the Harris's 

Hawk social system as in the social systems of mammalian carnivores. The hawks 

are dependent on large prey items, which are more readily killed and defended by 

large groups than by small groups or pairs of hawks. Thus, groups containing five 

or six individuals are able to meet their energetic needs, while smaller groups have 

a lower, and possibly inadequate, per capita caloric intake. Under this scenario, the 

need for cooperative hunting is the driving force behind the evolution of sociality in 

Harris's Hawks. This argimient relies on an assessment of the Harris's Hawk diet 

based on prey remains found in nests (Bednarz 1987a), a method now known to 

overcount large prey items and undercount small items (Simmons et al. 1991). 

Direct observation of prey deliveries to the nest has long been considered the most 

accurate method of assessing the diet of predatory birds (Snyder and Wiley 1976, 

Sitter 1983, Collopy 1983). However, only one published study of prey deliveries 

to Harris's Hawk nests exists, and that is a study of two nests (Mader 1975). A 

more accurate appraisal of the Harris's Hawk diet is needed in order to determine 

whether the importance of cooperative hunting may have been overstated. 

Unlike many birds that provide biparental care of the young, birds of prey 

exhibit a pronounced division of labor between the sexes. During incubation and at 
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least the Hrst half of the nestling period, the female cares for the eggs and young, 

while the male hunts and delivers prey to the nest (Brown and Amadon 1968, 

Snyder and Wiley 1976, Newton 1979, Muller and Meyer 1985). It has been 

suggested that the female attends the nest, because she is a more formidable 

defender than her smaller mate (Storer 1966, Reynolds 1972, Snyder and Wiley 

1976, Andersson and Norberg 1981, Cade 1982, Whaley and White 1994). If so, 

the female might adjust the time she spends attending the nest to the degree of 

predation risk. In particular, a female Harris's Hawk might spend less time 

attending the nest if she has helpers to assist in nest defense. 

Explanation of Dissertation Format 

This dissertation is in the format of manuscripts intended for submission to 

scientific journals. Appendix A is formatted for the Journal of the History of 

Biology, Appendices B and C are formatted as papers for the Auk, and Appendices 

D and E are formatted as short communications for the Auk. I am the sole author 

of the papers contained in Appendices A through E. None of the papers was 

submitted for publication prior to the Hnal defense of this dissertation. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the 

papers contained in Appendices B through E to the dissertation. The major findings 

of these papers are summarized below. 

In Appendix B, I evaluate the ecological constraints theory (Emlen 1982, 

1994), as applied to a population of Harris's Hawks nesting in Sonoran upland 

habitat in southeastern Arizona. I assessed habitat saturation by making a minimum 

of four visits to each breeding territory utilized during prior years of the study. I 

also trapped rodents on 39 territories utilized in 1988 and 1990. A substantial 

proportion of territories was not used for breeding each year, and the pattern of 

territory occupancy did not correspond to the availability of prey on individual 

territories. These results did not support the habitat saturation portion of the 

ecological constraints model. A more sophisticated approach to the relationship 

between habitat and delayed dispersal is provided by the threshold of dispersal 

models. These models postulate continuous variation in age of dispersal of the 

young, corresponding to continuous variation in habitat quality (Koenig et al. 1992). 

Dispersal occurs later and therefore group size should be larger on better territories. 

In order to test threshold models, I determined the reproductive success, group size, 

and habitat quality for 45 nesting attempts made between 1986 and 1990. I found 

no significant difference in the size of groups nesting on good and poor habitat. 
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except in 1989, when groups on poor habitat were larger. I also found no 

difTerence in reproductive success between the two habitat types. These results do 

not support the threshold of dispersal concept. To evaluate the effect of a harsh 

and variable climate, I obtained precipitation and temperature data from the nearest 

U.S. Weather Service Station at the Casa Grande National Monument, 22 km 

WNW of the study area. Reproductive success declined under the hot, dry 

conditions that prevailed in 1990, and the decline was greater for pairs than groups. 

These results support the climate portion of the ecological constraints model. 

Habitat saturation and harsh climate are complementary aspects of the model; they 

are not expected to operate simultaneously. Therefore, the results support the 

ecological constraints model in its entirety. 

In Appendix C, I test two theories of parental investment, equal overall 

investment in the sexes (Fisher 1930) and the repayment model (Emlen et al. 1986). 

Because Harris's Hawk males are the smaller, less costly sex and the helping sex, 

both theories predict a male-biased sex ratio. The sex ratio of 87 young fledged 

from 1986 to 1990 was 1.17S males/females, which does not differ significantly 

from unity. However, in 1990 only males survived. This raises the possibility that 

Harris's Hawk sex ratios become more male-biased in years of little rainfall, high 

temperatures, and reduced prey availability, such as 1990. According to Fisher 

(1930), equal parental investment in the sexes results m the production of more of 

the cheaper sex. The sex ratio at the termination of parental care should reflect the 
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relative cost of the sexes. Pooling the published Harris's Hawk fledgling sex ratios 

(Brannon 1980, Bradshaw and Coulson 1988, Bednarz and Hayden 1991), I 

calculated a ratio of 1J8 males/females. That means individual females should 

receive 1.38 times as much parental investment as their male nestmates. According 

to Emlen et al. (1986), the cost of rearing the males in a brood is determined by the 

formula 

mC„ = 1/2 C[1 + (Pm)ot/2] 

where mC„ is the cost of males, C is the total cost of the brood, Pm is the expected 

number of male helpers, and aJl is the increase in the number of surviving young 

due to each helper. Substituting values derived from my data, that means the males 

in a mixed-sex brood should receive 59% of the parental investment. Using bites 

of food offered to individual nestlings as the measure of parental investment, I 

found that dominant females fed individual female offspring more than males, as 

predicted by Fisher (1930), while lower-ranking females fed female nestlings even 

more than predicted by Fisher. Reverse sexual dimorphism therefore outweighs the 

future value of helpers as a determinant of feeding patterns in Harris's Hawks. 

In Appendix D, I compare an assessment of the Harris's Hawk diet obtained 

by direct observation of hawks consuming prey at 41 nests with an assessment 

obtained by examining prey remains left in 18 nests, and with previously published 

reports of prey remains (Mader 1975, Whaley 1986, Bednarz 1987a). I report that 

all four studies of prey remains overestimate the number of large prey items in the 
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diet, as predicted by Whaley (1986) and Simmons et al. (1991). I therefore 

question the assertion that "lagomorphs obtained by cooperative hunting must be 

crucial to the daily energetic budget and fitness of individual Harris's Hawks" 

(Bednarz 1988). I also report that Harris's Hawk groups vary in the percentage of 

avian prey in the diet and that this percentage was overestimated in a previous 

study of feeding habits at two nests (Mader 1975). 

In Appendix E, I test the effect of helpers, cryptic nests, and increasing age 

of young, all thought to reduce predation risk, on nest attendance by dominant 

female Harris's Hawks. I report that nest attendance was decreased at cryptic nests, 

but was unaffected by other factors. I also compare shading behavior at a cryptic 

nest and a conspicuous nest. The female at the conspicuous nest spent 23 to 61% 

of her time shading the young; her nest was fully exposed to sim. The female at 

the cryptic nest spent no time shading the young; her nest was never fully exposed 

to sun. I conclude that protecting the young from sun, rather than from predators, 

may account for the observed differences in attendance at cryptic and conspicuous 

nests. I describe 39 incidents in which Harris's Hawks defended their nests against 

heterospecific predators. I conclude that the dominant female plays a central role in 

defense in this species. Dominant females were particularly aggressive in their 

attacks on coyotes (Cams latrans) and Turkey Vultures (Cathartes aura). 



APPENDIX A 

AVIAN COOPERATIVE BREEDING AS A TEST FOR THEORIES OF 

SELECTION: FROM CONTROVERSY TO EMERGING CONSENSUS 
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For the past thirty years, the study of avian cooperative breeding' has 

generated a series of acrimonious controversies between proponents of three schools 

of evolutionary thought: individual, kin, and group selection. Each school treats 

altruism, or the sacrifice of personal fitness for the benefit of another organism, as 

an important challenge to the paradigm of natural selection. Each school offers 

mechanisms for the evolution and maintenance of apparent altruism. Cooperative 

breeding has been considered an important "test case"^ for theories of altruism, 

because the subordinate individuals in each breeding unit achieve little or no 

reproductive success, yet they care for the offspring of the group, which in practice 

usually means the offspring of a dominant pair.^ 

KESr SELECTION 

The kin selection approach to avian cooperative breeding traces its roots to 

the geneticist JJB.S. Haldane, who stated that altruism could spread in a small 

population if the costs of altruism were low relative to the benefits and if the 

benefits were allocated primarily to close relatives. Haldane illustrated his remarks 

with a colorful and often repeated tale about rescuing drowning children from a 

flooded river.^ A low cost/benefit ratio and close kinship between altruists and 

their beneficiaries became fimdamental assumptions of later formal models of kin 
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selection. Theoretician John Maynard Smith coined the term "kin selection,"^ 

which later became identified with WJ). Hamilton's explanation for sterile castes in 

Hymenoptera. In its simplest form, Hamilton's rule states that apparently altruistic 

behavior can evolve if rb > c, where r is the coefficient of relatedness between the 

altruist and the recipient of altruism, b is the benefit to the recipient, and c is the 

cost to the altruist/ As applied to cooperative breeders, Hamilton's rule implies 

that a full sibling is genetically of equal value to an offspring, because in the 

absence of inbreeding, the average value of r is 1/2 in both cases. Therefore, a 

young bird confronted with the choice of dispersing to breed or remaining on its 

natal territory to help its parents rear siblings should help whenever the number of 

siblings it can help rear, over and above the siblings its parents could rear unaided, 

exceeds the number of offspring it could produce by dispersing and breeding on its 

own. 

Despite the difficulty of estimating the values of b, c, and r in free-living 

populations, data from several cooperatively breeding species satisfy Hamilton's 

inequality.^ In many additional species, helpers are closely related to breeders, 

which has been interpreted as support for kin selection. However, there is also 

ample evidence that avian helpers obtain direct benefits from remaining on their 

natal territory, if not from helping per se} The extreme anti-kin selection position 

is that any direct benefits to helpers render kin selection moot. In this vein, David 

Ligon argued that kin selection theory assumes altruism. Therefore, kin selection 
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cannot apply to cooperative breeding unless the helpers bear a cost to their direct 

fitness.' Woolfenden and Fitzpatrick pointed out that the relative magnitude of 

direct and indirect benefits to helpers had never been measured prior to their long-

term study of the Florida scrub jay (Aphelocoma coerulescens coerulescens). They 

concluded that direct benefits, i.e. individual selection, are sufficient to explain 

cooperative breeding in this species, despite the fact that helpers are usually the 

offspring of breeders.'" A fiuther problem for kin selection is its failure to account 

for cases of cooperative breeding in which the helpers and breeders are unrelated. 

GROUP SELECTION 

An alternate approach to the genetics of altruism was provided by group 

selection theory. J3.S. Haldane provided the first mathematical model of group 

selection. He concluded that the spread of altruism was unlikely except in very 

small groups and was therefore not an important evolutionary process.'' Sewall 

Wright provided another early mathematical model of group selection, assuming a 

population divided into small demes with low migration rates. Wright believed that 

group selection was the only route to fixation of an altruistic allele.'^ George 

Gaylord Simpson rejected the Wright model on the grounds that the population 

structure rarely occurred in nature.'^ For a quarter-century, no further models were 
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proposed. However, nonmathematical group selection theories were widely 

accepted. The ethologist V.C. Wynne-Edwards coined the term "group-selection"" 

and elaborated the thinking implicit in much of the previous literature on social 

behavior. He stated that animal populations differ in then: ability to avoid 

extinction, that longevity at the population level is achieved by avoiding the 

overconsumption of resources, that social behavior is the means by which animals 

assess and regulate their population size in relation to available resources, and that 

successful populations are those containing altruistic individuals that voluntarily 

forego breeding. Wynne-Edwards departed from received wisdom and became a 

lightning rod for criticism with the assertion that all social behavior is due to 

selection at the group level.Nonmathematical group selection theories were 

discredited when G.C. Williams pointed out that individual selection offered a more 

parsimonious explanation for the behaviors involved in population regulation.'^ 

During the 1970's, group selection and Wynne-Edwards became objects of derision 

among biologists. By the late 1980's, Alexander Skutch, who was first to report 

cooperative breeding in the ornithological literature, remained alone among 

important figures in the field in his adherence to the nonmathematical approach to 

group selection.'^ 

Despite the widespread influence of Williams's arguments, two new schools 

of group selection sprang up during the 1970s. The interdemic school was 

represented by Levins," Boorman and Levitt," Levin and Kilmer," Gilpin,^' and 
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others who formulated new mathematical approaches to the problem of differential 

extinction rates among populations. Models emphasizing extinction rates were 

reviewed by D.S. Wilson, who concluded that the initial conditions were so 

restrictive that the models had limited applicability to the natural world.^^ Maynard 

Smith approached group selection from a different angle, emphasizing differences in 

productivity, rather than extinction, in his haystack model. In this model, a general 

population divides into groups, and several rounds of selection take place. In each 

round, the groups grow in proportion to the frequency of the altruistic allele within 

the group, but that frequency simultaneously decreases. After several rounds of 

selection, the groups reunite into a general population, and the population frequency 

of the altruistic allele is recalculated." The haystack model strongly influenced the 

thinking of D.S. Wilson^* and other theorists in the structured deme" or 

intrademic^® school of group selection, including Price," Matessi and Jayakar,^' 

Chamov and Krebs," and Cohen and Eshel.^° The general conclusion from the 

intrademic models is that altruism can spread under a wide variety of conditions. 

Unlike the extinction rate models, the intrademic models are biologically 

plausible.^' A biologically plausible model of interdemic selection between 

permanently separated lineages has been proposed by Avil^s.^^ Differential 

productivity plays a major role in this model; differential extinction is involved to a 

lesser extent. 
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It is doubtful that interdemic models of group selection can be applied to 

most cooperatively breeding birds. The models stipulate isolation of groups for 

generations, but outbreeding is the rule among birds, including most cooperative 

breeders. A possible exception is the Mexican jay (Aphelocoma ultramarina), in 

which both sexes have extremely low dispersal rates." Similar dispersal patterns 

could exist in other species of jays living in groups large enough to contain 

multiple breeding pairs. The gray-crowned babbler (Pomatostomus temporalis^* 

and the acorn woodpecker (Melanerpes formicivorus)" also exhibit high between-

group variance in allelic frequencies, suggestive of multi-generational isolation. 

These results, although interesting, have had little influence on the avian 

cooperative breeding literature. 

Intrademic models of group selection have strong mathematical affinities 

with kin selection" and are therefore relevant to avian cooperative breeding. 

Unfortunately, neither the inter- nor intrademic models of group selection have been 

tested with respect to cooperative breeding. Glen Woolfenden, in an approach 

typical of strong proponents of individual selection, simply extended his critique of 

kin selection to group selection, without considering group selection in any detail.^^ 
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INDIVIDUAL SELECTION 

The individual selection approach to cooperative breeding is far less 

cohesive than kin selection or even group selection theory. To the extent that there 

is an organizing principle in this area, it is provided by the ecological constraints 

theory of Stephen Emlen.^' The provocative theories of parent-offspring conflict^' 

and parental manipulation*" were largely formulated in response to kin selection 

theory. Reciprocity theory is an outgrowth of game theoretical models of 

evolutionarily stable strategies, as defined by Maynard Smith and Price/' 

Reciprocity is the least controversial of the many approaches to avian cooperative 

breeding, possibly because it is easily combined with other theories. The obvious 

afGnities between reciprocity and individual, kin, and group selection may have 

served to mute the response by proponents of each of these views. 

