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Evidence indicates that earlier-nesting birds are often older, 

choose preferred nest sites, and have greater reproductive 

success than those nesting later. The Sooty Terns at Bush Key 

appear to follow a similar pattern. The first birds arrive at 

the west end of the breeding grounds three weeks earlier than 

birds at the east end and behaviorally appear to be older and 

more experienced. The west birds settle in the more desirable 

habitats (the west end was cooler than the east end) and laid 

larger eggs, hatched larger chicks, enjoyed greater 

hatchability, fed their chicks at a lower frequency when they 

were young, and had greater reproductive success than birds in 

the east. This was accomplished through a combination of 

choosing physically and thermally more favorable habitat, 

which was more centrally located, being more persistent 

incubators and brooders, and, by nesting earlier, having 

larger, less-easily eaten chicks by the time avian predators 

arrived on the island. 
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INTRODUCTION 

A major tenet of Darwinian Evolution suggests that 

natural selection acts on heritable phenotypic variation 

resulting in varying degrees of fitness among individuals in 

a population. "An individual's ability to perpetuate its 

genes in the gene pool of its population, or its 

reproductive success, represents that individual's fitness" 

(Pianka 1983). The cost, however, in terms of time and 

energy necessary for successful reproduction, can be high. 

Ricklefs (1983a) states that the energy requirement of an 

incubating adult Sooty Tern (Sterna fuscata) is 

approximately 1.5 times its standard metabolic rate or 130 

kJd-l, and the energy requirement of the chick increases 

from approximately 50kJd-l at hatching to a maximum of 135 

kJd-l when the chick is fully grown. Therefore, it is easy 

to understand the importance of choosing the right habitat, 

mate, and date of breeding, as well as the importance of 

being able to take proper care of a chick (i.e., protection, 

feeding, brooding). 

Reproductive success is usually defined as the percent 

of eggs that results in fledged chicks. A number of factors 

influence reproductive success in birds. Egg 
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characteristics, such as size and composition, are known to 

affect fitness parameters of newly hatched chicks, including 

chick size (Schifferli 1973, Howe 1976, Moss et al. 1981), 

growth rate (Williams 1980), and survival (Schifferli 1973, 

Davis 1975, Parsons 1970 and 1975, Lundberg and Vaisanen 

1979). Most of the variation in egg size has been found to 

be due to inherent differences in females, and less seems to 

be due to environmental influences (Moss and watson 1982, 

Ricklefs 1984a). Specifically, in many birds egg size is 

correlated to a female's age (Coulson 1963, Coulson 1966, 

Nelson 1966, Coulson et al. 1969, Greenhalgh 1974, Ryder 

1975, Mills 1979), and laying date (Parsons 1975 and 1976, 

Birkhead and Nettleship 1982, Bancroft 1984). 

Reproductive success is often positively correlated 

with parental age (Coulson and White 1958, Mills 1973, 

Coulson and Horobin 1976, Davis and Dunn 1976, Blus and 

Keahey 1978, Pugasek 1981, Pugasek and Diem 1983, and Afton 

1984). Futhermore, older birds are typically earlier 

breeders (Coulson 1968, Blus and Keahey 1978, McNeil and 

Leger 1987), and the best nest sites are chosen by early 

arrivals to the breeding grounds (Blus and Keahey 1978, 

Burger and Shisler 1978). 
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Among long-lived, colonial seabirds that nest on 

offshore or remote islands, little attention has been given 

to the relationship between nesting chronology, habitat 

quality, and reproductive success. Harrington (1974) noted 

that young Sooty Terns on Johnston Island in the Pacific 

nested later than older adults, in groups of similar age, 

and often nested in less desirable habitats than experienced 

breeders. At Bush Key in the Dry Tortugas, Sooty Tern 

reproductive success appeared to be greatly diminished in 

late nesting birds (B. Robertson unpubl. 1980 data). They 

also noted that early arrivals nested at the west end of the 

island, with the rest of the island gradually populated to 

the east, so that hatching dates differed by three weeks 

between the two ends of the island. 

The present study of Sooty Terns at the Dry Tortugas 

was undertaken to determine quantitatively 1) how the timing 

of reproduction varies on the east and west sides of the 

island, 2) how reproductive success varies at the two 

sites, and 3) what factors might contribute to any observed 

differences. 

The hypotheses that were tested were: 

1) Habitat quality is different in the two sites. 

2) Reproductive success varies in the two habitats. 
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3) Early arriving birds choose the more desirable 

habitat, which is defined as the habitat 

producing the highest reproductive success. 

4) Early arriving birds are different in age than 

later arriving birds. 

Predictions based on these hypotheses would be: 

1) The west site is physically less harsh. 

2) Reproductive success is higher in the west. 

3) The earlier breeders choose the west site, with 

the late breeders settling in the east site. 

4) The earlier breeders are older birds. 

During the 1986 breeding season, a series of biological 

and physical parameters were measured to test predictions 

based on the above hypotheses. Vegetation type, elevation, 

and location in the colony were determined for each habitat. 

The thermal environment at each site was characterized using 

equivalent temperatures (Te), an index of the external heat 

load that an animal experiences (Mahoney and King 1977). 

