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INTRODUCTION
In 1961 the British Ornithologist’s Union sponsored an expedition 
to Ascension Island in the mid-Atlantic. One of the main objectives 
was to study the biology of the numerous seabirds breeding there, 
especially the Sooty Tern Sterna fuscata. In the course of that 
study, Philip Ashmole conceived the idea that large concentrations 
of seabirds could deplete the food resources in the vicinity of their 
breeding colonies. This zone of local food depletion has been termed 
“Ashmole’s halo” (Birt et al. 1987). Ashmole further reasoned that 
the lowered food density would reduce the provisioning of nestlings 
and consequently lower reproductive output. He postulated that, as a 
colony expanded, it might reach a limit imposed by local resources 
and consequently that populations might ultimately be limited by 
constraints on reproduction (Ashmole 1963, 1971). Ashmole’s 
hypothesis differed from the ideas of his supervisor, David Lack, 
who thought it likely that seabird populations were limited by the 
availability of food in winter (Lack 1966, 1968).

Ashmole was careful to restrict his hypothesis to the case of 
“oceanic” (pelagic) species in the tropics. Because he found no 
evidence of population regulation by either predators or diseases or 
by a lack of breeding sites, he argued that regulation by access to 
food was the most important factor. This regulatory effect was most 
likely to occur during breeding, because adherence to the breeding 
site restricted the foraging area and induced local competition for 
food supplies. Outside the breeding season, he reasoned that the 
birds could spread out to take advantage of the best feeding areas 
regardless of proximity to land and hence were less likely to be 
under competitive pressure. Specifically, he wrote:

Competition for food around colonies will gradually 
become important as the population increases, so that the 
birds will find difficulty in raising young. Eventually the 
food shortage will become so acute that the production of 
young will decrease to the level [at which the population 
balances]. (Ashmole 1963)

Ashmole went on to point out that all the breeding biology traits 
that characterise pelagic seabirds (single-egg clutch, prolonged 
incubation and chick growth period, deferred maturity) might 
be expected where intense competition for food occurs during 
breeding. Subsequently, Robert Ricklefs expressed the same idea, 
but in a more generalised form:

The direct relationship between fecundity and adult 
mortality [in birds] reflects primarily the density 
dependent feedback of adult survival on resources for 
reproduction. (Ricklefs 1977)

This complex set of proposals about the regulation of seabird 
populations has been termed “Ashmole’s hypothesis,” and has been 
very influential in seabird research. As summarised by Furness 
and Monaghan (1987; Fig. 1), Ashmole’s hypothesis is that as 
colony size (N) increases, foraging range (r) must increase through 
reduction in the availability of food close to the colony. At some 
point, the increased time spent in commuting to distant feeding 
areas, or the extra feeding time caused by reduced food availability 
close to the colony (“Ashmole’s halo”), will be reflected in reduced 
food delivery to the chicks. This condition will create selection 
for reduced brood size, slower growth rates and other energy-
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conserving adaptations. Because the potential foraging area (A) 
increases as the square of foraging range (A = π•r2), foraging range 
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flight speed and the energetic cost of transport. We also investigate 
the relationship between colony size and foraging distance.

We investigated these questions for seabird adults in four classes, 
all assumed to weigh one kilogram:

•	 A “murre type” (e.g. Uria spp.), having an constant flapping 
flight and a nestling that requires continuous brooding by one or 
other parent, allowing only 12 h/d for foraging by each parent; 
these birds have a very high wing-loading (1.7–1.9 g/cm2)

•	 A “puffin type” (e.g. Fratercula spp.), having an constant 
flapping flight and a nestling that is not brooded during the 
latter part of the nestling growth period, allowing both parents to 
forage 24 h/d; wing loading approximately 1.4 g/cm2

•	 A “shearwater type” (e.g. Puffinus spp.), having a flight combining 
flapping and gliding and a chick that is left unattended when 
large, allowing both parents to forage up to 24 h/d; wing loading 
approximately 0.9 g/cm2

•	 A “gadfly petrel type” (e.g. Pterodroma spp.) depending mainly 
on soaring flight and with both parents foraging up to 24 h/d; 
wing-loading approximately 0.7 g/cm2

Wing loading values were calculated from data in Tennekes (1996), 
corrected for allometry, as shown in Gaston (2004). To increase 
comparability, we used regression equations relating energy 
expenditure to body mass for different activities for adults, rather than 
published values for the energy expenditure of the selected genera. 
Table 1 shows values assigned for the four classes of seabird.