Parent-offspring Conflict 

Robert Trivers's well-known paper on parent-offspring conflict addressed 

parental molding of altruistic behavior.*^ Trivers based his argimient on Hamilton's 

rule,*^ while noting that offspring are fiilly related to themselves. Therefore, costs 

and benefits to the offspring itself are counted at full value, while costs and benefits 

to kin are discounted by the coefficient of relatedness. Thus, an offspring should 
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act altruistically towards a sibling whenever B > 2C, where B is the benefit to the 

sibling and C is the cost to the altruist. The parents are equally related to both 

offspring; parents should encourage altruistic acts among offering whenever B > C. 

Parent-offspring conflict arises whenever 2C > B > C. Parents should act to induce 

altruism from unwilling offspring under these conditions. This argvunent works 

well when the currency of costs and benefits are identical. That is, an offering 

should value its own survival over the survival of a sibling, or its own reproductive 

success over the success of a sibling. But Trivers failed to demonstrate that an 

individual should value its reproductive output (at r = 1/2 for diploid, sexual 

organisms) over the survival of a sibling (also valued at approximately r = 1/2). 

Trivers's analysis of parent-offspring conflict has therefore not been applied to 

cooperative breeders in a specific mathematical sense. However, his paper remains 

justly famous for focussing attention on the conflict that exists amid apparent 

harmony, even in allegedly cooperative societies. 

Parental Manipulation 

Richard Alexander proposed parental manipulation as an alternative to both 

kin and group selection.^ Building on RA. Fisher's suggestion that parents 

maximize their reproduction by manipulating the sex ratio of their offering, 

Alexander argued that parental manipulation could be applied to other offspring 
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traits, including altruism. Parents could treat some offspring as parental investment 

in other offspring, inducing sterility and helping behavior in altruists, or even 

killing altruists and feeding them to the recipients of altruism. The only 

requirement for the evolution of parental manipulation is that it increase the 

reproduction of the parents. Altruists need not benefit. Hamilton's assumption that 

benefits must be discounted by the coefficient of relatedness^ is relaxed. Parental 

manipulation has some appeal as an explanation for eusociality in insects, 

particularly as it obviates the problems of ploidy and multiple inseminations. 

However, the hypothesis is difficult to test using either social insects or 

cooperatively breeding birds, because both exhibit low levels of intragroup 

aggression. Helping behavior in many avian species does not appear to be coerced 

or even elicited by the breeders. An exception to this rule is provided by the few 

cooperatively breeding species in which parents and offspring nest in close 

proximity, such as the colonial white-fronted bee eater (Merops bullockoides)" and 

the plural-nesting Mexican jay.^' In these species, parents actively harass offspring 

attempting to breed, often causing the failure of the offspring's nesting attempt, with 

the consequence that the offspring serves as a helper at the parental nest. There is 

also some empirical support for sex ratio manipulation among cooperative breeders. 

Breeders with few helpers may selectively produce more of the sex that remains as 

helpers^' or more of the sex that is less expensive to produce.^" An additional 

weakness of the theory of parental manipulation is that, like kin selection, it fails to 
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address the issue of unrelated helpers in birds. 

Reciprocity 

Game theory provides yet another approach to altruism. Trivers proposed 

the game of Prisoner's Dilemma as a metaphor for the spread of cooperation 

through reciprocity.^' Prisoner's Dilemma pairs two individuals, each of whom is 

free to cooperate or defect on each round of the game. Players may use 

information about their partner's past behavior as the basis for choosing their 

current move. The payoffs are structured such that T>R>P>S, where T is the 

temptation received by a player who defecte while the other player cooperates, R is 

the reward received by both players if both cooperate, P is the punishment received 

by both players if both defect, and S is the sucker's payoff received by a player 

who cooperates while the other player defects. Axetrod and Hamilton devised a 

simulated tournament in which "players" following different strategies were pitted 

against each other.^^ The strategy "All-D," or always defect, was highly successful 

under all conditions. "All-D" was considered a model of selfishness triumphing 

under individual selection. The strategy "Tit-for-Tat," in which a player replicates 

the partner's move on the previous round, was highly successful given a high 

probability of another round involving the same partners. The "Tit-for-Tat" results 

were interpreted as support for Trivers's suggestion that cooperative behavior can 



37 

evolve through reciprocity/^ with the proviso that individuals interact repeatedly 

and are able to reward cooperators. 

The game theory approach is compatible with both kin selection and group 

selection. As always imder group selection, cooperative individuals reap lower 

payoffs than selfish individuals, but groups containing cooperators reap higher 

payoffs than groups containing only the selfish/^ As expected under kin selection, 

benefits are maximized by helping kin, at least initially. When a cooperative allele 

first arises, all individuals who possess the allele are close relatives. These 

individuals reap the greatest benefits if they interact only with each other, as might 

happen if the population were viscous or family-structiured. However, cooperation 

could spread in any type of population structure if the organisms have the ability to 

recognize cooperators and reciprocate. In the latter scenario, the spread of 

reciprocity could result at least in part from learning, rather than gene frequency 

change. Thus, game theory could predict the evolution of cooperation in birds with 

or without close genetic ties. 

In the broadest sense, any evidence that both helpers and breeders benefit 

from avian cooperative breeding can be considered evidence of reciprocity. 

Examples of this approach may be found in papers by David and Sandra Ligon." 

In a much more restricted sense, the Browns have reported the simultaneous 

reciprocal exchange of parental care by breeders at different nests on the same 

group territory.^® Criticism of the applicability of reciprocity to avian cooperative 
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breeders has been relatively mild, reaching its utmost severity in the suggestion of 

James Smith that "non-reciprocal benefits of cooperation may apply, and Occam's 

razor should perhaps give these precedence over reciprocity."^' 

The Ecological Constraints Theory 

The ecological approach assumes that delayed dispersal of the young 

evolved prior to helping behavior. Field studies and reviews of avian cooperative 

breeding have identified three factors that could select for delayed dispersal: stable 

habitat in which all suitable breeding territories are occupied;^' harsh, variable 

habitat;^' and skewed sex ratio.®" Stephen Emlen's ecological constraints theory 

unified these disparate observations by suggesting that all three factors reduce the 

reproductive success of first-year birds.®' If the chances of successful reproduction 

or even survival are minimal away from the natal territory, then philopatry is the 

selfish strategy. Once the young fail to disperse at the end of postfledging 

dependency, helping could arise by several routes. 

In one scenario, juveniles help because it enhances their individual fitness. 

The proposed benefits to helpers are varied and not necessarily compatible with 

each other. By feeding, defending, or otherwise tending the current brood, 

juveniles may purchase the breeders' tolerance of their presence and access to the 

resources on the natal territory." Helpers may enhance their future reproductive 
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success by honing their parental skills, although Stephen Emlen and Sandra 

Vehrencamp doubted that helping could more effectively teach these skills than 

actual breeding. In addition, the duration of helping in many species exceeds even 

a generous estimate of the time necessary to master parental skills.^^ Amotz Zahavi 

made the controversial suggestion that "helping" may actually harm the current 

brood, as the inexperienced juveniles may remove nest material, injure nestlings, or 

attract predators to the nest. The damage may be unintentional, but it could serve 

the helpers' interests by eliminating younger siblings which would have become 

competitors for the resources on the natal territory." Helpers may also compete 

directly for breeding opportunities, via egg tossing, nest parasitism, and sneaky 

copulation. Helpers may accrue enhanced dominance status with each passing 

mating season; in time, a helper may have sufficient status to bud off part of the 

natal territory, usurp the entire territory, or supplant one of the breeders. Helpers 

may form bonds with younger siblings, leading to the recruitment of same-sex 

siblings to form a breeding coalition. Breeding coalitions are an unportant strategy 

for species that breed in saturated habitats where individuals have difficulty 

claiming and retaining control over a territory.'^ 

In a second scenario, breeders tolerate juvenile helpers, because they 

enhance the individual fitness of the breeders. Helpers may enhance the survival of 

the current brood, especially in the event one or both breeders dies. If the helpers 

are themselves offspring of the breeders, helpers may be tolerated even if their 
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"help" compromises the survival of the current brood. If breeders must choose 

between the survival of older and younger offspring, their best strategy is to favor 

the older offspring, as the older offspring are closer to becoming breeders 

themselves.^ Breeders may also realize indirect fitness benefits by giving their 

older offspring an opportunity to learn parental skills. 

Another scenario involves benefits for all members of the group. Groups 

may be better at obtaining and holding choice territories, especially if breeding 

habitat is saturated. In addition, group membership may confer similar benefits to 

flock and colony membership. Groups may be better than pairs at finding and 

exploiting patchy food resources and at detecting and defending against predators.'^ 

However, flock-like benefits of group living are presumably minimal for 

cooperatively breeding species that utilize evenly distributed food resources or that 

suffer increased predation on nestlings due to the conspicuous nest attendance of 

juvenile helpers." 

The Benefits of Philopatry Hypothesis 

In contrast to the ecological constraints theory, the benefits of philopatry 

hypothesis of Peter Stacey and David Ligon considers constraints on first-time 

breeders universal among birds and therefore not particularly important to 

cooperative breeders. Instead, benefits to offspring that delay dispersal are seen as 
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the driving force behind the evolution of cooperation.^' Despite efforts by the 

philopatry camp to emphasize the distinction between the two theories, the models 

differ primarily with respect to the relative emphasis placed on costs and benefits. 

Koenig et al. demonstrated that both hypotheses could be integrated into a single 

graphical model of the threshold of dispersal.^" Emlen characterized the 

differences between the hypotheses as merely semantic, then restated his position 

that the benefits of group living must have evolved secondarily, after social group 

formation. In effect, Emlen attempted to collapse the benefits of philopatry 

hypothesis into the ecological constraints theory.^' It remains to be seen whether 

the philopatry camp will offer a rebuttal. 

THE NONADAPTATIONIST HYPOTHESES 

Misdirected Parental Care 

The misdirected parental care hypothesis considers helping behavior an 

unintended consequence of selection for true parental care. According to this 

approach, helpers are much like the host parents in brood parasitism. Both helpers 

and hosts provide parental care, because the presence of begging young elicits a 

feeding response.^ Strong selection for parental care overwhelms selection against 

helping or hosting a parasite, but helping itself is not selected.^ Helping provides 
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no benefits to the helper, but may also cost the helper very little/* This 

explanation is most often invoked for species m which helping is occasional, occurs 

following nest failure, or is directed at other species.^^ However, Jamieson 

extended the misdirected parental care argument to all cases of helping. Jamieson 

viewed misdirected parental care as obviating all other explanations, but reserved 

especial scorn for kin selection.^^ This extreme position is a logical outgrowth of 

Jamieson's earlier advocacy of developmental, rather than fimctional, approaches to 

behavior, in particular his desire to abolish the distinction between ultimate and 

proximate causes of behavior." Ligon and Stacey responded with several papers 

suggesting that Jamieson's approach could be a valuable adjunct to adaptationist 

explanations of cooperative breeding, but could not replace them.^' Ligon and 

Stacey maintained that the origin of a trait and its current functional significance 

are appropriately viewed as separate levels of analysis, in the tradition of 

Tinbergen^' and Sherman.*" Emlen and his colleagues at Cornell concurred in the 

view that Jamieson had confounded questions of evolutionary origin and current 

utility.*' Empirical evidence supporting the misdirected parental care hypothesis 

was provided by Du Plessis. He showed that adult green woodhoopoes 

(Phoeniculus purpureus) feed nestlings regardless of genetic relationships. Feeding 

rates are unaffected by the experimental substitution of unrelated young in a brood, 

or by the length of tenure of nonbreeding helpers in a group.'^ In contrast, Ligon 

and Stacey presented evidence that allofeedmg has been shaped by natural 
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selection. Cooperatively breeding acorn woodpeckers do not feed hungry nestlings 

indiscriminately. Helpers that join a group before eggs are laid have some chance 

of breeding and will participate in feeding the young. Helpers that join a group 

after eggs are laid have no chance of breeding; they do not feed and may even kill 

the nestlings.*^ Emlen et al. summarized the evidence that the behavioral role of 

helpers has diverged from the role of parents in four additional cooperatively 

breeding avian species.*^ Jamieson agreed that the data cited by Emlen et al. are 

not consistent with his predictions, but he contended that the four species are 

colonial or plural nesters and are therefore atypical of the majority of cooperative 

breeders." Jamieson's rebuttal, like his earlier papers, &ils to address single-nesting 

species in which the behavioral roles of dominant and subordinate individuals 

differ, for example the Harris's Hawk {Parabuteo unicinctus) in which helping 

usually consists of hunting and territorial defense, but not feeding Ae nestlings." 

The Phylogenetic Approach 

Another source for the suggestion that helping might be nonadaptive is the 

phylogenetic approach. Edwards and Naeem determined that, at least in some 

lineages, cooperative breeding long predated colonization of arid, nonseasonal 

environments. These results were presented as a challenge to Emlen's ecological 

constraints theory." However, Emlen proposed two alternate ecological scenarios: 
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a harsh, unpredictable climate typical of arid regions and habitat saturation typical 

of stable environments such as the tropics." Demonstrating that one of these 

conditions did not apply to some of the many independent evolutionary origins of 

cooperative breeding does not constitute adequate refutation of ecological 

constraints. David Ligon, also a proponent of the phylogenetic approach, argued 

that an ecological perspective might be appropriate for cases in which cooperative 

breeding is a recently derived trait, but not for cases in which the trait is widely 

distributed throughout a genus or higher-order taxon, suggesting an ancient 

evolutionary origin." Although the phylogenetic approach quite correctly 

distinguishes between the evolutionary origin and the current adaptive significance 

of cooperation, it is hardly reasonable to assume that ecological principles did not 

operate in the past, simply because we lack data regarding the habitat and climate 

in which each of the independent evolutionary origins of cooperative breeding 

occurred. A thorough assessment of the role of phylogeny in establishing current 

patterns of avian sociality is at present hampered by the lack of an accepted 

phylogeny of birds.*® 
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THE EMERGING CONSENSUS 

Levels of Selection 

While Williams," Ligon,'^ Woolfenden and Fitzpatrick," sought to establish 

the primacy of individual selection over forms of selection they deemed less 

important, others sought to create a framework that could accommodate the 

simultaneous operation of different types of selection. Sociobiology founder E.O. 

Wilson placed individual, kin, and group selection on a continuum.'^ Ornithologist 

Sandra Vehrencamp'' cited Wilson with approval and went on to formulate a model 

of skewed reproductive success in cooperative societies in which the relative 

weights of individual, group, and kin selection can be calculated. The model also 

provides a decision rule for choosing between relatives and nonrelatives as helpers, 

while simultaneously determining whether the helpers will be permitted to breed. 

Both decisions are largely based on the difference between the fitness of solitary 

breeders and the fitness of subordinates in groups, the sine qua non of the 

ecological constraints approach.®^ Other ornithologists, including Brown," 

Emlen,^ and Skutch,'^ have suggested that individual, kin, and group selection 

might work in concert to favor cooperative breeding. Woolfenden and Fitzpatrick, 

although firmly in the individual selection camp, have stated that "kin selection can 

in certain cases cause a strategic shift from early dispersal to helping."'"" 
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The rapprochement between ornithologists aligned with different theories of 

selection is part of a larger shift in thinking among behavioral ecologists. 