Reproductive success was compared by measuring temporal 

variation over the breeding season in egg dimensions and 

weights, percent hatchability, chick weight and size at 

hatching, and percent chicks fledged. Factors that might 

contribute to any differences in growth rate, such as meal 
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size and feeding frequency were also measured. Differences 

in the timing of initiation of breeding, as well as effects 

of predation and some aspects of parental behavior were 

noted. Finally, an effort was made to determine parental 

ages at the two sites. 



METHODS 

STUDY SITE 

The study was conducted April-June 1986 on Bush Key 

(24° 38'N, 82° 52'W), a low sandy island of approximately 

20 acres. Bush Key is one of several islands located in the 

Dry Tortugas, 70 miles west of Key West, Florida. 

Approximately 80,000 Sooty Terns, 4600 Brown Noddies (AnOUS 

stolidus), and 12 Brown Pelicans (Pelecanus occidentalis) 

nested on Bush Key in 1986 (Robertson and Robertson, pers. 

cornrn.). The island is a part of Fort Jefferson National 

Monument and nesting birds have been protected there since 

1935. 

In February, before the Sooty Terns arrived, four 

wooden boxes were constructed according to plans from 

Robertson and Robertson (pers. comm.). Each 12' x 12' box 

was made from 1/4" plywood with 12" high sides. Two "doors" 

at opposite ends were laid flat to allow easy movement of 

the adult birds into and out of the boxes during nesting and 

incubation. When hatching began, the doors were placed 

upright and wired closed to restrict the chicks to the 

boxes. 

17 
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Two of the four boxes were placed at the west end 

(Fig. 1) in an area of low vegetation where large numbers of 

terns were known to first nest (W. Robertson, pers. comm.). 

This was done before the terns arrived to avoid the 

possibility of stepping on eggs while constructing the 

boxes. 

The east site (Fig.l) was chosen and enclosed by 

combining the two remaining boxes into one large irregular 

shaped box. This was done several days after the eggs of 

the west group had hatched in order to insure that the two 

sites corresponded to early and late nesters. Each nest was 

marked with a numbered wooden dowel, located on a map, and 

checked daily for hatching. Several small bushes were 

enclosed within the boxes at both sites to provide shade. 

GROWTH MEASUREMENTS 

Egg measurements. Eggs were weighed in a mesh bag 

with a 50 g. Pesola balance to the nearest 0.5 g. Egg 

lengths and widths were measured with vernier calipers to 

the nearest 0.1 mm. These measurements were not made at the 

same time in the incubation periods of the east and west 

groups due to the uncertainty of the exact laying dates. 

The date of hatching was used to determine the age of eggs 
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on the day they were weighed. The west eggs were measured an 

average of 13 days before hatching and the east an average 

of 6 days before hatching. The weights measured on these 

days were used only when comparing weights of eggs that 

eventually hatched and weights of eggs that failed to hatch 

within the west or east group (i.e., similar age eggs). 

Hatchability was measured as the percentage of eggs in 

each study plot that hatched and included several additional 

eggs laid in areas surrounding the sample boxes. 

Chick measurements. Samples of 28 chicks in the west 

and 33 chicks in the east were followed to determine growth 

rates. Each chick was silver-banded and measured within 

twelve hours after hatching and then approximately every 

third day until they began to fly and could no longer be 

caught. Chicks were weighed in a mesh bag with a 100 g 

Pesola balance to the nearest 1.0 g and later a with a 300 g 

Pesola balance to the nearest 2.0 g. Culmen, culmen

occiput, and wing chord were measured to the nearest 0.1 mm 

with vernier calipers. Culmen was measured from the feather 

line to the tip of the bill, culmen-occiput from the tip of 

the bill to the occiput at the back of the head, and wing 

chord was measured from the base of the alula to the tip of 
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the wing or longest primary as the feathers grew. When the 

primaries had grown too long a ruler was used to measure 

wing length to the nearest 1.0 mm. 

FEEDING DATA 

Feeding frequencies. Although chicks were already 

silver-banded, each chick was also painted with a different 

combination of colors on its scapulars to facilitate 

identification from a distance. Following the method of 

Ricklefs (1984), feeding frequency and meal size were 

determined by weighing the chicks every three hours over a 

24 hour period. Positive weight gains at each three hour 

period were totaled for each chick. If any total weight 

gain ("SUM") at the end of the 24 hour period was greater 

than the total resolution of the Pesola balance > 10 g) 

the chick was considered to have been fed. Any "SUM" ~ 10 g 

was considered to represent weighing errors or meals of 

little consequence, and was used to estimate the probability 

that the parent did not feed the chick. This was then 

subtracted from 1 to get the probability that a parent fed 

its chick, or feeding frequency. 
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These data were also used to estimate meal size. This 

was done by squaring the feeding frequency to estimate the 

number of "SUMS" that represent feedings by two parents, 

using probabilities. These two parent feedings were then 

eliminated from the calculation of meal size in order to 

estimate the average size of the meal fed to the chick by a 

single parent. 