We ignored the cost of thermoregulation. Young Uria are brooded 
continuously throughout growth at the colony (Gaston & Jones 1998) 
and both Puffinus and Pterodroma, whose chick is left alone during 
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Fig. 3 shows the relationships between the required feeding rate 
and foraging range for all four model species. These curves are 
truncated because, as the travel time approaches the total time 
available, feeding time becomes very short, and hence the required 
feeding rate begins to rise very steeply. We set the maximum 
foraging range at that distance at which the feeding rate is either 5 
or 10 times the rate adjacent to the colony (D = 0 km as the “basal” 
rate; see Table 2).

A strong contrast is evident between the auks and the petrels, with 
maximum foraging ranges for the latter exceeding that for the 
former by approximately an order of magnitude. Like the puffin, 
those species do not need to brood their nestlings during the latter 
part of the growth period, freeing them for 24-hour foraging. They 
also carry much larger loads, and concentrate the food transported 
back to the nestling in the form of stomach oil, giving it a higher 
energy value. Consequently, a shearwater could travel up to 
1800 km from the colony to use a food source allowing a rate of 
food acquisition similar to a source that would constrain murres to 
within 100 km (213 kJ/h).

Within seabird species, the maximum size of the chick varies a 
great deal between years and between colonies (Gaston 1985). This 
variation has a large effect on the required daily delivery, which 
in turn affects the maximum foraging range. Fig. 4 illustrates the 
effect of varying the daily delivery. As the required daily delivery 
climbs, the maximum foraging range declines. For murres, the 
range of chick energy needs estimated for the typical range of chick 
mass at departure suggests potential foraging ranges from 135 km 
to 400 km. The corresponding range for puffins is 222 km to 
677 km (Fig. 4). Over the range from –50% to +50% of mean chick 

energy needs, the relationship between energy needs and maximum 
foraging range is steeper for Uria than for Fratercula, so that a 
given change in feeding rate enables a greater change in foraging 
range for the former, making flexibility in chick feeding rates a 
potentially more useful strategy for Uria than for Fratercula.

Colony size and foraging radius
To model the relationship between colony size and foraging radius, 
knowledge of how many parents could be sustained by the prey 
density around a colony is required. We previously calculated (see 
Figs. 
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Figs. 5 and 6 show the results. The relationship between colony size 
and foraging range is approximately logarithmic over the mid-range 
of observed colony size for both Uria and Pterodroma (Figs. 6 and 
7). For Uria, maximum foraging range is estimated at 80 km for 
colonies of 10

 km for 
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breeding—apparent evidence for Lack’s view. However, the 
outcome depended mainly on the difference between migratory 
and resident terns (which constituted more than half the species 
considered). This comparison has not been pursued for other areas, 
something that might be very worthwhile.

DISCUSSION

Seabird life histories are characterised by low reproductive rates and 
high adult survival (Lack 1966, 1968). These attributes are characteristic 
of populations that are limited by resources, rather than by predation 
(MacArthur & Wilson 1967, Wooller et al. 1992). Nevertheless, many 
seabird populations are subject to periodic catastrophic mortality 
events, often associated with large-scale atmospheric or oceanic 
events (e.g. Ainley et al. 1988, Schreiber 2001). Also, year-to-year 
fluctuations in the availability of seabird prey (e.g. stocks of small 
fishes) tend to be much greater than do changes in the populations of 
marine birds (Cairns 1992). The apparent contradiction between traits 
characteristic of resource limitation on the one hand and observations 
of prey fluctuations and catastrophic adult mortality on the other is one 
that remains unresolved.

Lack (1966, 1968) considered that population regulation for 
seabirds probably occurred outside the breeding season. Studies 
of the timing of mortality in temperate seabirds seem to support 
that view, because most mortality seems to occur in winter 
(e.g. Meade 1974). However, those findings tell us nothing about 
how populations are regulated if the real constraints operate through 
reproduction or recruitment. Population models always indicate 
that adult survival is the most important demographic parameter 
in determining population trajectory. Again, that finding does 
not indicate that populations are controlled by changes in adult 
survival—merely that population trajectories are strongly affected 
by changes in adult survival su(c)-4(c)-4(_0 1 FwS rfh9(occu)565(. )-fh9F 510.6Mi 0D9tMi) changes in a inTeabirdsd 
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members of the colony with regard to feeding has been depressed to 
the point that food is available for rearing only one offspring annually 
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