Vehrencamp's'"' finding of a mathematical correspondence between D.S. Wilson's 

trait group selection model'°^ and a Chamov and Krebs model of individual 

selection was echoed by other investigators' demonstrations of mathematical 

equivalence between individual, kin and intrademic group selection/*^ D.S. Wilson 

coined the term "levels-of-selection framework" to describe an approach in which 

individual, kin, and group selection are viewed as compatible, rather than 

competing, theories.'" Wilson and Elliott Sober'"*' elaborated on this theme, 

arguing that if we accept Dawkins's"" argument that genes are the only true 

replicators, and if we accept organisms as merely ephemeral vehicles of selection, 

then there is no logical reason why groups cannot also be vehicles. Dugatkin and 

Reeve"" presented the clearest verbal arguments to date for the compatibility of 

individual and group selection. In theu* view, individual selection in the broad 

sense is concerned with the population-wide average fitness of mdividuals. 

Intrademic group selection partitions the variance in fimess into its within-group 

and between-group components. The within-group component is also referred to as 

individual selection, narrow sense. The semantic confusion between the broad and 

narrow senses of individual selection leads to an apparent conflict between 

individual and group selection. However, the conflict can be resolved by regarding 

between-group selection as part of the larger mechanism of broad-sense individual 
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selection. Dugatkin and Reeve also presented an argument, with supporting 

examples from field studies, that statements about fitness couched in the language 

of broad-sense individual selection can be translated into the language of group 

selection. They suggested that behavioral ecologists can benefit from looking at 

both levels of selection. 

Alternate Routes to Sociality 

Another way to frame the issue, entirely compatible with the levels of 

selection approach, is the idea that different forms of selection predominated in the 

evolutionary histories of various cooperatively breeding taxa. Jerram Brown refers 

to this perspective as "alternate routes to sociality.""" Although the proponents of 

the phylogenetic approach have been sharply critical of adaptationism, their papers 

also propose multiple routes to sociality and actually accept ecological explanations 

for certain recently-evolved instances of cooperative breeding. Ligon's analysis of 

the phylogenetic data on cooperatively breeding North American woodpeckers led 

him to accept ecological constraints as important to the red-cockaded woodpecker 

{Picoides borealis), although not to the acorn woodpecker."" Edwards and 

Naeem'" invoked Sherman's concept of levels of analysis"^ as a framework that 

could accommodate both their phylogenetic inertia hypothesis for the evolutionary 

origin of cooperative breeding and ecological theories pertaining to the current 
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adaptive value of the behavior. 

CONCLUSION 

Consensus has not yet been reached regarding the type of selection, if any, 

responsible for avian cooperative breeding. However, a tone of restraint pervades 

much of the recent literature in the field. Frequent use of the terms "multiple 

routes to sociality," "levels of analysis," and "levels of selection" signals a growing 

acceptance of multiple perspectives. The current detente among ornithologists who 

were formerly avid proponents of competing theories of selection is welcome and 

appropriate. Given the growth in our knowledge of avian social systems, a student 

of cooperative breeding can only devise an empirical argimient supporting a narrow 

interpretation of individual, kin, or group selection by citing favorable evidence, 

while minimizing the importance of contrary evidence, the "advocacy method" 

condemned by E.O. Wilson."^ The levels-of-selection framework offers the best 

available method of accounting for cooperative breeding in all its complexity and 

diversity. 
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FOOTNOTES 

' Avian cooperative breeding comprises all mating systems in which 

additional individuals aid the parents in caring for a brood. The breeding unit 

typically contains a dominant pair and one or more subordinate individuals. One of 

the many areas of controversy in the avian cooperative breeding literature is 

terminology describing the subordinates. "Helpers at the nest" or simply "helpers" 

was first proposed by Alexander F. Skutch ("Helpers at the Nest," Condor, 52 

[1935], 257-273) to describe all adults and subadults that provide assistance to 
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APPENDIX B 

ARE HARRIS'S HAWKS IN SOUTHEASTERN ARIZONA ECOLOGICALLY 

CONSTRAINED TO BREED COOPERATIVELY? 
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ABSTRACT.—Stephen Emlen's (1982) ecological constraints theory attributes 

ail cases of cooperative breeding to one of two factors: habitat saturation or a 

harsh, variable climate. A population of cooperatively breeding Harris's Hawks 

{Parabuteo unicinctm) in Southeastern Arizona did not saturate its breeding habitat, 

but was subject to the rigors of a harsh desert climate. Mean reproductive success 

was similar for pairs and groups in breeding seasons preceded by moderate rainfall. 

Mean reproductive success of pairs declined precipitously in a breeding season 

preceded by very low rainfall, yet reproductive success of groups with helpers 

remained relatively stable, suggesting that helping is favored under harsh 

conditions. High temperatures in June 1990 may have contributed to the unusually 

high rate of nest failure in that year. 

THE ECOLOGICAL CONSTRAINTS theory (Emlen 1982, 1994) posits delayed 

dispersal of the young from the natal territory as a necessary precondition for the 

evolution of cooperative breeding. Delayed dispersal should be selected for 

whenever young birds have little chance of breeding, or perhaps even surviving, 

away from the natal territory. Two factors are considered paramount in restricting 

opportunities for first-time breeders; saturated breeding habitat and a harsh, 

variable climate. As originally conceived, habitat saturation meant that all suitable 

breeding habitat was occupied by territorial conspecifics (Selander 1964). Some 

testable predictions of the habitat saturation model are (1) the breeding habitat or 
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nest sites are in limited supply, (2) breeding does not take place on suboptimal 

habitats or in suboptimal nest sites, and (3) territorial vacancies are rapidly filled. 

These predictions have been incompletely addressed for the cooperatively 

breeding Harris's Hawk. Whaley (1986:fig. 1) foimd Harris's Hawks nesting 

primarily in the Arizona Upland Division of the Sonoran Desert, but occupying less 

than 20% of this habitat type. It is likely that large tracts of Sonoran Upland 

habitat are unsuitable for Harris's Hawks, due to the lack of surface water (Milsap 

1981). However, territorial Harris's Hawks do not defend water sources; water 

sources are typically utilized by the occupants of all nearby territories. Thus, water 

is not a limiting resource in the sense mtended by Selander, Emlen, and other 

proponents of habitat saturation. Nonetheless, there may be energetic limits on the 

distance hawks can "commute" to a water source (Dawson and Mannan 1991b). It 

remains unclear whether Prediction 1 holds. 

Prediction 2 implies dependence on a particular nesting habitat. However, 

the Arizona population of Harris's Hawks has twice altered its nesting habits to take 

advantage of habitats altered by human activities. Nest records from the first half 

of the twentieth century indicate that Arizona Harris's Hawks bred along major 

riparian corridors. As riparian areas became degraded and artificial water sources 

were constructed to accommodate cattle, Harris's Hawks abandoned many of their 

traditional nest sites and began to breed in Sonoran Upland habitat away from 

permanently flowing water (Whaley 1986). As urban areas spread and began to 



71 

incorporate such amenities as grassy parks, golf courses, and swimming pools, 

Harris's Hawks established breeding territories in Phoenix, Tucson, and outlying 

towns, sometimes nesting in trees immediately adjacent to occupied homes. Given 

the plasticity of the nesting behavior of the species, it seems likely that breeding 

does take place on suboptimal habitat. 

Prediction 3 has been addressed by Bednarz and Ligon (1988) and Dawson 

and Mannan (1991b). Both papers noted that Harris's Hawk territories may remain 

vacant for a season or more, but the authors differed regarding the implications for 

habitat saturation. Bednarz and Ligon (1988) suggested that the abandonment of 

apparently suitable habitat makes habitat saturation unlikely. Dawson and Mannan 

(1991b) argued that territory abandonment could be consistent with habitat 

saturation, if territories are abandoned because they are no longer suitable for 

breeding, or because they lack the resources to support groups throughout the year. 

Although the extreme form of habitat saturation does exist in nature (e.g. the 

Florida Scrub Jay Aphelocoma coerulescens coerulescens [Woolfenden and 

Fitzpatrick 1984] ), a more sophisticated approach to the relationship between 

habitat and delayed dispersal is provided by the threshold of dispersal models. 

Threshold models assume continuous variation in habitat quality, corresponding to 

continuous dispersal over a range of ages, such that the earliest dispersal occurs on 

the poorest quality territories, and the most delayed dispersal on the best quality 

territories. Koenig et al. (1992) suggested that threshold models are difiRcult to test 
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in the field, as the typical study area is too small to provide continuous variation in 

habitat quality. However, the threshold model generates the easily testable 

prediction that group sizes are larger on high quality territories (Bednarz and Ligon 

1988). 

The harsh climate portion of the ecological constraints theory holds that 

prior breeding experience, or the presence of helpers-at-the-nest, or both, is 

necessary for successful reproduction under unfavorable conditions. The climate 

theory was formulated as a post hoc explanation for the high incidence of 

cooperative breeding in the arid regions of Africa and Australia. Therefore, it is 

appropriate to test the theory on species living in other arid regions of the world. 

Two testable predictions of the climate theory are (1) reproductive success declines 

when conditions are poor and (2) the decline is experienced disproportionately by 

breeders without helpers. 

METHODS 

The 160 km^ study area is located 65 km NW of Tucson, AZ; 78% of the 

study area is covered with nearly pristine Sonoran upland vegetation, dominated by 

palo verde (Cercidium spp.), mesquite (Prosopis juliflora), and mixed cacti (most 

conspicuously Camegia gigantea, Ferocactus wislizenii, and Opuntia spp.). 

Dawson and Mannan (1991b) have given a detailed description of the vegetation, 

topography, artificial water sources, and climate of an overlapping study area. The 
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remaining 22% of the study area contains Sonoran upland habitat badly degraded 

by overgrazing, erosion, and fire. The dominant perennials on the degraded habitat 

included desert broom {Baccharis sarothroides) and burrobush {Hymenoclea 

pentalepis), in addition to the species found in the complex habitat. Many saguaros 

and palo verdes on the degraded habitat were moribund, due to damage sustained in 

a 1979 brush fire. Understory plants, including seedlings of the dominant species, 

were absent from much of the degraded habitat. Mader (1978) identified 

structurally complex Sonoran upland habitat as optimal Harris's Hawk breeding 

habitat; he considered less complex habitat, with saguaros and palo verdes in poor 

condition, suboptimal habitat. Following Mader's lead, I regarded territories in the 

complex habitat as good territories. I regarded territories in the degraded habitat as 

poor territories. 

Because rodents comprised over half the prey items consiuned by the hawks 

in this study (Appendix D), habitat quality was assessed by trapping rodents on 21 

territories in 1988 and 18 territories in 1990. Trapping was conducted for three 

consecutive 24-hour periods during the months of April and May, using 30 snap 

traps placed at 1 m intervals along a 14 m by 2 m rectangle. Because Harris's 

Hawks respond to human intruders on a breeding territory with alarm calls and 

visual displays (Mader 197S, Dawson and Mannan 1989), territory occupancy was 

assessed in 1988 through 1990 by making a minimum of four visits to each 

breeding territory utilized during the prior year(s) of the study. 
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Group size and composition were assessed by observing the attendants at 45 

Harris's Hawk nests on 32 territories from 1987 through 1990. Observations were 

made from fully enclosed, elevated blinds, which the observer entered at first light 

in order to minimize disturbance to the hawks. Observations lasted a minimum of 

ten hours per nest, up to a maximum of 23 hours in the case of large groups. All 

group members were assigned a dominance rank, following criteria established by 

Dawson and Mannan (1991a), and all individuals occupying the subordinate beta 

and gamma ranks were considered helpers. The primary measure of reproductive 

success was the number of young surviving to 37 days, or just prior to fledging 

(Steenhof 1987:table 9.1). Reproductive success was determined for 77 nesting 

attempts during 1987 through 1990. 

Precipitation and temperature data were obtained from the U.S. Weather 

Service Station at the Casa Grande National Monument, 22 km WNW of the study 

area. Temperature and precipitation may both have immediate, direct effects on 

Harris's Hawks, for example death due to dehydration. However, the presence of 

numerous artificial water sources on the study area meant that drinking water was 

always available. Therefore, I have considered only the indirect effects of 

precipitation, mediated by prey populations. Because there should be a time lag 

between any change in annual precipitation and its effect on prey and predator, I 

have based my analysis on the precipitation during the six months prior to each 

breeding season. Thus, for example, precipitation recorded from August 1986 
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through January 1987 is the precipitation for the 1987 season. 

RESULTS 

Territory quality. Good and poor territories differed significantly in the 

number of rodents trapped in 1990 (Table B-1), but not in 1988. More rodents 

were trapped on both territory types in 1988 than 1990 {F = 46.54, df = 1, P < 

0.001), and there was a nearly significant interaction of year and territory quality (F 

= 3.89, df = I, P = 0.056). There were no significant effects of territory quality on 

clutch size, initial brood size, or number of young raised to 37 days, whether each 

of these measures of reproductive success was calculated on a per group basis or a 

per capita basis. Controlling for territory quality and year, there was a significant 

partial correlation between number of rodents trapped on the territory and number 

of young surviving to 37 days (r = 0.401, df = 35, ? < 0.05). 

Habitat saturation. A substantial proportion of known territories were not 

used for breeding in each year of the study. The unused proportion ranged &om a 

high of 69.9% (/i = 29) in 1990 to a low of 16.7% (« = 18) in 1989 (Table B-2). 

In 1990, Harris's Hawks were entirely absent from 62.1% (« = 29) of known 

territories (Table B-2). The between year differences in the rate of territory reuse 

for breeding approached significance (A^ = 5.8940, df = 1, P « 0.05). The pattern 

of territory utilization differed significantly between good and poor territories (X^ = 

9.1192, df = l,P< 0.05). Interestingly, a higher proportion of poor than good 
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territories were used for breeding in each year of the study (Table B-1). In 1989, 

poor territories supported groups significantly larger than the groups residing on 

good territories (Fig. B-1). In all other years and in the pooled four-year data, there 

was an apparent, but nonsignificant, trend towards larger groups on good territories. 

Controlling for year and territory quality, there was no correlation between number 

of rodents trapped on the territory and group size (r = -0.1606, df = 16, P = 0.52). 

Precipitation. Annual precipitation on the study site is low and variable (x 

± sd = 22.9 ± 8.39 cm, n = 68 years, range 9.0 to 48.8 cm). Mean precipitation 

during August through January is 13.7 ± 6.16 cm (n = 70 years, range 4.0 to 28.8 

cm). Precipitation was below average during the six months preceding the 1987, 

1988, and 1989 breeding seasons: 11.6 cm, 9.37 cm, and 11.56 cm, respectively. 

Precipitation was extremely low preceding the 1990 breeding season: 7.49 cm. 

The nimiber of rodents trapped on Harris's Hawk territories was significantly higher 

during the moderately rainy 1988 season than during the dry 1990 season it = -

6.71, df = 37, P < O.OOI. There were no significant differences in reproductive 

success per group between the three years of moderate rainfall, but when all four 

years were considered, there was a significant effect of year (F = 4.3241, df = 3, ? 