Feeding frequency of chicks in the west group was 

measured at both 28 and 50 mean days of age. Only a mean day 

26 measurement could be obtained from the east group because 

these chicks did not survive to 50 days of age. 

Meal size. Meal size data were also collected 

following the methods of Shea (unpubl. data) for comparison 

with Ricklefs method mentioned above. From feeding 

frequency data the hours of most intense feeding were 

determined, and meal size data were collected during these 

hours. Meal size was determined by weighing each chick every 

hour, as well as after a feeding was observed. The actual 

meal size could then be calculated by subtracting the 

chick's weight the previous hour. 

Meal size data were collected in the west at both 28 

and 50 mean days of age, whereas in the east, as mentioned 
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above, data could only be collected at 26 mean days of age. 

Regurgitated meals were refed to chicks whenever possible. 

BEHAVIORAL OBSERVATIONS 

Daily records were kept of adult and chick behavior, 

including brooding, shading, attentiveness, and 

thermoregulatory behavior such as wing drooping and gaping. 

Observations of predation and chick mortality were also 

recorded. 

Adult age. Several adults were caught within the 

west boxes during the 1986 breeding season. It was not 

possible to catch any birds that year in the east boxes. 

During the 1987 breeding season adult birds were captured on 

nests in or near the areas where the boxes had been the 

previous season. No nests were found in the exact location 

of the east study plot, therefore nesting birds from the 

surrounding area, primarily under stands of bay cedar, were 

aged. The minimum or exact age of the parents was 

determined from leg bands (banding began in 1959) • 
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THERMAL MEASUREMENTS 

Thermal measurements. Comparative thermal 

measurements were made hourly on typical, clear, warm days 

in April and June at both sites. A Wescor thermocouple 

thermometer was used to measure air temperature. The probe 

was placed in the shade ca. 6 ern above ground (chick 

height). Horizontal, diffuse, perpendicular, and reflected 

short-wave radiation was measured with a Licor silicon 

sensor. Ground and sky long-wave radiation were measured 

with a Mikron 25 infra-red thermometer. A sling psychrometer 

was used to measure humidity. Wind speed was measured at ca. 

6 ern height with a Therrnonetics hot wire anemometer. 

Equivalent temperature. Equivalent temperature (Te) 

is an index of the external heat load that an animal 

experiences and incorporates all forms of heat transfer 

(Mahoney and King 1977). It is calculated as: 

where Ta is air temperature (°C), re is equivalent 

resistance (s/rn), Rab is the total absorbed radiation 

(W/rn2>, and JP cp is the product of the density and specific 

heat of air (1200 Jrn-3K-l at 20°C). The term re 
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incorporates data from windspeed and size as measured by the 

animal's linear body dimension parallel to the wind 

(characteristic dimension) . Characteristic dimensions were 

calculated by measuring the length and width of live birds 

and weighting the resultant vector for the appropriate 

posture of adults and chicks (Campbell 1977). The 

characteristic dimension was 0.08 m for an unhatched egg or 

one week old chick, 0.10 m for a 27 day old chick, and 0.12 

m for a 45 day old chick. Dorsal and ventral absorptivity of 

chick and adult plumage was determined by measuring incoming 

and reflected short-wave radiation from the plumage with a 

Licor silicon sensor. 

STATISTICAL ANALYSIS 

Student's t-tests (Sokal and Rohlf 1981) were used to 

compare the means of east and west egg measurements, chick 

measurements at hatching, and adult ages. A probability of 

~ 0.05 was the criterion for significant difference 

throughout the analyses. 

Analysis of growth data followed the methods of 

Ricklefs (1967 and 1983); growth curves were best 

characterized by the constants of the Gompertz equation 

fitted to weight data using nonlinear least-squares curve-
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fitting techniques. Constants for the logistic equation are 

also reported. Analysis was done by Russell E. Shea using 

the SYSTAT (1985) statistical program. This method yields 

two biologically important parameters concerning growth; A 

(g) , the asymptote of the growth curve, and K (d-l) , the 

growth rate constant. Growth data from a partial sample (11 

west birds) were also fitted using a Richards curve 

(Richards 1959) by William Schew. This curve yields an 

additional parameter, m, the shape of the growth curve. 

Growth curves were only fitted for the west study birds 

because of the small sample size in the east and the fact 

that none of the east birds survived to reach asymptotic 

weight. For a critical review of curve fitting methods for 

3 and 4 parameter sigmoidal models see Zach et al. (1984) 

and Zach (1988). 

The mean slopes and y-intercepts of linear regressions 

of log-transformations of weight, wing chord, culmen and 

culmen-occiput data for days 6-30, (the linear portion of 

the growth curve) , were compared between the east and west 

groups using Student's t-tests. 



RESULTS 

STUDY SITE 

The vegetation on Bush Key has been well described by 

Dinsmore (1972}: Bay cedar (Suriana maritima} covers most of 

the island, with mangroves (Rhizophora mangle and 

Laguncularia racemosa} and buttonwood (Conocarpus erectus} 

at the center and far eastern end of the island. Outlying 

areas of low vegetation on the west consist of sea rocket 

(Cakile lanceolata}, sea oats (Uniola paniculata}, and sea 

purslane (Sesuvium portulacastrum}, with the addition of 

prickly pear (Opuntia sp.} on the east. Throughout most of 

the island Sooty Terns nest in this outer, low vegetation 

which extends to the waterline, and a few nest under the 

mangroves and bay cedar. The bay cedar is also used for 

perching by adults and fledglings. 