< 0.01). Likewise, per capita reproductive success did not differ among the years 

of moderate rainfall, but did differ when all four years were considered (F = 4.74, 

df = 3, P < 0.01). During the years of moderate rainfall, there was no significant 

difference in the reproductive success of pairs and groups, but when all 
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four years were compared, there was a significant effect of helpers (F = 5.57, df = 

I, P < 0.05) and of year (F = 11.73, df = 1, /* < 0.01), but no significant 

interaction between these effects (Fig. B-2). There was no significant effect of 

helpers on per capita reproductive success when all four years were considered 

together, but per capita reproductive success was significantly higher for pairs in 

1988 (/ = 2.61, df = I, P < 0.05, Fig. B-3). 

Temperature. Breeding took place from February through Jime; during these 

months the temperature can range from -12°C to SfC. May and June are critical 

months for the survival of Harris's Hawk young. Most nest failures during the egg 

stage (65.2%, n = 23) occurred during May. Most failures during the nestling 

stage (70.0% , n = 10) occurred during June, and half of these occurred during June 

1990. All failures during the fledgling stage (n = 5) occurred during June. 

According to six measures of temperature (Table B-3), there are no clear between 

year trends for the month of May. However, all six measures indicate that June 

1990 was hotter than Jime of the previous three years. 

DISCUSSION 

Habitat quality. The evidence does not entirely support published reports 

that complex Sonoran Upland habitat is optimal breeding habitat for Harris's Hawks 

(Mader 1978, Whaley 1986). Six measures of reproductive success failed to reveal 

any significant difference between the complex, presumably good, habitat and the 
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denuded, presumably poor, habitat. The proportion of territories reused for 

breeding was significantly higher on the poor habitat (Table B-2). Although only 

22% of the study area was poor habitat, 50.6% (n = 77) of nesting attempts took 

place there, suggesting that Harris's Hawks may actually prefer the denuded area, 

possibly because the lack of cover renders prey more vulnerable. In addition, the 

only significant difference in group size occurred in 1989, when groups on the poor 

habitat were larger than groups on the good habitat (Fig. B-1). This result is in 

accord with Gowaty's (1981) suggestion that living in groups is more advantageous 

on poor than good territories, because pairs have difficulty rearing young on poor 

territories. On the other hand, rodents were more abundant on the good habitat in 

1990 (Table B-1). Anecdotal evidence suggests that Harris's Hawks nesting on 

poor habitat may experience more firequent agonistic interactions with other 

raptorial species. Five of 6 usurpations of old nests by Great Homed Owls (Bubo 

virginianus) and 5 of 5 territories immediately adjacent to active Red-tailed Hawk 

(Buteo jamaicensis) territories were found on poor habitat. Nesting in proximity to 

either of these competitor species is problematic for Harris's Hawks. Both species 

consume many of the same prey items as Harris's Hawks (Bent 1938, Mader 197S, 

1978). Both species are larger in body size and dominate agonistic interactions 

with Harris's Hawks. Great Homed Owls are predators of Harris's Hawk nestlings 

(Dawson and Mannan 1991a), and Red-tailed Hawks pirate Harris's Hawk kills 

(Lett, unpub. obs.). In sum, there are measurable differences between the two 
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territory types, but except in 1990, it is unclear which is "good" and which "poor." 

Koenig et al. (1992) posited an interaction between territory quality and fluctuating 

conditions, such that the relative quality rank of an individual territory varies 

between years. The nearly significant interaction between the effects of year and 

territory type on rodent abundance hints that the territories I have called good truly 

were superior in 1990, but not in 1988. Further evidence of differences in habitat 

quality in 1990 is provided by the failure of any group nesting on poor habitat in 

1990 to fledge young. However, the 50.0% (n = 20) of nesting attempts which 

took place on poor territories in 1990 clearly indicate that Harris's Hawks are 

willing to breed on suboptimal habitat. 

Habitat saturation. The large proportion of known Harris's Hawk territories 

that were not utilized for breeding (Table B-2) is inconsistent with the habitat 

saturation hypothesis sensu Selander (1964). However, Dawson and Mannan 

(1991b) argued that territory abandonment is insufficient to rule out habitat 

saturation, because abandoned territories may be unsuitable for breeding. In my 

study, 45.5% (n = 11) of abandoned territories had successfully fledged young 

when last used. For the habitat saturation model to apply under a regime in which 

territories are suitable for breeding in some years, but not in others, Harris's Hawks 

must be able to accurately track fluctuations in the quality of individual territories. 

Otherwise, the habitat would not appear saturated to them, and subordinate 

individuals would disperse and attempt breeding. Harris's Hawks might decide 
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territories are unsuitable in one of two ways: they might abandon territories that 

fall below some minimum acceptable quality, or they might compare territories and 

choose the best available. The pattern of territory occupancy provides evidence that 

Harris's Hawks are not making decisions based on a discrete cutoff point with 

respect to minimum territory quality. Three territories were used for breeding in 

1988, were abandoned at the end of the 1988 breeding season, remained vacant in 

1989, then were used for breeding in 1990. Rodent abundance was far higher on 

each of these territories in 1988 than 1990. In other words, the territories were in 

better shape when abandoned than when recolonized. If Harris's Hawks choose 

territories on the basis of comparisons between nearby territories, then better quality 

territories should attract more hawks. This is identical to the major prediction of 

the threshold of dispersal models. Evidence against the threshold of dispersal is 

provided by the lack of correlation between group size and rodent abundance, plus 

the absence of any significant difference in group size on good and poor territories 

in 1987, 1988, and particularly 1990, when the good territories were clearly 

superior in prey abundance and survival of young. I conclude that habitat 

saturation and the related threshold of dispersal models do not apply to this 

population. Bednarz and Ligon (1988) were also imable to detect any significant 

correlation between habitat quality and group size in a New Mexico Harris's Hawk 

population. However, Bednarz and Ligon expressed some uncertainty regarding the 

relevance of their measures of habitat quality to Harris's Hawks, and Dawson and 
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Mannan (1989) questioned their estimates of group size. 

Precipitation. Precipitation is notoriously variable in the Sonoran Desert, 

and the years 1987 to 1990 were no exception. The decline in preseason 

precipitation between 1988 and 1990 was followed by a significant decline in 

rodent abundance (Table B-1). Because rodent abundance is positively correlated 

with reproductive success, it is hardly surprising that reproductive success was 

significantly reduced in the dry year. The reduction in reproductive success was 

experienced disproportionately by the groups without helpers, exactly as predicted 

by the harsh, variable climate portion of the ecological constraints theory. 

Temperature. Adult Harris's Hawks drink water daily (Dawson and Mannan 

1991b), but nestlings only obtain water from the prey they consume. Therefore, 

dehydration is potentially an important source of nestling mortality. The high 

temperatures of June 1990 coincided with higher nestling mortality, suggesting that 

hyperthermia resulting from insufficient water for evaporative cooling, alone or in 

combination with starvation, was the culprit. However, dehydration or other effects 

of temperature cannot account for the high egg-stage failure rate in 1990, because 

temperatures were not unusually high during May of that year. I suspect that 

desertion by nutritionally stressed group members and egg predation by ravens 

{Corvus spp.) were the major causes of egg-stage failure. 

To summarize, none of the predictions of the habitat saturation model hold 

for Harris's Hawks in Southeastern Arizona. The abandonment of territories on 
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which young were successfully reared in previous years shows that breeding habitat 

is not in short supply, nor are territorial vacancies rapidly filled. The use of poor 

habitat, especially in 1990, shows that Harris's Hawks do not avoid breeding on 

suboptimal habitat. The inability of the hawks to track the quality of individual 

territories argues against a modified form of habitat saturation under a regime of 

fluctuating habitat quality. The similar group size on territories high and low in 

rodent abundance, and on territories possessing good and poor vegetational 

characteristics, suggests that the threshold of dispersal version of the habitat 

saturation model is not applicable. In contrast, the predictions of the variable 

climate model were confirmed. Reproductive success declined under hot, dry 

conditions, and the decline was disproportionately greater for pairs than groups. 

The ecological constraints model (Emlen 1982) does not suggest that habitat 

saturation and the effects of a harsh climate should apply simultaneously. Thus, the 

finding that harsh climate plays a role in the cooperative breeding system of the 

Harris's Hawk, although habitat saturation does not, is fully in accord with the 

predictions of the model. 
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TABLE B-1. Rodents trapped on Harris's Hawk territories. 

Number of Individuals 

1988 1990 

Species Good Poor Good Poor 

Rock squirrel 0 

Spermophilus variegatus 

Roundtail ground squirrel*''''' 21 

S. tereticaudus 

Harris antelope squirrel*''' 12 

Ammospermophilus harrisi 

Arizona pocket mouse 27 

Perognathus amplus 

0 0 1 

173 1 48 

18 8 3 

45 35 24 



TABLE B-1, continued. 

Number of Individuals 

1988 1990 

Species Good Poor Good Poor 

Bailey pocket mouse** 137 79 27 I 

P. baileyi 

Desert pocket mouse** 68 106 36 18 

Chaetodipus penicillatus 

Bannertail kangaroo rat''® 13 51 5 7 

Dipodomys spectabilis 

Merriam kangaroo rat'-''® 61 65 55 18 

D. merriam i 



TABLE B-1, continued. 

Number of Individuals 

1988 1990 

Species Good Poor Good Poor 

Southern grasshopper mouse*^ 13 1 2 0 

Onychomys torridus 

Whitethroat woodrat**' 47 43 61 10 

Neoloma albigula 

Arizona cotton rat 0 10 0 

Sigmodon hispidus 

Total individuals 399 582 230 130 

Individuals / territory (x ± sd) 44.3 ±18.11 48.5 ± 11.76 25.6 ±9.51* 14.4 ± 4.59* 



TABLE B-1, continued. 

* Reported as a prey item for southern Arizona Harris's Hawks by Mader (1975). 

'' Reported as a prey item for southeastern Arizona Harris's Hawks by Whaley (1986). 

° Reported as a prey item for southeastern Arizona Harris's Hawks by Lett (1997). 

•"May be included in "unidentified mice" reported by Mader (1975) and Whaley (1986). 

' These means differ significantly (/ = 3.16, df = 1, P < 0.01). 



TABLE B-2. Reutilization of known breeding territories by Harris's Hawks in Southeastern Arizona. 

Good Territories Poor Territories All Territories 

Year No, Hawks Hawks No. Hawks Hawks No. Hawks Hawks 

Present Breeding Present Breeding Present Breeding 

1988 8 8 4 3 3 2 11 11 6 

1989 7 7 5 11 11 10 18 18 15 

1990 13 6 2 16 12 7 29 18 9 



TABLE B-3. Temperature during the months of highest mortality for Harris's Hawk young. Data courtesy of the 

Western Regional Climate Center, under a grant from the Climate Prediction Center of the National Weather Service. 

Temperature ("C) 

May June 

1987 1988 1989 1990 1987 1988 1989 1990 

Daily Mean; Average 

Maximum 

Daily Maximum: Average 

Maximum 

Daily Minimum: Average 

Maximum 

25.5 25.1 

29.2 30.6 

33.7 34.5 

37.2 40.6 

17.2 15.6 

22.2 22.8 

25.8 24.7 

33.1 31.1 

35.5 33.5 

41.7 39.4 

16.2 15.9 

25.0 24.4 

31.1 31.0 

34.7 36.4 

40.4 40.3 

44.4 45.0 

21.8 21.6 

27.8 28.3 

30.2 31.8 

35.0 38.1 

39.5 41.2 

44.4 47.8 

20.9 22.4 

26,7 30.6 
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Figure B-1. Size of Harris's Hawk family groups on good and poor territories. 
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Figure B-2. Reproductive success of pairs and groups, measured as number of 

young surviving to 37 days, from 1987 through 1990. 
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Figure B-3. Per capita reproductive success of pairs and groups, measured as 

number of young surviving to 37 days, from 1987 through 1990. 
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APPENDIX C 

NUMERICAL SEX RATIO AND BL\SES 

IN PARENTAL AND ALLOPARENTAL INVESTMENT 

IN A SOUTHEASTERN ARIZONA HARRIS'S HAWK POPULATION 
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ABSTRACT.—The Harris's Hawk {Parabuteo unicinctus) is a cooperatively 

breeding species with pronounced reverse sexual size dimorphism and a male-

biased numerical sex ratio. Studies of parental and alloparental feeding of nestling 

Harris's Hawks served as a test of two hypotheses concerning the allocation of 

parental investment. Both the repayment model and the Fisherian model predict a 

male-biased numerical sex ratio for Harris's Hawks. In addition, the repayment 

model predicts that the sex ratio will be more male-biased in broods reared by pairs 

than in broods reared by groups. The repayment model also predicts that male 

offspring of cooperatively breeding species will receive more parental investment, 

because males are more likely to repay parental investment by becoming helpers. 

In contrast, the Fisherian model assumes that females of species with reverse sexual 

size dimorphism receive more parental investment, because females are the larger, 

more costly sex. The numerical sex ratio of broods reared by groups was more 

male-biased than the sex ratio of broods reared by pairs, a result opposite the 

predicted effect of repayment. Dominant females, which in Harris's Hawks are 

mothers to most or all of the brood, provided food to the young in proportions 

predicted by the Fisherian model. Subordinate females, which may be breeding or 

nonbreeding helpers, fed female nestlings more than predicted by either model. 

The pattern of food allocation was attributed primarily to reverse size dimorphism. 

Additional factors that may affect investment in nestling Harris's Hawks are the 

greater mortality of female nestlings in response to food shortage, female 
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dominance of male siblings, and patterns of parental investment typical of 

Falconiformes as a whole. Excess feeding of one nestling at the expense of others 

was also observed in all-male broods. 

MALE-BIASED NUMERICAL SEX RATIOS are characteristic of cooperatively-

breeding birds (Brown 1978, 1983, 1987; Emlen 1978, 1991), but disagreement 

exists regarding the significance of this fact. The classic approach attributes the 

male bias to higher female mortality, which is in turn thought to be a consequence 

of earlier female dispersal (Rowley 1965, 1981; Maynard Smith and Ridpath 1972; 

Reyer 1980, 1984, 1986). Under this scenario, male-biased adult populations were 

a major factor driving the evolution of cooperation. The classic approach fails to 

explain the high frequency of female-Hrst dispersal among monogamous birds. An 

alternate approach, the repayment model of Emlen et al. (1986), suggests that male-

biased numerical sex ratios arise during the nestling stage, due to greater parental 

investment in male offspring. Normally, under Fisher's (1930) prediction of equal 

overall investment m the sexes, birds would be expected to raise more female 

offspring, because for most birds females are the smaller and presumably cheaper 

sex. But among cooperative breeders, male offspring are more likely to become 

helpers, thus partially "repaying" parental investment and making males the cheaper 

sex. Under this scenario, parents are actively producmg the sex most likely to 

become helpers, and the biased numerical sex ratio is a result, not a cause, of 
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cooperation. The repayment model relies heavily on evidence of a male-biased sex 

ratio arising during the nestling stage in the cooperatively breeding Red-cockaded 

Woodpecker {Picoides borealis; Gowaty and Lennartz 1985), with the largest bias 

in broods raised by parents unaided by helpers. Although this evidence is highly 

suggestive of a parentally mediated effect on differential survival of male and 

female offspring, neither Gowaty and Lennartz (1985) nor Emlen et al. (1986) 

consider sources of mortality that are not parentally mediated, such as sibling 

competition, siblicide, or differential susceptibility to environmental conditions. 

Evidence of biases in parental care of individual offspring is also lacking. 

The Harris's Hawk is a cooperatively breeding species in which females 

typically disperse during the first year of life, while males remain as helpers for up 

to three years (Dawson and Mannan 1991a). Like other birds of prey, and unlike 

most cooperative breeders, the Harris's Hawk exhibits reverse sexual dimorphism: 

female nestlings reach an average asymptotic weight 32% greater than that of males 

and fledge 5 days later than males (Bednarz 1986). Females are therefore the 

costly sex in this species (Rosenfield et al. 1996). 

For Harris's Hawks, both the relatively low cost of males and the repayment 

value of male helpers lead to the prediction of a male-biased numerical sex ratio, 

under the Fisherian and repayment models respectively. Male-biased numerical sex 

ratios have been consistently reported for adult Harris's Hawks (Mader 1975, 

Hamerstrom and Hamerstrom 1978, Dawson and Mannan 1991a & b). Some 
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reports indicate male biased-sex ratios among nestlings (Bednarz and Hayden 1991), 

fledglings (Bradshaw and Coulson 1988), and immatures (Dawson and Mannan 

1991b, fig. 1, composition of aggregations). Other studies show unbiased sex ratios 

among nestlings (Mader 1975, Brannon 1980) and immatures (Mader 1975, 

Hamerstrom and Hamerstrom 1978, Dawson and Mannan 1991a & b, fig. 1, 

composition of groups). Male bias in the adult and immature age classes may be 

an artifact of greater male susceptibility to trapping (Mader 1975), but nestling sex 

ratios are free of this source of error. Studies showing male bias in nestling sex 

ratios drew upon larger sample sizes than reports showing no bias. Thus, the 

preponderance of evidence suggests that male bias in Harris's Hawk populations 

arises during the nestling period. However, there may also be an effect of female 

post-dispersal mortality, as indicated by greater male bias among adults than among 

immatures in some samples (Hamerstrom and Hamerstrom 1978, Dawson and 

Marman 1991a). 

Unlike the Fisherian model, the repayment model addresses the issue of 

diminishing returns from the production of additional helpers. The repayment 

model therefore predicts greater male-bias in broods reared by pairs than by groups. 

Following the method of Gowaty and Lennartz (1985), Bednarz and Hayden (1991) 

examined numerical sex ratios in Harris's Hawk broods reared by pairs and groups. 

They found no difference and concluded that the repayment model does not apply 

to Harris's Hawks. However, the group size estimates used by Bednarz and Hayden 
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have been questioned (Dawson and Mannan 1989). 

The Fisherian and repayment models generate vastly different predictions 

regarding parental investment in individual offspring for a species with reverse size 

dimorphism, such as the Harris's Hawk. The Fisherian prediction of equal 

investment in male and female offspring implies that the numerical sex ratio at the 

termination of parental care reflects the relative costs of rearing each sex. Pooling 

the published data for Harris's Hawk numerical sex ratios near the time of fledging 

yields a sex ratio of 1.38 (males/females; Brannon 1980, Bradshaw and Coulson 

1988, Bednarz and Hayden 1991). Therefore, a female costs, on average, 1.38 

times as much as a male, meaning a male with one female nestmate should receive 

43% of the total parental investment. The repayment model generates the 

prediction 

mC„ = 1/2 C[l+ (Pm)a/2] 

obtained by rearranging equation 9a of Emlen et al. (1986), where mC„ is the cost 

of rearing the males in a brood, C is the total energetic cost of the brood, Pm is the 

expected number of male helpers, and oc/2 is the increase in the number of 

surviving young due to each helper. Substituting the observed values of 0.64 for 

Pm and 0.28 for oc/2 (Lett, unpublished data) gives 

mC„ = .59C 

meaning males should receive 59% of the parental investment. Thus, the Fisherian 

model predicts that individual female offspring receive a greater parental investment 
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than their individual male nestmates, but the repayment model predicts that the 

males in a brood collectively receive a greater parental investment than the females. 

The null h3'pothesis, of course, is that parents are unable to discriminate among the 

young and therefore provide for all their nestlings equally. 

For a semi-altricial, nidicolous bird like the Harris's Hawk, parental 

investment involves egg manufacture, followed by care of the eggs and young via 

incubation, brooding, shading, defense against predators, and feeding. Differential 

provisioning of eggs is a possible physiological mechanism of sex-biased 

investment, but is beyond the scope of this paper. Incubation can presumably be 

withheld from individual eggs, and brooding or shading can presumably be withheld 

from individual nestlings during the vulnerable first week of life. However, these 

tactics would result in certain destruction of the neglected offspring. Such 

behavior is unlikely, because it is costly (Chamov 1982, but see review by Mock 

1984), and because it would alter the sex ratio of the brood early in the period of 

dependency, when the survivorship of the remaining young is uncertain. It is also 

unlikely that defense against predators could be performed for the benefit of some 

offspring and not others (Clutton-Brock 1991). In contrast, the parents and helpers 

can easily and subtly adjust the allocation of food. The a (dominant) female or 

another group member typically feeds the nestlings by tearing small bites from a 

carcass and offering each bite to a particular nestling. The number of bites offered 

each nestling will therefore serve as the measure of parental investment. 
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In theory, parental care and parental investment are distinct concepts. Care 

improves the fitness of the young, but implies nothing regarding costs to the 

caregivers. Investment implies a fitness benefit to the young paired with a fitness 

cost to the caregivers, particularly with respect to the ability to invest in other 

offspring (Clutton-Brock 1991). This study was conducted under conditions of prey 

scarcity, which imposed high nestling mortality (Appendix B). Therefore, it is 

likely that favoritism in feeding one nestling compromised the survival of its 

nestmates. In this case, feeding of the young is properly considered both parental 

care and parental investment, and I will use the terms interchangeably. 

METHODS 

The study area is 160 km^ of Sonoran upland vegetation, located 65 km NW 

of Tucson, AZ. The vegetation, topography, water sources, and climate have been 

described by Dawson and Mannan (1991b) and Lett (Appendix B), 

Size of breeding groups. Group size was determined by observing each nest 

for a minimum of 10 hours from a fully enclosed, elevated blind. The observer 

entered the blind at first light in order to minimize disturbance to the birds. This 

technique has been described by Dawson and Mannan (1989). 

Numerical sex ratio of nestlings. From 1986 to 1990, 87 nestlings from 44 

nests were sexed at an age of 34.3 ±529 (x ± sd) days, i.e, approximately four 

days prior to the earliest age of fledging for males and eight days prior to the 
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earliest age of fledging by females. Sexes were assigned primarily on the basis of 

body weight (Mader 1975, Hameistiom and Hamerstrom 1978, Dawson and 

Mannan 1991a), with ulna length, tarsus length, and relative size of nestmates 

(Olsen and Cockbum 1991) used to resolve five ambiguous cases. 

Parental investment. Behavioral observations were made during 1989 and 

1990. Prior to observation, 42 nestlings at 18 nests were individually color marked 

by painting their beaks with nail polish. Nestlings were sexed only after behavioral 

observations were complete, to reduce observer bias. Parental investment in 

individual offspring was assessed by counting the bites of food fed to each nestling 

by older group members. Observations were made for a minimum of five hours per 

nest from fully enclosed, elevated blinds, which the observer entered at first light in 

order to minimize disturbance to the hawks. 

Chi square analyses of sex-biased parental investment were based on data 

from 18 nestlings at seven nests containing bisexual broods. Analyses of biased 

parental investment where offspring sex was not a factor were based on data from 

nine nestlings at four nests containing unisexual broods. The analysis was 

restricted to food offered to individual nestlings by older group members. Food 

seized from the beak of a fellow nestling or torn directly from a carcass was 

excluded. Feeding bouts where one sibling prevented another from receiving food 

were also excluded. 
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RESULTS 

Numerical sex ratio. The sex ratio for all nestlings surviving to 34 days in 

1990 was highly biased; only males survived (exact binomial P - 0.0156). In all 

other years, and in the pooled 1986-1990 data, the sex ratio did not differ 

significantly from unity. However, there is evidence of heterogeneity among the 

sex ratios for different years (Gy for broods reared by groups = 4.17, df = 2, 0.10 > 

P > 0.05). The sex ratio for all broods was 1.175 (males/female), for broods 

reared by pairs 0.929, for broods reared by groups 1.360 (Table C-1). Neither the 

pair nor the group sex ratio differed significantly from unity, but there was a nearly 

significant difference between the two (exact binomial P = 0.091). 

Biased parental investment in bisexual broods. All feeding was performed 

by females. The pooled data for feeding by a females fit the Fisherian model 

(Table C-2). The pooled data for feeding by subordinate females and by groups as 

a whole do not fit any of the three models considered; subordinate females and 

groups fed female nestlings more than predicted by any of the models (Tables C-2, 

C-3, C-4). The Fisherian model fits the feeding patterns of four of the six 

individual a females, one of the three subordinate females, and four of the seven 

groups. One a female, which performed all the feeding at her nest, and one 

subordinate female performed too little feedmg for analysis. One a female and one 

subordinate female, both of which performed all the feeding at their nests, fed their 

female of^sring significantly more than predicted by all three models. One a 
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female, which performed all the feeding at her nest, conformed to both Fisherian 

and repayment models. Her brood contained two male and one female nestlings; in 

this case, the Fisherian and repayment models generated nearly identical 

predictions. Two a females and one of their groups conformed to both the 

Fisherian and null models. Chi square tests revealed no significant differences 

between patterns of food allocation and number of male helpers, number of total 

helpers, or age of the brood when observed, or date of hatching. 

Biased parental investment in unisexual broods. In each of the three all-

male broods, one offspring received significantly more food and the remaining 

offspring received significantly less food than predicted by the null model (Table C-

5). The nestling receiving the most food was consistently heavier than its 

nestmates, although this difference was significant in only one case. In the one all-

female brood, neither the food received nor the nestling weights differed 

significantly. 

DISCUSSION 

As predicted by both the Fisherian and repayment models, the numerical sex 

ratio for nestling Harris's Hawks is male-biased. Significantly male-biased nestling 

(Bednarz and Hayden 1991) and fledgling (Bradshaw and Coulson 1988) sex ratios 

have been reported in studies with sample sizes >115. A non-significant trend 

towards male bias in the nestling sex ratio was reported in a study with a sample 
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size of 107 (Mader 1975). In the present study, with a sample size of 87, the 

nestling sex ratio was significantly male-biased in 1990, and a non-significant trend 

towards male bias was observed over the entire 1986-1990 study period. The lack 

of significance in the trends found in the smaller studies may be due to 

heterogeneity of sex ratios among years. Interestingly, the only report of a non

significant trend towards a female-biased sex ratio came from a one-year study with 

a sample size of 21 (Brannon 1980). 

In contrast to the prediction of the repayment model, the broods reared by 

groups tended to be male-biased, unlike the broods reared by pairs. The difference 

between the sex ratios of pair- and group-reared broods approached significance. 

Lower production of males by pairs may be a source of noise in the overall nestling 

sex ratio. The finding of a trend towards male bias only in broods reared by groups 

contrasts with Bednarz and Hayden's (1991) report of a trend towards male-biased 

sex ratios in both brood types. There are several possible reasons for the disparity. 

First, the New Mexico population studied by Bednarz and Hayden may differ from 

the Arizona population I studied. Second, few offspring were produced by pairs in 

my study; the sample size may be too small to reveal bias. Third, Bednarz and 

Hayden determined group sizes by walking through nesting areas and counting the 

individuals participating in nest defense, a method shown by Dawson and Mannan 

(1989) to systematically underestimate group size. Thus, some groups were 

probably misclassified as pairs by Bednarz and Hayden. 
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Female nestlings received more food than their male nestmates, as predicted 

by the Fisherian model and in contrast to the predictions of the repayment model. 

The feeding behavior of a females conformed most closely to the Fisherian 

prediction. The limited data on the feeding behavior of subordinate females 

suggests that they favored female nestlings even more than predicted by the 

Fisherian model. This finding contrasts with Gowaty and Lennartz's (1985) 

suggestion that greater male bias in the numerical sex ratio of broods reared by 

groups implies that helpers produce males. In Harris's Hawks, the numerical sex 

ratio is male-biased, particularly in the presence of helpers, but feeding rates favor 

female offspring, particularly when helpers do the feeding. 

Strictly speaking, the Fisherian model should only apply to genetic parents 

of the brood. The genetic interests of helpers are not necessarily aligned with those 

of parents. Consider the case of the nonbreeding helper (NH). If the NH is caring 

for siblings, the NH should benefit most by aiding in the production of brothers that 

will likely become helpers and produce still more siblings, all sharing half of NH's 

genes. The NH should not favor sisters that will help briefly, if at all, then 

disperse, and perhaps survive to produce offspring sharing only one quarter of NH's 

genes. If the NH is unrelated to the brood, the NH has no genetic interest in 

favoring one sex of offspring over another. An unrelated female NH might favor 

males if she were attempting to recruit a future mate or helper for herself. Now, 

consider the case of the breeding helper (BH) caring for a brood that includes at 
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least one of its own offspring. The BH should favor its own offspring if possible. 

If BH cannot recognize its offspring, it should either refrain from feeding the brood 

or allocate food as parents do. DNA fingerprinting data suggests that female 

Harris's Hawks can be either breeding or nonbreeding helpers (Dawson and Mannan 

1991a). Neither class of helper has a genetic interest in favoring female young 

more strongly than a parent would. The genetics of alloparental care would be 

clarified by a study of allofeeding of broods with known parentage. 

Both dominant and subordinate females might increase their investment in 

female young in response to unfavorable environmental conditions that affect 

females disproportionately. The failure to fledge female young during the harsh 

1990 breeding season suggests that female nestlings may be more susceptible than 

males to high temperatures and scarcity of prey (Appendix A). Rodent populations 

in the Sonoran Desert fluctuate on a roughly 20-year cycle. Rodent abimdance 

peaked in the mid-1970s and had been in decline for a decade prior to this study 

(Petryszyn, unpublished data). Rodent prey is the mainstay of the Harris's Hawk 

diet (Appendix D), so it is reasonable to infer that cyclic fluctuations in rodent 

numbers would exert selective pressiire on the Harris's Hawk social system. For 

example, the Harris's Hawk numerical sex ratio would probably be more male-

biased at the bottom of the rodent population cycle and for several years thereafter. 

The payoff for producing female offspring that survive to breed would be unusually 

large in those years. At that time, it would be worthwhile to invest more in female 
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offspring than predicted by a Fisherian model based on data collected under more 

benign circumstances. Because females disperse earlier (Dawson and Mannan 

1991a), heavy investment in female offspring under poor conditions could also be 

interpreted as support for the theory of local resource competition (Clark 1978). In 

order to test the hypothesized effect of environmental conditions on parental 

investment, it would be necessary to compare feeding behavior under regimes of 

prey scarcity and abundance. However, the postulated environmental effect fails to 

explain why subordinate females fed female nestlings more than a females did. 

The effect of female rank may be an artifact of sample size. 

Sibling rivalry, although milder in Harris's Hawks than in other birds of prey 

(Mader 1975), does occur. When conflict arises between nestlings of different 

sexes, the larger size of the female can confer a competitive edge. In 1988,1 

observed a case of siblicide. The two perpetrators were female, and the smaller 

victim was presumably male. In 1989,1 observed a female that prevented her male 

nestmate from approaching the a female and the food for two consecutive 

mornings. By the end of the nestling period, the young female outweighed the 

male by 48%, or 16% more than the average difference between male and female 

nestlings. These dramatic examples of sibling rivalry raise the possibility that 

female dominance of male nestmates might have exerted a subtle, undetected effect 

on access to food at other nests. 
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The limited data on all-male broods also suggests that the relative amounts 

of food consimied by nestlings have long-term consequences for weight gain. The 

consistency between the observed feeding biases and weight at fledging suggests 

that the feeding biases were probably maintained over the first 18 days of the 

nestling period, when most of the weight gain takes place in males (Bednarz and 

Hayden 1991). Sibling rivalry may have been a factor in producing biases in the 

feeding of all-male broods. Harris's Hawk eggs hatch asynchronously (Bednarz and 

Hayden 1991), producing differences m size and competitive ability of same-sex 

young. 