The west site, an open area of low vegetation 

surrounded by bay cedar, is approximately 10 m from the 

shoreline and approximately 1.5 m above sea level. The east 

site, which is approximately 400 m from the west site, is 

not as open and is surrounded by bay cedar to the south and 

west, mangroves to the east and by a ridge of shells 
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approximately 2 m high to the north. This site is less than 

0.5 m above sea level. 

BREEDING CHRONOLOGY 

Sooty Tern adults began to arrive on 9 March and most 

were on eggs in the west site by 20 March. Adults in the 

east site were on eggs by 10 April. After a 29 day 

incubation period (Dinsmore 1972), most of the eggs hatched 

in the west site by 19 April and by 9 May in the east site. 

Chicks reached fledging at approximately 55-60 days (Fig. 

2) • 

GROWTH 

Egg measurements. Egg size was significantly larger 

in the west: hatched eggs in the west were significantly 

longer and wider than hatched eggs laid in the east and all 

west eggs were significantly wider than all east eggs (Table 

1). Within the west site hatched eggs were significantly 

longer, wider, and heavier than unhatched eggs (Table 2). 

In contrast, the lengths, widths, and weights of hatched and 

unhatched eggs in the east were not significantly different 

(Table 2), and the lengths, and widths were the same as 

unhatched west eggs. 
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Hatchability was considerably greater in the west 

where 43 out of 58 eggs hatched (74%), compared to the east 

where only 33 out of 73 eggs hatched (45%). 

Chick measurements. West chicks hatched at 

significantly heavier weights than east chicks, although 

there were no significant differences in wing and culmen

occiput lengths at hatching (Table 3). Culmen measurements 

were not used in the final analysis because of a high degree 

of sampling error in the measurements: it was extremely 

difficult to determine the exact beginning of the culmen at 

the feather base. This condition is especially common in 

young Sooty Terns (Shea, pers. comm.). 

Sigmoidal growth of body mass (Fig. 2), wing chord 

(Fig. 3), and culmen-occiput (Fig. 4) of both east and west 

chicks was observed. However, data in the east is 

incomplete because none of these chicks survived past day 

29. East chicks were heavily preyed upon by a Short-eared 

Owl (~ flammeus), Cattle Egrets (Bubulcus ~) and 

possibly several species of gulls, and their numbers 

declined steadily until only one chick was left in the study 

plot on 10 June, which was released from the box on that 

date (c.f. Figs. 2, 3, 4). 
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Equations were fitted to the curves describing growth 

in body mass in the west using nonlinear, least squares 

curve-fitting techniques (Ricklefs 1967, 1983). Increase in 

mass was best described by the Gompertz equation: 

M(t) =A exp{-exp[-K(t-t.)]} 
1 

where M(t) is the mass (g) at age t (days), t. is the age 
1 

(days) at the inflection point of the growth curve, A (g) is 

the asymptote of the growth curve, and K (day-l) is a growth 

rate constant. The Kr A, and i, the inflection point (days) 

values for Sooty Terns at the west site are given in Table 

4, along with values for logistic and Richards curves 

(Richards 1959). 

Because of the truncated growth period in the east 

chicks, only the early growth period could be compared to 

that of the west chicks. The linear section of that period 

was days 6-30. Slopes andy-intercepts of log-transformed 

weight, wing chord, and culmen-occiput data for days 6-30 

are compared in Table 5. 

Only growth of mass varied significantly between the 

two sites: east chicks hatched at a significantly lower 

weight (y-interceptr c.f. Table 3 and Table 5) than west 

chicks, but had a faster growth rate (slope, c.f. Table 5). 

The east chicks gained weight quickly and by approximately 
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20 days of age, had attained weights similar to the west 

chicks (Figure 5). Thereafter they appeared to have a 

growth rate similar to the west chicks (Fig. 5). Of the 28 

chicks in the west, whose growth rates were tracked, 26 

(93%) fledged. Of the 33 chicks in the east, whose growth 

rates were tracked, all but one were either found dead or 

were assumed dead when no body was left by predators. The 

single surviving chick was released from the east box on 10 

June and was not seen again. 

FEEDING 

Feeding frequency. Parents in the east fed their 26 

day old chicks nearly twice as frequently , per parent, as 

those feeding chicks of similar age (28 days) in the west 

(Table 6). By 50 days of age feeding frequency in the west 

increased to 0.72, still lower than the 26 day old chicks 

had been fed in the east. No chicks in the east survived 

beyond 39 days, so comparable 50 day data are unavailable. 