Given the pronounced sexual size dimorphism of Harris's Hawks, the failure 

of the repayment model to generate accurate predictions is not entirely surprising. 

The repayment model considers dimorphism only in passing. By contrast, 

dimorphism is at the heart of the Fisherian model. It is widely inferred from 

Fisher's arguments that size dimorphism and juvenile sex ratio are positively 

correlated (e.g. Slagsvold et al. 1986). Harris's Hawks support this inference. A 

model derived from the relative weights of the sexes at fledging, when females are 

1.32 times as heavy as males (Bednarz 1986), yields virtually identical results to the 

Fisherian model, based on the numerical sex ratio of 1.38 males per female. The 

sex ratio implies that females cost 1.38 times as much as males, so the costs of 

producing a gram of female fledgling and a gram of male fledgling are very similar, 

despite the faster growth of male nestlings (Bednarz and Hayden 1991). Andersson 
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et al. (1993) reviewed and reanalyzed the data on food consiunption of the young in 

sexually dimorphic species; they found a consistent trend towards greater food 

intake by the larger sex. The Harris Hawk data confirm the Andersson et al. (1993) 

finding and fail to support the contrary suggestion that sexually dimorphic 

nestmates consume the same amount of food, because greater energy expenditure or 

a higher growth rate on the part of the smaller sex equalizes the total costs of the 

sexes (Newton 1978, Richter 1983, Slagsvold et al. 1986, Stamps 1990). 

The pro-female bias in feeding of young Harris's Hawks by parents and 

alloparents is apparently insufBcient to shift the nestling sex ratio away from its 

male bias. This is particularly interesting, given the tendency towards female-

biased nestling sex ratios in birds of prey (Olsen and Cockbum 1991). Females are 

the larger and presumably costlier sex in nearly all Falconiformes. Assuming birds 

of prey do not manipulate the sex ratio of eggs in the manner of Seychelles 

Warblers (Acrocephalus sechellensis; Komdeur et al. 1997), female-biased nestling 

sex ratios in Falconiformes raise the possibility of a taxon-wide pattern of extreme 

bias in parental care, i.e. bias greater than necessary to insure survival of nestlings 

of the larger sex. The only previous study to distinguish between parental 

apportionment of bites of food to male and female nestling birds of prey found no 

evidence of sex bias (Newton 1978), but this study failed to distinguish between 

parental feeding and self-feeding in the latter half of the nestling period, when 

dimorphism became pronounced. It remains an open question whether the observed 
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pro-female feeding bias in Harris's Hawks could be a currently nonadaptive 

behavior of ancient evolutionary origin. Additional studies of parental 

apportionment of food to male and female nestling birds of prey are needed to 

resolve this issue. 

Sexual size dimorphism is clearly a major determinant of patterns of 

parental and alloparental feeding in Harris's Hawks. The effects of female 

mortality, phylogeny, prey abundance, other environmental factors, sibling rivalry, 

and genetic relatedness of helpers to nestlings on the care of the young in this 

species merit further investigation. Based on this study, the repayment value of 

males as future helpers does not appear to influence the feeding of young Harris's 

Hawks, nor does repayment value lead to greater male-bias in broods reared by 

pairs. However, the repayment model should be further tested in less dimorphic 

cooperative breeders, as well as in Harris's Hawks under conditions of prey 

abundance. Because the numerical sex ratio in Harris's Hawks is male-biased, 

whereas combined parental and alloparental investment is more strongly biased 

towards female offspring than predicted by any of the models examined, this study 

shows the importance of measuring investment in the young, rather than simply 

inferring patterns of investment from numerical sex ratios. 
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TABLE C-1.  Sexes of  Harris's  Hawk nestl ings at  34,3 ± 5.29 days.  

Broods Reared by Pairs Broods Reared by Groups All Broods* 

Year Males Females Males Females Males Females 

1986 0 0 3 1 3 1 

1987 2 5 6 8 8 14 

1988 5 4 6 9 12 13 

1989 5 5 13 7 17 12 

1990 1 0 6" 0 7= 0 

Pooled 13 14 34 25 47 40 

a. Includes broods reared by an unknown number of hawks. 

b. Exact binomial P = 0.0313. 

c. Exact binomial P = 0.0156. 
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TABLE C-2. Testing the Fisherian model: bites fed to Harris's Hawk nestlings in 

bisexual broods. 

Nest 

Group 

Member 

Feeding 

Young 

Number 

of 

Young 

Bites Fed to Young 

Nest 

Group 

Member 

Feeding 

Young 

Number 

of 

Young 
Observed Expected by 

Fisherian 

Nest 

Group 

Member 

Feeding 

Young 

er 9 (f ? tf ? 

Double a?" 1 1 24 58 35.3 46.7 6.400' 

Pipe 1 Y? 1 1 30 48 33.6 44.7 0.685 

Power a? 1 1 56 76 56.9 75.1 0254 
O

f C
O

. 

1 1 162 417 249.6 329.4 54.004'' 

All 1 1 218 493 306.5 404.5 44.883" 

Smoke a? 1 1 29 0' 12.5 16.5 

Comer a$ 1 2 15 46 16.8 44.2 0254 

all? 1 2 5 2' 1.9 5.1 

All 1 2 20 48 18.7 49.3 0.128 

Wagon a? 1 3 33 150 36.9 146.1 0.515 
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TABLE C-2, continued. 

Group Nxmiber Bites Fed to Young 

Member of 

Feeding 

Young 

Young 

Observed 

Expected by 

Fisherian 

Nest 9 d" 9 9 

Reed S a? 2 1 16 18 20.5 13.5 2.447 

Pooled a? 8 10 173 348 178.9 342.1 0.296 

Other*^ 8 10 197 467 285.1 379.2 47.553" 

All* 8 10 370 815 464.0 721.3 31215-^ 

a. df = 1 for ail tests, is nonsignificant unless otherwise stated. 

b. Dominance ranks are ordered such that a > all > P > y. 

c. P < 0.05. 

d . P <  0.001. 

e. InsufRcient data for analysis. 

f. All individuals other than a$. 

g. All data, including that from nests with only one individual feeding the young. 
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TABLE C-3. Testing the repayment model: bites fed to Harris's Hawk nestlings in 

bisexual broods. 

Nest 

Group 

Member 

Feeding 

Young 

Number 

of 

Young 

Bites Fed to Young 

Nest 

Group 

Member 

Feeding 

Young 

Number 

of 

Young 
Observed Expected by 

Repayment 

Nest 

Group 

Member 

Feeding 

Young 

<#• ? ? <f ? 

Double a?'» 1 1 24 58 48.3 33.7 29.876" 

Pipe I y? 1 1 30 48 46.0 32.0 13.545" 

Power a? 1 1 56 76 77.8 54.2 14.916" 

P? 1 1 162 417 341.4 237.6 229.67" 

All 1 1 218 493 419.2 291.8 235.31" 

Smoke a? 1 1 29 0' 17.1 11.9 

Comer a? 1 2 15 46 36.0 25.0 29.780" 

an? 1 2 5 2' 4.1 2.9 

All 1 2 20 48 40.1 27.9 24.536" 

Wagon a? 1 3 33 150 107.9 75.1 126.68" 
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TABLE C-3, continued. 

Group Number Bites Fed to Young 

Member of 

Feeding 

Young 

Young 

Observed 

Expected by 

Repayment 

Nest (f ? d' ? (f 9 

Reed S a$ 2 1 16 18 20.0 14.0 1.990 

Pooled a? 8 10 173 348 307.1 213.9 142.63" 

Other*^ 8 10 197 467 391.5 275.5 222.74^ 

Ail« 8 10 370 815 698.6 486.4 316.56'^ 

a. df = 1 for all tests, is nonsignificant unless otherwise stated. 

b. Dominance ranks are ordered such that a > all > P > y. 

c . P <  0.05. 

d.P <0.001. 

e. Insufficient data for analysis. 

f. All individuals other than a$. 

g. All data, including that from nests with only one individual feeding the young. 



TABLE C-4. Testing the null model: bites fed to Harris's Hawk nestlings in 

bisexual broods. 

Nest 

Group 

Member 

Feeding 

Young 

Number 

of 

Young 

Bites Fed to Yoimg 

Nest 

Group 

Member 

Feeding 

Young 

Number 

of 

Young 
Observed 

Expected by 

Null 

Nest 

Group 

Member 

Feeding 

Young 

? er ? ? 

Double a?" 1 1 24 58 41 41 14.098" 

Pipe 1 Y? 1 1 30 48 39 39 4.154= 

Power a? 1 1 56 76 66 66 3.030 

P? I 1 162 417 289.5 289.5 112.31" 

All 1 1 218 493 355.5 355.5 106.36" 

Smoke a? 1 1 29 0' 14.5 14.5 

Comer a? 1 2 15 46 20.3 40.7 2.098 

all? 1 2 5 T 2.3 4.7 

All 1 2 20 48 22.7 45.3 0.471 

Wagon a? 1 3 33 150 45.8 137.3 4.738= 
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TABLE C-4, continued. 

Nest 

Group 

Member 

Feeding 

Young 

Number 

of 

Young 

Bites Fed to Young 

Nest 

Group 

Member 

Feeding 

Young 

Number 

of 

Young 

Observed 

Expected by 

Null 

Nest 

Group 

Member 

Feeding 

Young 

(f ? ? ? 

Reed S a? 2 1 16 18 22.7 11.3 5.882 

Pooled a? 8 10 173 348 210.3 310.8 11.068" 

Other^ 8 10 197 467 330.8 333.2 107.85" 

All* 8 10 370 815 541.2 643.9 99.622" 

a. df = 1 for all tests, is nonsignificant unless otherwise stated. 

b. Dominance ranks are ordered such that a > all > p > y. 

c . P <  0.05. 

d . P <  0.001. 

e. InsufRcient data for analysis. 

f. All individuals other than a$. 

g. All data, including that from nests with only one mdividual feeding the young. 



TABLE C-S. Bites fed to and weights of Harris's Hawk nestlings in unisexual broods of two or more. 

Bites Fed to Each Nestling 
Number 

of 

Observed Expected 

Nest cf 9 12 3 Each P 

Bollin S 

Bites 2 0 116 38 — 77 39.5065 I <0.001 

Weight 2 0 586 g 482 g — 534 g 10.1273 1 < 0.01 

Tom Mix 

Bites 2 0 163 120 — 141.5 6.5336 1 <0.05 

Weight 2 0 618 g 602 g — 610 g 0.2098 1 NS 



TABLE C-5, continued. 

Bites Fed to Each Nestling 
Number 

of 

Observed Expected 

Nest ? 12 3 Each df P 

Park 

Bites 3 0 92 47 43 60.7 24.4066 2 < 0.001 

Weight 3 0 587 g 568 g 569 g 574.7 g 0.3979 2 NS 

Cholla 

Bites 0 2 61 42 — 51.5 3.5049 I NS 

Weight 0 2 725 g 774 g — 749.5 g 1.6017 1 NS 



APPENDIX D 

ASSESSING THE HARRIS'S HAWK DIET: 

A COMPARISON OF TWO METHODS 
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The diets of predatory birds are most accurately assessed by direct 

observation of foraging or prey deliveries to the nest (Snyder and Wiley 1976, 

Sitter 1983, Collopy 1983). Because many raptorial birds are intolerant of human 

disturbance to the point of abandoning their nests, accumulating an adequate sample 

of direct observations can be difficult. Therefore, nptOT diets are often studied by 

the less accurate methods of analyzing regurgitated pellets and uneaten prey 

remains (Marti 1987). These methods underestimate the proportion of prey that is 

consumed whole and ftilly digested, but overestimate the proportion of prey 

containing inedible or undigestible body parts (Simmons et al. 1991). Even when 

large number of prey deliveries are studied by direct observation, the sample size of 

predator individuals may be too small to allow accurate conclusions about the food 

habits of entire populations or species (Marti 1987). 

Existing accounts of the diet of the Harris's Hawk (Parabuteo unicinctus) 

suffer from the problems Marti (1987) enumerated. Dickey and van Rossem (1938) 

reported the stomach contents of two birds. Pache (1974) relied exclusively on 

pellet contents. Mader (1975) recorded 91 prey deliveries, but his observations 

were conducted at only two nests. Mader (1975), Brannon (1980), Whaley (1986), 

and Bednarz (1987) identified himdreds of Harris's Hawk prey remains found in and 

around nests. Bednarz (1987) did not distinguish between prey remains found 

singly and witiiin pellets. Jimraez and Jaksic (1993) analyzed pellet contents and a 

few prey remains. Whaley (1986) suspected that dietary analyses based on prey 
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remains were biased by the persistence of uneaten body parts of larger mammalian 

prey in nests over long periods of time. The present study compares prey deliveries 

made at 41 Harris's Hawk nests to Mader's (1975) report of prey consumed at two 

nests, in order to determine whether the sample size of nests is critical in assessing 

the diet. This study also compares diet data collected by direct observation with 

data derived from prey remains, in order to test Whaley's idea that prey remain data 

are biased toward larger mammalian prey. Finally, this study compares the 

observed diet of nestlings to the diet of the group as a whole, in order to determine 

whether nestlings are fed different prey items than older birds. 

The study area is located 65 km NW of Tucson, AZ on 160 km^ of Sonoran 

upland habitat dominated by palo verde (Cercidium spp.), mesquite (Prosopis 

juliflora), and mixed cacti (most conspicuously Camegia gigantea, Ferocactus 

wislizenii, and Opuntia spp.). Dawson and Mannan (1991) have given a detailed 

description of an adjacent study area with similar vegetation, topography, artificial 

water sources, and climate. 

Direct observations of the diet were collected for a minimum of ten hours at 

each of 41 Harris's Hawk nests on 31 territories between 1986 and 1990. The nests 

contained 85 nestlings and were attended by 112 older birds (adjusted so that 

attendants that participated in more than one nesting attempt are counted only 

once), for a total of 195 individuals (adjusted so that nestlings that later became 

attendants are counted only once). Observations were made from fully enclosed. 
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elevated blinds which the observer entered at first light in order to minimize 

disturbance to the hawks. Of 197 total prey items, 156 (79%) were identified at 

least to the ordinal level; only the identified prey will be considered further. I 

inspected the contents of 80 nests on 52 territories between 1986 and 1990. Prey 

remains were found in 16 nests on 15 territories. In addition, prey remains were 

twice discovered in nests under construction. Of 64 prey remains, 60 (94%) were 

identified at least to the ordinal level; only the identified prey remains will be 

considered further. 

I compared the proportions of different vertebrate taxa in the observed diet 

of groups, the observed diet of nestlings, the prey remains, and the results of diet 

studies by Mader (1975), Brannon (1980), Whaley (1986), and Bednarz (1987). I 

calculated the Z statistic for pairwise comparisons (Zar 1974) and used the 

Bonferroni procedure to correct for multiple comparisons (McClave and Dietrich 

1991). Incidental observations suggested that lagomorph remains, particularly the 

distinctive hind leg bones, persisted in nests and on feeding perches for days, if not 

weeks. Lagomorphs were therefore considered an example of persistent larger 

mammalian prey, and were analyzed separately from other mammalian prey. I 

estimated the biomass of prey items using data firom Burt and Grossenheider (1976) 

for adult mammals, Steenhof (1983) for juvenile mammals. Dunning (1984) for 

birds, and Rosen (pers. com.) for reptiles. The biomass of specimens identified 

only to the taxon level was assumed to equal the mean for the fully identified 
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specimens of that taxon. 

The diet consisted primarily of mammals, whether assessed via observations 

or prey remains, and whether measiired as prey items or biomass. The most 

frequently consimied prey species was the whitethroat woodrat {Neotoma albigula), 

which comprised 22% of the observed prey items and 35% of the prey remains 

(Table D-1). Lagomorphs made up the bulk of the prey biomass (51% of the 

observed biomass, 73% of the prey remain biomass. Tables D-1 and D-2). 

The distribution of prey types in the diet varied significantly between 

different methods of data collection and different studies. The observed diet studies 

by Mader (1975) and myself differed primarily in the large proportion of birds 

reported by Mader (Tables D-2 and D-3). My observed diet data differed from all 

five studies of prey remains. Lagomorphs formed a significantly higher proportion 

of the prey remains than of the observed diet, whether measured as prey items 

(Table D-3) or as biomass (Table D-2). The diet of nestlings did not differ from 

that of the group as a whole. 

The sample size of nests observed does play a role in the accurate 

assessment of the Harris's Hawk diet. Mader (1975) reported that over a third of 

the prey items delivered to two nests were birds, whereas I observed that less than a 

quarter of the prey items delivered to 41 nests were birds. In my study, birds were 

delivered to less than half of the nests. Furthermore, 8 of the 35 birds in the 

observed diet were consumed at one nest, and all 4 of the birds found as prey 
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remains were in one nest. Apparently, Harris's Hawk groups vary in their tendency 

to include birds in the diet. This type of information is difficult to obtain from a 

small sample of nests. 

Whaley (1986) was correct in his surmise that the actual Harris's Hawk diet 

contains fewer large mammalian prey items than suggested by his analysis of prey 

remains. Not only is the proportion of lagomorphs overestimated in studies of prey 

remains, but the proportion of the next largest prey item, the whitethroat woodrat, is 

also overestimated by prey remains (Table D-1). This mistaken overemphasis on 

large prey items may have contributed to the belief that "lagomorphs obtained by 

cooperative hunting must be crucial to the daily energetic budget and fitness of 

individual Harris's hawks" (Bednarz 1988). Given the results of my study, I 

suggest that the importance of cooperative hunting, like that of lagomorphs, may 

need to be reevaluated. 

Not only do the prey remains differ from the observed diet, but each study 

of prey remains differs from all of the others (Table D-4). The data were collected 

during nonoverlapping time intervals: 1969-1975 for Mader (1975), 1976-1977 for 

Whaley (1986), 1979 for Brannon (1980), 1980-1983 for Bednarz (1987), and 1986-

1990 for my study. During the 1970s, small mammal prey populations were 

increasing in the Sonoran Desert; during the 1980s, these populations were 

declining (Petryszyn, pers. com.). Fluctuations in the Sonoran Desert preybase may 

partially account for the differences between the studies conducted in Arizona 
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(Mader 1975, Whaley 1986, Lett). Regional variations in prey populations may 

account for the unusually high proportion of lagomorphs in the New Mexico diet 

(Bednarz 1987), which exceeds the proportion of lagomorphs in the Texas diet 

(Brannon 1980) by 21% and the Arizona diet (pooled results of Lett, Mader 1975, 

and Whaley 1986) by 34% (Tables D-3 and D-4). Alternatively, the unusually 

high proportion of lagomorphs in the New Mexico diet may be an artifact of 

methodology: Bednarz (1987) collected bones, feathers, and pellets of uncertain 

age from beneath nests, rather than identifying fresh remains in active nests. His 

technique has the advantage of detecting invertebrate prey items, which are absent 

from fresh remains. However, the mean age of the remains Bednarz collected is 

ahnost certainly greater than that of fresh remains. For vertebrate prey remains, 

greater age would increase the bias towards persistent remains such as lagomorph 

leg bones. An additional problem is the uncertainty that old prey remains were 

killed by Harris's Hawks. Individual raptor nests may remain intact for years and 

may be used by different species in successive years. If this occurred at any of the 

nests studied by Bednarz, his sample of prey remains may include prey taken by 

species other than Harris's Hawks. 

Given the wide distribution of the Harris's Hawk in North and South 

America (Brown and Amadon 1968), and given the well-documented temporal 

fluctuations in many small mammal populations, it is unlikely that any single, short-

term study could provide a universally applicable assessment of the proportions of 
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major prey taxa in the diet. Nor can any single, regionally-based study provide a 

complete list of Harris's Hawk prey items. Rare items, such as frogs, fish (Dickey 

and Van Rosssem 1938), insects, and other small arthropods (Pache 1974, Bednarz 

1987, Jimenez and Jaksic 1993), were not reported in a majority of the studies 

reviewed here. Each of the methods of data collection has its limitations. Direct 

observations, long considered the method of choice, failed to detect insects in the 

diet, perhaps because this type of prey is consimied immediately upon capture, 

rather than delivered to the nest. Prey remains were biased towards large prey, in 

particular lagomorphs. 

Simmons et al. (1991) have suggested that pellets are biased towards smaller 

prey, which are consumed whole, and the predominance of insects in the pellets 

dissected by Pache (1974) supports this contention. Simmons et al. (1991) further 

suggested that an accurate picture of a raptor's diet can be obtained by combining 

data gathered by different methods. Combining the results of Pache (1974), Mader 

(1975), Brannon (1980), Whaley (1986), Bednarz (1987), Jun^nez and Jaksic 1993), 

and this study yields a consensus that the Harris's Hawk diet contains a 

predominance of mammalian prey and smaller proportions of avian and reptilian 

prey. 

Funding for this study was provided by a National Science Foimdation 

Graduate Fellowship and by the James R. Silliman Memorial Fund of the 

University of Arizona. P.S. Becker provided invaluable assistance with fieldwork 
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and statistics. B. Faiks and Eil. Paxton also assisted with fleldwork. R. England, 

the Jarvis family, M. Reed, and P. Reed generously permitted access to nests on 

private property. D.R. Papaj, I.M. Pepperberg, and S.M. Russell made helpful 

comments on earlier drafts of the manuscript. 
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TABLE D-1. Diet of Arizona Harris's Hawks, determined by direct observation of prey deliveries and inspection of prey 

remains. 

Observed Diet Prey Remains 

Items (%) Biomass (%) Items (%) Biomass (%) 

Species (M=156) (Total = (w = 60) (Total = 

31,206 g) 16,140 g) 

Roundtail Ground Squirrel 12.2 9.6 5.0 2.4 

Spermophilus tereticaudus 

Harris'Antelope Squirrel 5.1 3.4 1.7 0.8 

Ammospermophilus harrisi 

Bannertail Kangaroo Rat 1.9 1.4 1.7 0.9 

Dipodomys spectabilis 



TABLE D-1, continued. 

Observed Diet Prey Remains 

Species Items (%) Biomass (%) Items (%) Biomass (%) 

Merriam Kangaroo Rat 0.6 0.1 

D. merriam i 

Southern Grasshopper Mouse — — 5.0 0,4 

Onychomys torridus 

Whitethroat Woodrat 22.4 21.3 35.0 20.0 

Neotoma albigula 

Desert Cottontail 3.8 15.4 23.3 37.2 

Sylvilagus auduboni 



TABLE D-1, continued. 

Observed Diet Prey Remains 

Species Items (%) Biomass (%) Items (%) Biomass (%) 

Unidentified rodents 10.3 4.3 3.3 1.7 

Unidentifled lagomorphs 10.3 3S.6 IS.O 35.3 

Total mammals 66.6 91.1 90.0 98.7 

Gambel's Quail 0.6 0.5 

Callipepla gambelii 



TABLE D-1, continued. 

Observed Diet Prey Remains 

Species Items (%) Biomass (%) Items (%) Biomass (%) 

Elf Owl --- — 1.7 0.3 

Micrathene whilneyi 

Gila Woodpecker 0.6 0.2 

Melanerpes uropygialis 

Northern Flicker 0.6 0.5 

Colaptes auratus 

Cactus Wren 4.5 0.9 5.0 0.7 

Campylorhynchus brunneicapillus 

Unidentified birds 16.0 5.2 



TABLE D-1, continued. 

Observed Diet Prey Remains 

Species Items (%) Biomass (%) Items (%) Biomass (%) 

Total birds 22.4 7.2 6.7 1.0 

Zebra-tailed Lizard 0.6 0.0 1.7 0.1 

Callisaurus draconoides 

Desert Spiny Lizard 2.6 0.4 1.7 0.2 

Sceloparus magister 

Unidentified lizards 7.7 1.2 — — 

Total reptiles 10.9 1.7 3.3 0.3 



TABLE D-2. Proportion of the biomass of vertebrate prey in the 

Harris's Hawk diet composed of different taxa, as reported in 

three studies. 

Observed Diet Prey Remains 

Prey Taxon 

Lett Mader 

(1975) 

Lett Bednarz 

(1987) 

Rodent .402 .332 .262 .049" 

Lagomorph .510 .389 .725* .910" 

Bird .072 .262" .010' .040 

Reptile .017' .017' .003' .002' 

a. Differs from corresponding row of column 1 with P < 0.05. 

b. Differs from corresponding row of column 1 with P < 0.001. 

c. Sample too small to permit comparison of proportions. 



TABLE D-3. Proportion of vertebrate prey items in the Harris's Hawk diet composed of different 

Lett Lett Mader Lett Mader Brannon Whaley Bednarz 

taxa, as reported in five studies. 

w = 1 5 6  n = \ 2 9  n  =  9 \  « = 60 n = 160 « = 221 w = 641 h = 795 

Rodent .526 .543 .473 ^517 .275" .163" .271" .148" 

Lagomorph .141 .132 .099 .383" .463" .494" .340" .704" 

Bird .224 .209 .352 .067"= .175 .344 .279 .104" 

Reptile .109 .116 .077 .033' .087 0' .109 .043* 



TABLE D-3, continued 

a. Differs from corresponding row of column 1 with P < 0.01. 

b. Differs from corresponding row of column 1 with P < 0.001. 

c. Sample too small to permit comparison of proportions. 

0\ 



TABLE D-4. Comparison of studies of Harris's Hawk prey remains on a per item basis. 

Z Scores 

Studies Rodent Lagomorph Bird Reptile 

Lett vs. Mader (1975) 3.37" -1.06 

Lett vs. Brannon (1980) 5.71' -1.53 

Lett vs. Whaley (1986) 4.01' 0.67 

Lett vs. Bednarz( 1987) 7.27' -5.15' 

Mader (1975) vs. Brannon (1980) 2.65' -0.60 -3.65'' 

Mader(1975) vs. Whaley (1986) 0.11 3.23" -2.69* -0.81 

Mader (1975) vs. Bednarz (1987) 3.91' -5.89® 2.56' 2.32 

Brannon (1980) vs. Whaley (1986) -3.23" 4.07' 1.83 

Brannon (1980) vs. Bednarz (1987) 0.55 -5.82' 8.69' 



TABLE D-4, continued 

Z Scores 

Studies Rodent Lagomorph Bird Reptile 

Whaley (1986) vs. Bednarz (1987) 5.76' -13.76' 8.54' 4.80' 

a. P< 0.05 

h.P< 0.01 

c.P< 0.001 



APPENDIX E 

NEST ATTENDANCE AND ANTIPREDATOR DEFENSE 

IN A SOUTHEASTERN ARIZONA HARRIS'S HAWK POPULATION 
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In falconifonns, the reproductive tasks of the sexes are distinct. From the 

onset of incubation through at least the first half of the nestling period, the male 

provides nearly all the food consumed by his mate and young, while the female 

provides nearly all the care of the eggs and young (Brown and Amadon 1968, 

Snyder and Wiley 1976, Newton 1979, Mueller and Meyer 1985). Several 

correlates of this division of labor have been proposed, including energetic savings 

realized by the smaller male in hunting (Reynolds 1972, Mosher and Matray 1974, 

Balgooyen 1976), the greater ability of the larger female to cover all the eggs and 

newly hatched young (Snyder and Wiley 1976, Cade 1982), and the superior 

effectiveness of the larger female at defense against heterospecific predators (Storer 

1966, Reynolds 1972, Snyder and Wiley 1976, Andersson and Norberg 1981, Cade 

1982, Whaley and White 1994). Antipredator defense is thought to be particularly 

important for birds of prey, due to the conspicuousness of their nests (Snyder and 

Wiley 1976). 

Although the notion of the large female raptor as a formidable defender of 

her young has a certain intuitive appeal, the evidence is equivocal. Mueller and 

Meyer (1985, table 10) reviewed the data on the falconifonns of Europe, the Middle 

East, and North Africa; they found four species in which females took the leading 

role in antipredator defense, six species in which both sexes were equally active in 

defense, and four species in which males took the leading role. Andersson and 

Wiklund (1987) reanalyzed the Mueller and Meyer data and found that defense by 
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females was more common in smaller species, particularly members of the genus 

Accipiter, but defense by males was more common in larger species. Subsequent 

studies failed to confirm this pattern. Females were the more aggressive defenders 

in Red-tailed Hawks (Buteo jamaicensis; Andersen 1990), but males were more 

aggressive in Rough-legged Buzzards (Buteo lagopus; Andersson and Wiklund 

1987), Merlins {Falco columbarius; Wiklund 1990a), and Harris's Hawks 

(Parabuteo unicinctus\ Dawson and Marman 1991a). 

Several caveats should be kept in mind when evaluating the literature on 

falconiform nest defense. First, naturally-occurring nest defense is rarely observed. 

For the purposes of study, human investigators and taxidermic mounts are usually 

employed as predator models. The use of humans in this context is problematic. 

Humans are atypical nest predators; we are much larger than the vast majority of 

avian and mammalian predators on the eggs and young of falconiforms (Brown and 

Amadon 1968, Newton 1979). Nest defense against predators capable of receiving 

mortal injuries from a bird of prey might be considerably more vigorous than 

defense against humans. Defense against humans is attenuated in regions of long-

term European settlement, presumably due to selection against aggressive 

individuals by human hunters (Knight et al. 1989). In addition, avian nest defense 

against humans is sensitive to factors such as posture of the intruder and repeat 

exposure to a specific individual. Knight and Temple (1986a) found that birds 

become less fearful of humans upon repeat exposure; repeat exposure effects may 



152 

therefore account for the widely reported increase in intensity of nest defense as the 

nestling period progresses. This increase in defense behavior is commonly and 

perhaps erroneously attributed to increased parental investment. The use of 

taxidermic mounts is also problematic, because defense against mounts is more 

vigorous than defense against live predators capable of retaliation (Knight and 

Temple 1986b). Second, the presence of a human observer is likely to alter the 

behavior of both predator and prey in naturally occurring encounters. Nesting 

female raptors may become highly agitated in the presence of humans and fail to 

respond when a second predator approaches the nest (Brown and Amadon 1968, 

Fyfe and Olendorff 1976). Mammalian predators may follow human odor trails to 

a nest (Hamerstrom 1970, Fyfe and Olendorff 1976) or may respond to human 

odors by avoiding the nest area. Third, the roles played by each sex in nest defense 

may vary widely among mated pairs within a population, due to individual 

differences in aggressiveness (Wiklund 1990b). This finding calls for careful 

interpretation of anecdotal observations and studies with small sample sizes. Any 

one of these methodological difficulties could lead to misinterpretation of the 

female role in nest defense. 