Meal size. Meal size was calculated using Ricklefs' 

24 hour method and Shea's hourly method. No statistical 

differences were found when comparing meal sizes determined 

by the two different methods (Table 6). Meal sizes of 26 
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day old chicks in the east and 28 day old chicks in the west 

were not significantly different, although the smaller (at 

hatching) east chicks were fed a meal size that was a higher 

percentage (18%) of their body mass per meal (Table 6). The 

meal size of older (50 day) west chicks was 18% of their 

body mass, and the meal size was significantly larger (P~ 

o.os, Shea method) than that fed younger chicks in both the 

east and west (Table 6). 

BEHAVIORAL OBSERVATIONS 

Adult attentiveness. East adults were frequently 

absent from the nest area, especially at night, and were 

less pesistent brooders than west adults. They were easily 

frightened from the nest and remained off nests for a longer 

period of time than west adults. The east parents remained 

away from the nest for the entire time that measurements 

were taken and did not return until approximately 15 minutes 

after data collection was completed. In contrast, parents 

in the west flew off a short distance initially, or lingered 

overhead, and usually returned within minutes, while data 

collection was still in progress. 
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Thermoregulatory behavior. Thermoregulatory 

behaviors such as gaping, wing drooping and orientating into 

the breeze were observed in both areas during the hottest 

parts of the day. No quantitative measurements were made of 

the time spent performing each activity. 

Adult age. On 18 June, 1986 the mean age of eleven 

adults caught within the west site was 16.0 yrs. (S.D.=3.1 

yrs) • It was impossible to catch any east adults because of 

their skittishness and the total failure of the nesting 

attempt at that site by this date. On 25 March, 1987, when 

most of the Sooty Terns in the west were on eggs, the mean 

age of 30 adults on nests in the west was 16.0 yrs. 

(S.D.=6.3 yrs.) and was not significantly different from 

1986 ages. Ten parents on nests under vegetation near the 

1986 site on the eastern end of the island averaged 14.9 

yrs. (S.D.= 5.1 yrs.) and were not significantly different 

from west adults in 1986 and 1987. On 25 March, 1987 no 

nests had been made within the 1986 experimental site in the 

east. On 27 March, 1988 only two nests had been made within 

the area of the 1986 experimental plot in the east. 

However, a later check of this site on 30 March, 1988 showed 
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that approximately 50 additional nests had been made in that 

area within three days. 

Predation. Predation on both chicks and adult birds 

was heaviest on the east end of the island, based on the 

number of experimental chicks which were lost (32) and the 

number of dead adults (8-10) found on the east end of the 

island during beach walks. Of the 28 initial experimental 

chicks in the west, one starved and one disappeared. Only 

two dead adults were ever found at the west end of the 

island, despite the higher density of nesting adults there. 

The cause of death or disappearance of east chicks was 

unknown in most cases, but out of 33 experimental chicks at 

least 10 were killed by a Short-eared Owl. At least once a 

Cattle egret seized and carried off a small chick near the 

experimental plot on the east end of the island. Hermit 

crabs (Coenobita sp.), which were extremely abundant in the 

east, were observed scavenging eggs and, on one occasion, 

even preying on an alive adult Sooty Tern. 

THERMAL ENVIRONMENT 

Equivalent temperature. The thermal environments 

(Fig. 6) were similar in the two study areas early in the 
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breeding season (18 April) when the west chicks were just 

hatching and the east adults were still incubating eggs. 

Midday temperatures in full sun ranged near a Te of 40°c. 

Afternoon breezes (1.5-2.0 ms-1
> from the south/southeast 

cooled both sites. 

Later in the season, on 1 June, Te was considerably 

higher in the east, averaging over 60°c at midday compared 

to 55°c in the west. Te in the east site was often more 

than 10°c hotter than the west due to lower wind speed 

(under 0.5 ms-1
> at the east site. By 1 June chicks were 

approximately 45 days old and 190 g in the west and 27 days 

old and 120 g in the east. The predicted Te for chicks in 

the east would have been even higher had they hatched at the 

same time in the season as the west chicks, as larger chicks 

experience a greater Te for the same set of physical 

parameters. Dorsal and ventral absorptivity of chick 

plumage were equal (0.86). 



DISCUSSION 

Among birds, in general, reproductive success often 

varies with timing of breeding ( e.g. Knopf 1979, Parsons 

and Burger 1981, Reese and Kadlec 1985) and increases with 

age and experience (Coulson and White 1958, Mills 1973, 

Coulson and Horobin 1976, Davis and Dunn 1976, Pugasek 1981, 

Pugasek and Diem 1983, Afton 1984). It has been shown that 

many colonial seabirds arriving at the nesting grounds early 

in the breeding season choose the more desirable nest sites 

(Burger and Shisler 1978) and are often older, more 

experienced birds (Harrington 1974, Blus and Keahey 1978, 

McNeil and Leger 1987) • Optimal nesting sites are often 

centrally located, and birds nesting in these areas 

experience greater reproductive success than those in 

peripheral locations (Patterson 1965, Coulson 1968, 

Dexheimer and Southern 1974, Ryder 1975, Knopf 1979). 

As Sooty Terns arrived at Bush Key in 1986, the west 

end of the island was populated first, presumably by birds 

choosing preferred nest sites. Therefore, the west site 

would be expected to be the more favourable nesting area, 

and early birds breeding in this area should be older, more 

35 
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experienced birds, and should have greater reproductive 

success. 