Unlike defense behavior, nest attendance is readily observed without 

experimental manipulation. If nest attendance by female falconiforms is closely 

tied to nest defense, attendance should decrease when the risk of predation 

decreases. For the cooperatively breeding Harris's Hawk, the presence of helpers 
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should effectively reduce predation by increasing the number of defenders 

(Alexander 1974, Wilson 1975, Bertram 1978, Brown 1978, 1987, Emlen 1978, 

1991, Gaston 1978, Stallcup and Woolfenden 1978, Woolfenden and Fitzpatrick 

1984, Skutch 1987). Thus, a females with helpers should spend less time on or 

near the nest than females without helpers. The helper effect should be strongest 

when the helpers are male, because in Harris's Hawks as in many cooperative 

breeders, male helpers are more aggressive defenders than female helpers (Dawson 

and Mannan 1991a). Thus, a females with male helpers should spend less time on 

or near the nest than females without male helpers. Risk of predation should also 

vary with conspicuousness of the nest. In the southeastern Arizona Harris's Hawk 

population, 29% of the nests are located in saguaro cacti (Camegia gigantea), 63% 

in palo verde trees (Cercidium spp.), and 8% in mesquite trees (Prosopis juliflora) 

(Dawson and Mannan 1991b). Saguaro nests are often visible for hundreds of 

meters in every direction, but tree nests can be extremely cryptic, even when 

viewed from above. Mader (1975) found a higher proportion of saguaro nests than 

tree nests failed; he attributed the difference to the greater visibility of saguaro nests 

to aerial predators. Thus, females nesting in saguaros should spend more time on 

or near the nest than females nesting in trees. 

From 1986 to 1990, antipredator defense and nest attendance by the a 

female and other group members was observed at 47 Harris's Hawk nests located in 

Sonoran upland habitat dominated by palo verde, mesquite, and mixed cacti (most 
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conspicuously Camegia gigantea, Ferocactus wislizenii, and Opuntia spp.). 

Dawson and Mannan (1991b) have given a detailed description of an overlapping 

study area with similar vegetation, topography, artificial water sources, and climate. 

The location of the a female and the presence of other group members was 

recorded at ten-minute intervals for ten hours, for a total of 60 observations per 

nest. Observations were made from an enclosed, elevated blind which the observer 

entered at first light in order to minimize disturbance to the hawks and in order to 

observe behavior during the early morning hours of greatest activity. To minimize 

the effects of repeated exposure to the same human observer, all analyses were 

restricted to a females and groups that had not been observed during previous years 

of the study. Data from nests where the identity of the a female was not certain 

and from nests with two dominant females were excluded from all analyses of a 

female behavior and non-a female behavior. The Mann-Whitney U-test was used 

for all analyses with sample size < 20. Student's T-test was used to analyze larger 

samples. It was not possible to examine interactions between effects, due to 

numerous empty cells in the design. 

Nest defense against nonhuman predators occurred on 39 occasions (Table 

E-1). Color-banded a females defended alone in 11 cases, and an a male defended 

alone in one case. An additional three cases of defense by unknown individuals 

were most likely defense by non-color-banded a females. When aided by other 

group members, a females were more aggressive than their subordinates in 
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responding to coyotes (Canis latrans) and Turkey Vultures (Cathartes aura) (Table 

E-2). There is no question that females took the leading role in defense of the nest. 

In contrast, Dawson and Mannan (1991a) found that the a male took the leading 

role in defense, both in terms of frequency and aggression. In their study, Great 

Homed Owls {Bubo virginianus) were the predator most frequently attacked by 

Harris Hawks. Although Great Homed Owls were abundant on the study area, I 

observed only one Harris's Hawk attack on a Great Homed Owl. It also seems that 

defense occurred more frequently in Dawson and Mannan's study, although different 

methods of reporting data make direct comparisons impossible. Dawson and 

Maiman describe a females as reluctant to leave the nest to participate in defense 

unless a Great Homed Owl was within 100 meters, whereas I observed females 

leave the nest to harass predators several hundred meters away. In my study, 

females were most likely to leave the nest during a feeding bout, which is a time of 

high excitement for Harris's Hawks. Dawson and Mannan describe helpers 

initiating defense; I observed helpers acting only in concert with both a individuals, 

very much following their lead. Both studies involved detailed behavioral 

observation of the same population, on overlapping study areas, during overlapping 

years. The differing results may be attributable in part to the steep decline in prey 

populations during the later, nonoverlapping years of my study. In 1990, I 

observed no defense agamst nonhuman predators, perhaps because the hawks were 

too nutritionally stressed to expend the energy (Appendices B and D). It is possible 
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that other changes in defense behavior occurred during the years of prey decline. 

For example, the a female, as the dominant individual in the group, would probably 

be the best-fed individual during times of starvation. Thus, she could have been the 

last member of each group to cease defending the nest. It is also possible that 

Harris's Hawks respond differently to Great Homed Owls than to the five other 

predators listed in Table E-1. 

Nest attendance by a females was not significantly affected by nestling age, 

helpers in general, or male helpers (Table E-3). Nest attendance by a females was 

significantly affected by nest location; as predicted, females spent more time on 

nests in saguaros. As reported by Mader (1975), saguaro nests were more 

vulnerable to complete failure (52%, n = 25) than tree nests (37%, n = 54). The 

nest attendance and nest failure data con&m the conspicuous nest hypothesis, but 

an alternate explanation exists; perhaps a females nesting in saguaros spend more 

time shading the young. To test the shading hypothesis, observations were made at 

one saguaro nest and one well-shaded tree nest during the hottest month, June. The 

nestlmgs were observed during the second half of the nestling period and were 

comparable in age (21 - 35 days old at the saguaro nest and 25-41 days old at the 

tree nest). Both nests were observed on the same five days. In observations 

conducted during the relatively cool hours of 0500 to 1100, the a female at the 

saguaro nest was present 90.7% of the time, was on the nest 41.8% of the time, and 

shaded the young 22.8% of the time. The a female at the tree nest was present 
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43.0% of the tune, was on the nest 10^% of the time, and never shaded the young. 

In observations conducted during the hot midday hours of 1100 to 1600, the 

behavioral differences between the two females were even more pronounced. The 

a female at the saguaro nest was present 96JVo of the time, was on the nest 95.1% 

of the time, and shaded the young 60.6% of the time. The a female at the tree nest 

was present 58.8% of the time, was on the nest 4.5% of the time, and never shaded 

the young. These limited data suggest that females nesting in saguaros do spend 

more time shading the young than females nesting in trees, and that nest attendance 

is related to shading behavior. More data are needed to confirm the shading 

hypothesis. Data from the first week of life, when nestlings are unable to 

thermoregulate, would provide the strongest evidence. Shading during the first 

week of life should only be investigated using captive Harris's Hawks. 

Observations of free-living predatory birds are rarely attempted during the first 

week of the nestling period when human disturbance is most likely to cause nest 

abandonment (Fyfe and Olendorff 1976). 

Under all conditions, a females perched near the nest > 67% of the time, 

and this behavior was not significantly affected by nestling age, helpers, male 

helpers, or nest location (Table E-4). Nest attendance and use of guard perches by 

group members other than the a female was also not significantly affected by 

nestling age, helpers, male helpers, or nest location (Table E-5). However, the 

effect of helpers approached significance. Nest attendance and use of guard perches 
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by entire groups, including the a females, was significantly affected by nest 

location, but not by nestling age, helpers, or male helpers (Table E-6). As 

predicted by the conspicuous nest and shading hypotheses, attendance and guarding 

by entire groups were more frequent at saguaro nests. This result is almost 

certainly an artifact of the inclusion of a females, which spend roughly twice as 

much time near the nest as all other group members. In other words, the entire 

group data (Table E-6) confirm the findings regarding a females (Table E-3) with a 

larger sample size. 

This study found no effect of nestling age on nest attendance or guarding, 

confirming the results obtained for antipredator defense in American Robins 

(Jurdus migratorius) and Red-winged Blackbirds (Agelaius phoeniceus) by Knight 

and Temple (1986a). The lack of a nestling age effect also suggests that Harris's 

Hawks do not reduce their nest attendance as nestlings increase in size and 

aggressiveness, unlike most birds of prey (Brown and Amadon 1968, Snyder and 

Wiley 1976, Newton 1979, Mueller and Meyer 1985). The a female Harris's Hawk 

may persist in closely attending the nest throughout the nestling period, because she 

is relieved of responsibility for hunting to a greater extent than other female raptors. 

Relieving the female of duties other than nest attendance may be one of the 

important functions of helpers in the Harris's Hawk social system. 

If so, the release of the female from hunting obligations and the 

hypothesized decrease in predation pressure produced by helpers should exert 
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countervailing influences on the female's behavior, the former mcreasing and the 

latter decreasing the time she spends at the nest. These countervailing influences 

may account for the lack of a significant effect of helpers on a female nest 

attendance. However, at least four alternate explanations exist: (A) females are 

already spending as much time on the nest as possible and cannot adjust to the 

presence of helpers; (B) helpers do not attend or guard the nest enough to reduce 

predation pressure; (C) helpers do attend and guard the nest, but their efforts do not 

reduce predation pressure; and (D) helpers don't attend and guard the nest, but 

instead defend portions of the territory distant from the nest.. A is unlikely, given 

the ability of females to adjust nest attendance in response to nest site. B is 

possible, as helpers do not significantly increase the time group members other than 

the a female are present near the nest (Table E-5). However, this effect might 

become significant in a larger sample. In addition, helpers in this highly social 

species coordinate their defense behavior with other group members, as shown in 

this study and the work of Dawson and Mannan (1991a). Therefore, helpers might 

not increase the time group members in the aggregate spend near the nest, but 

might still increase the efficiency with which predators are detected and expelled 

from the territory. C is possible, particularly if helpers increase the 

conspicuousness of the nest to predators, as suggested by Zahavi (1974, 1976). D 

is likely, although difficult to document while conducting observations at a nest. 

Dawson and Mannan (1991a) noted that dominant Harris's Hawks exclude 
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subordinates from the nest and its vicinity. 

Vigorous nest defense by a female Harris's Hawks strongly suggests a 

relationship between female nest attendance and defense in this species. Nest 

attendance is also apparently influenced by the need to shade the young at nests 

exposed to full sun. The relationship between helpers, predation risk, and a female 

nest attendance could be clarified by quantifying the risk of predation and the effect 

of helpers on that risk, as distinct from the helper role in hunting and prey delivery. 

It is also possible that Harris's Hawk group members adjust their participation in 

nest defense in response to their nutritional status or the amount of time they must 

spend hunting. Studies of defense behavior under conditions of experimental food 

supplementation or additional data on defense at various points in the prey 

population cycle could resolve this question. 
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TABLE E-1. Frequency of Harris's Hawic nest defense against nonhuman predators. 

Predator Species 

(in order of 

decreasing 

frequency 

encountered) 

Participation in Defense 

By Members of Groups By Members of Pairs 

un-a? atf a? & entire 

alone alone ad' group known 

a? atf a9 & un> 

alone alone ad* known 

Raven sp. 

Red-tailed Hawk 

Coyote 

Turkey Vulture 

Domestic dog 

Great Homed Owl 

I I I 

0 0 

0 0 

0 0 

0 0 

1 

2 

0 

0 

I 

0 

1 

0 0 

Total 10 



TABLE E-2. Types of Harris's Hawk nest defense 

against nonhuman predators. 

Predator Species 

(in order of 

decreasing 

frequency 

encountered) 

Behaviors' 

Predator Species 

(in order of 

decreasing 

frequency 

encountered) 
a? a.<f helper 

Raven sp. a,b,c a,b,c c 

Red-tailed Hawk a,b,c a,b,c a,b 

Coyote a,b,d a,b a,b 

Turkey Vulture a,b a a 

Domestic dog a,b b b 

Great Homed Owl a,b,c a,b,c a,b,c 

Total a,b,c,d a,b,c a,b,c 

1. In order of increasing aggressiveness: a = alarm 

call, b = aerial display, c = chasing or displacing, 

d = diving. 



TABLE E-3. Effect of helpers, brood age, and conspicuous nests on nest attendance by a female Harris's Hawks. 

Condition Hypothesized to 

Reduce Nest Attendance 

First half of nestling period. 

Group contains helpers. 

Group contains male helpers. 

Nest is in a tree. 

Number of Times a? Observed 

on the Nest 

()i ± sd) 

Condition Condition 

Met Unmet 

5.6 ± 7.59 4.1 ± 3.14 

6.0 ± 6.20 2.9 ± 3.08 

7.1 ± 6.96 2.9 ±2.85 

3.0 ± 2.88 12.7 ± 7.23 

Nests U P 

17 33.5 0.88 

17 22.5 0.22 

15 14.5 0.12 

17 0.5 < 0.01 



TABLE E-4. Effect of helpers, brood age, and conspicuous nests on a female Harris's Hawk use of guard perches 

near the nest. 

Number of Times a? 

Observed Near the Nest' 

(x ± sd) 

Condition Hypothesized to 

Reduce Nest Attendance 

Condition 

Met 

Condition 

Unmet Nests U P 

First half of nestling period. 42.1 ± 9.04 42.0 ± 10.06 17 29.5 0.59 

Group contains helpers. 41.0 ± 10.28 43.6 ± 8.38 17 35.0 1.00 

Group contains male helpers. 44.6 ±6.19 44.1 ± 7.92 15 25.0 0.73 

Nest is in a tree. 42.0 ± 9.94 42.3 ± 7.64 17 20.0 0.90 

I. Not including time on the nest. 



TABLE E-5. EfTect of helpers, brood age, and conspicuous nests on nest attendance and use of guard perches by 

Harris's Hawk group members other than the a female. 

Number of Times 

Condition Hypothesized to 

Reduce Nest Attendance 

Group Members Observed 

On or Near the Nest 

(x ± sd) 

Condition 

Met 

Condition 

Unmet Nests U 

First half of nestling period. 

Group contains no helpers. 

20.2 ± 13.82 

15.8 ± 11.89 

Group contains no male helpers. 17.1 ± 11.39 

Nest is in a tree. 20.27 ± 12.22 

23.9 ± 10.79 

27.1 ± 9.80 

27.5 ±11.55 

29.67 ± 7.57 

14 

14 

13 

14 

21.5 

10.5 

11.5 

8.0 

0.75 

0.08 

0.17 

0.19 



TABLE E-6. Effect of helpers, brood age, and conspicuous nests on nest attendance and use of guard perches by all 

members of Harris's Hawk groups, including a females. 

Number of Times 

Group Members Observed 

On or Near the Nest 

(He ± sd) 

Condition Hypothesized to 

Reduce Nest Attendance 

Condition 

Met 

Condition 

Unmet Nests df 

First half of nestling period. 51.7 ± 8.40 48.5 ± 10.10 35 0.92 33 0.36 

Group contains no helpers. 45.6 ± 13.32 51.3 ± 6.52 32 -1.62 30 0.12 

Group contains no male helpers. 46.3 ± 12.43 52.5 ± 5.98 29 -1.74 27 0.09 

Nest is in a tree. 46.9 ± 9.92 56.1 ± 4.23 35 -2.82 33 <0.01 
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