Egg size is one indication of reproductive success. A 

positive relationship has been demonstrated between egg size 

and various fitness parameters of newly hatched chicks, such 

as size (Schifferli 1973, Howe 1976r Moss et al. 1981), 

growth rate (Williams 1980), and survival (Schifferli 1973, 

Davis 1975, Parsons 1970 and 1975r Lundberg and Vaisanen 

1979). Eggs that hatched in the west were significantly 

larger than those that hatched in the east. 

Most of the variation in egg size within and between 

populations, has been shown to be attributable to 

differences among females (Moss and Watson 1982, Ricklefs 

1984a.). Size of egg laid has been shown to be affected by 

laying date of the female (Birkhead and Nettleship 1982, 

Bancroft 1984). Parsons (1975 and 1976) found that eggs 

laid earlier in the breeding season were larger and had a 

larger yolk. Ricklefs et al. (1978) state that yolk size 

increases in direct proportion to egg size in precocial 

species. They suggest that the survival advantage of chicks 

from large eggs presumably derives from either large body 

size, large yolk reserves, or both. The larger eggs in the 

west were laid three weeks earlier in the season and, 
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consistent with the above, hatched larger chicks. Also, the 

eggs that hatched in the west were larger than those that 

did not hatch. Hatchability was greatly reduced in the east 

where hatched and unhatched eggs were of similar size, which 

suggests that large egg size may be correlated with 

increased hatchability in Sooty Tern eggs. 

Chicks in the west hatched at significantly greater 

weights than east chicks. However, no differences were 

found between the two groups in wing and culmen-occiput 

measurements, which are more conservative, intrinsic growth 

measurements. Changes in the growth rate of these types of 

measurements are usually only seen in cases of extreme 

starvation (Ricklefs 1968, Ricklefs and White 1975, Shea, 

pers. cornrn.}. Nevertheless, the small sample size in the 

east, as a result of predation, does not preclude the 

possibility of finding significant differences had the 

sample size been larger. 

The growth rate and asymptotic weight of west chicks 

were similar to those of Sooty Terns nesting on Midway 

Islands (Shea 1985}. No growth curves were fitted for east 

chicks because none of these chicks survived to asymptotic 

weight. Brisbin et al. 1987 suggest that in cases like 

this, simpler models such as linear models may be used. 
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Linear regressions of log-transformed growth data (days 6-

30) indicated that east chicks hatched and remained at a 

significantly lower weight (y-intercept) than west chicks at 

least until six days of age, increasing faster (slope) than 

the west chicks after day 6 (Table 5). No significant 

differences were found between west and east chicks in wing 

and culmen-occiput measurements. Figure 5 shows that by 20 

days of age the east chicks had gained enough weight to 

"catch up" to the west chicks. Bedard and LaPointe (1985) 

found that savannah Sparrow nestlings reared in the later 

half of the nesting season also gained weight significantly 

faster than those reared during the first half. Ricklefs 

(1987) and Shea (unpubl. data) showed that chicks subjected 

to chronic undernourishment lost weight but were able to 

gain enough weight, once normal feeding was resumed to fit 

back into the expected growth curve (that of chicks fed 

normally). Shea and Ricklefs (1985) experimentally 

increased the energy requirement of a brood of Gray-backed 

Terns <s. lunata) by substituting Sooty Tern chicks, a 

larger species with a substantially greater food 

requirement. Despite the greater food demand, the foster 

adults were able to successfully rear these chicks. They 

did so by increasing the meal size delivered to the larger 
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chicks compared to the size of meal they would have fed 

their own chicks, presumably because the larger chicks, with 

their larger proventriculi, could accomodate a larger meal. 

Meal size fed to Sooty Tern chicks at the Dry Tortugas 

was the same for similar aged chicks in the east and west, 

as would be expected, because meal size is limited by the 

maximum volume of the proventriculus, and not, as shown by 

Shea and Ricklefs (1985}, by an energy limitation, such as 

the added energy required for adults to transport larger 

meals (Ricklefs 1983a, Shea and Ricklefs 1985}. In the 

present study meal size increased with age (cf. Table 6}, as 

the chicks grew and were able to ingest a larger meal. 

Results obtained using the two methods for estimating 

meal size were not statistically different. The only 

difference was that Ricklefs' method failed to detect a 

difference in meal size between west chicks at age 28 and 50 

days, whereas Shea's method did yield a significant 

difference. As Ricklefs (1984} points out, his method may 

underestimate the size of a meal, particularly if it is fed 

near the beginning of a period and has several hours to be 

digested before the next weighing. For this reason, and the 

fact that handling of the chicks is reduced (every hour for 

three hours compared to every four hours over a 24 hour 
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period), Shea's hourly method seems to give the best 

estimate of meal size, and with least disturbance. 

Shea and Ricklefs (1985) demonstrated that a chick can 

regulate it's feeding frequency. Although there were no 

direct observations of chick begging frequencies, east 

parents did, in fact, feed at nearly twice the frequency of 

west adults. Meal size fed to chicks at both sites and 

feeding frequency in the west were similar to results found 

with other populations of Sooty Terns (Table 7) (Brown 1975, 

Shea and Ricklefs unpubl. data in Ricklefs 1983a), 

suggesting that the increase in frequency by east parents 

was in response to increased demands by chicks and allowed 

the smaller east chicks to "catch up" to the larger west 

chicks by day 20. 

Delivering more meals presumably required the east 

adults to spend more time foraging than did west adults. As 

a result east adults left chicks unattended for longer 

periods of time than did west parents. Futhermore, east 

parents were less persistent brooders; they were easily 

frightened from the nest and remained away for long periods. 

On the nights that meal size and feeding frequency were 

determined, it was obvious that very few adults were present 

at the nest site during the night in the east, whereas in 



41 

the west a number of adults slept within the study boxes. 

The east birds never seemed to grow accustomed to human 

presence as the west birds did. 

This behavior of the east adults left nests and chicks 

open to predation by Laughing Gulls (Larus atricilla), 

Cattle Egrets, and in particular one Short-eared Owl, which 

eventually killed all the chicks but one. This final chick 

was released under a nearby stand of mangrove trees when it 

was the only chick left at the east site. 

Timing of laying was also important in influencing 

predation. Cattle egrets arrived late in the season, at a 

time when the west eggs had already hatched but the east 

adults were still incubating. Cattle egrets were observed 

in high numbers ( >36) in the east, but it was rare to see 

more than two at a time at the western end of the island. 

This is presumably because the west chicks were already too 

large for them to easily ingest, and the smaller, unattended 

east chicks were much easier prey. 

It has been shown that centrally located nests have 

greater reproductive success and lower predation than 

peripheral nests in a colony (Patterson 1965, Coulson 1968, 

Dexheimer and Southern 1974, Ryder 1975, Knopf 1979). The 

west site was in a very wide area of the island where the 
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experimental birds were surrounded by other nesting birds on 

all sides (Fig. 1). The east site was on a very narrow 

strip which did not afford this luxury, and predator 

swamping (Kruuk 1964, Montevecchi 1977) evidently did not 

occur. As Rodgers (1987) points out, colonial nesting has 

its advantages, but once a colony is accessed by a predator, 

the results may be drastic. 

Although, Bush Key is a relatively small island, 

the east and west sites differed in their physical 

environment. The west site was at a higher elevation, and 

was farther from the waterline. This subtle difference 

proved to be very important because on at least one occasion 

the east site was flooded by a high tide, so that the entire 

site was covered with approximately 1/2" of salt water. The 

flood water was an overflow from the nearby lagoon and was, 

therefore, somewhat stagnant and did not wash the eggs from 

the nest scrape. This occurred approximately one week 

before eggs began to hatch at the east study site. 

A further disadvantage to the east site was that it was 

blocked from cooling ocean breezes by a 2m high ridge of 

shells to the north, which resulted in the east being 10°C 

(Te) hotter than the west site throughout the hottest 

afternoon hours later in the breeding season. In the cooler 
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west site, the thermoregulatory costs for chicks were 

presumably less, which could allow greater energy 

expenditure for growth instead. Shea and Ricklefs (unpubl. 

data) showed that Sooty Terns nesting in thermally extreme 

(energetically expensive) environments showed greater 

variation in growth during the latter part of the 

development period when energetic demands are greatest, than 

do Sooty Terns in shaded, cooler areas. This was exactly 

when the thermal difference was greatest (1 June) between 

the east and west sites at Bush Key. However, no difference 

in growth rates between the two areas could be determined 

because nearly all of the east chicks had been killed by 

predators by this date. 

Parental age has been shown to influence several 

aspects of the breeding biology of birds. During the 

breeding season following 1986 an attempt was made to 

capture adults on nests and use band information to 

determine ages of birds in the areas where the two study 

plots had been. In the west, nesting birds were as dense as 

they were the year of the study and were easily caught 

(sometimes two at a time). In the east, however, not a 

single nest was laid within the area where the study box had 

been and birds were caught, only with great difficulty 
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(twice the time to catch half the number of birds caught in 

the west), from under nearby mangrove trees. 

No statistical differences were found between the ages 

of adults caught on nests in the area of the west study 

boxes in 1987 and adults caught on nests under mangrove 

trees surrounding the area where the east boxes had been. 

This sample was obtained on 25 March, when nearly all of the 

eggs had been laid in the west for that season (B. Robertson 

pers. comm.), and no nests were found in the study plot 

where the east birds nested the previous year, 1986. The 

east nests did not hatch in 1986 until 2 May through 9 May, 

which would place the laying date at approximately 2 April 

through 9 April based on a 29 day incubation for Sooty Terns 

at Bush Key (Dinsmore 1972) . Therefore, either the late 

nesting birds in the east had abandoned the site because of 

poor success the previous season, or the sample was taken 

before they had nested in the 1987 season. On 27 March, 

1988 only two nests were found within the area of the 1986 

east experimental plot. However, another check of this area 

just three days later found that approximately 50 nests had 

been laid suggesting that the 1987 sample was possibly taken 

before late nests had been laid. Burger (1982) found that 

when 50% of a colony of Black Skimmers (RYnchops niger) was 
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destroyed by a predator, abandonment of the nesting area the 

following season was highly predictable. Birds nesting in 

areas that were flooded also abandoned, but with lower 

predictability. 

It is speculated that the late breeding Sooty Terns 

that nested in the east site in 1986 were younger than the 

west birds, although band information was not available to 

demonstrate this. Several observations lend support to this 

hypothesis. A study done at Bush Key in 1980 suggested that 

within a particular site, early nesting Sooty Terns were 

older (mean age 15.8 yrs. compared to 13.2 yrs. for late 

nesters) , and early nesting birds experienced greater 

reproductive success (79%, 11 out of 14 eggs resulted in 

fledged chicks compared to 8%, 1 of 13 for late nesters) (B. 

Robertson unpubl. 1980 data). Harrington (1974) found that 

older Sooty Terns nesting at Johnston Island nested earlier 

than young adults and were more aggressive and forced the 

younger birds to nest on the fringes of the colony in the 

less desirable habitats. 

In a number of seabirds early arrivals at the breeding 

site (i.e., west birds) have been shown to be older than 

late breeders (Coulson 1968, Blus and Keahey 1978, McNeil 

and Leger 1987) . Younger birds frequently breed in areas of 
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low nest quality (i.e., the east site) (Blus and Keahey 

1985, Reese and Kadlec 1985). Older birds often lay larger 

eggs (west eggs were longer and wider than east eggs) 

(Coulson 1963, Coulson 1966, Nelson 1966, Coulson et al. 

1969, Greenhalgh 1974, Ryder 1975, Mills 1979). Older birds 

are known to be more persistent incubators (east birds were 

easily frightened from the nest) (Ryder 1975, Blus and 

Keahey 1978, McNeil and Leger 1987). Pugasek and Diem 

(1983) showed that older birds have a lower chick mortality 

(all but one east chick was killed) and increased defense 

rates. And finally, many of these factors work together to 

result in reproductive success that increases with the 

parents' age (hatchability was greater in the west, 43 out 

of 58 eggs hatched in the west compared to 33 out of 73 eggs 

which hatched in the east; similarly, reproductive success 

of west adults was higher than east adults, 26 of a 

subsample of 28 chicks from 58 west eggs survived to 

fledging, compared to zero success in the east, excluding 

the last surviving east chick which was released) (Coulson 

and White 1958, Mills 1973, Coulson and Horobin 1976, Davis 

and Dunn 1976, Blus and Keahey 1978, Pugasek 1981, Pugasek 

and Diem 1983, Afton 1984). 
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Table 1. Comparison of length (rom) and width (rom) of Sooty 
Tern eggs. Values are mean± 1 S.D.; sample size in 
parentheses. 

HATCHED EGGS 

length 50.98± 2.06 (26) 

width 36.14± 0.82 (26) 

length 

width 

50 .39± 2.38 ( 41) 

35.90± 0.93 (41) 

4 9. 83 ± 2. 0 4 ( 3 2) 

35.18± 0.78 (32) 

ALL EGGS 

49.81± 2.00 (72) 

35 .26± 0.90 (72) 

* P~ o.os, Student's t-tests. 

SIGNIFICANCE 

* 

* 

SIGNIFICANCE 

ns 

* 
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Table 2. Comparison of length (mm), width (mm), and weighta 
(g) of hatched and unhatched Sooty Tern eggs. Values are 
mean± 1 S.D.; sample size in parentheses. 

WEST EGGS 

HA!CHED QNHATCHEIJ SIGNifiCANCE 

length 50.98± 2.06 (26) 49.35± 2.61 ( 15) * 
width 36.14± 0.82 (26) 35.48± 0.99 ( 15) * 
weight 31.64± 2.34 (25)b 29.47± 3.00 (15) * 

EAST EGGS 

HA!CHEQ QNHATCHEIJ SIGNIFICANCE 

length 49.83± 2.04 ( 32) 49.79± 2.00 ( 40) ns 

width 35.18± 0.78 ( 3 2) 35.32± 0.99 ( 40) ns 

weight 28.69± 2.24 ( 3 2) 29.13± 2.88 ( 40) ns 

* p~ 0.05, student's t-tests. 
a. Actual weight on day of measurement, an average of 13 
days before hatching in the west and 6 days in the east. 
b. One weight was discarded due to error. 
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Table 3. Comparison of weight (g), wing chord (mm), and 
culmen-occiput length (mm) of Sooty Tern chicks at hatching. 
Values are mean± 1 S.D.; sample size in parentheses. 

weight 24.21± 2.48 (42)a 

wing 19.37± 0.89 (43) 

culmen-
occiput 36.82± 1.09 (43) 

* P~ o.os, Student's t-tests. 

19.61± 3.51 (33) 

19.83± 1.12 (33) 

36.75± 1.98 (33) 

a. One weight was discarded due to error. 

SIGNIFICANCE 

* 
ns 

ns 
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Table 4. Constants for growth data of Sooty Tern chicks in 
the west and another population on Midway Islands fitted to 
Gompertz, logistic, and Richards curves. Values are: K= 
growth rate, A= asymptotic weight, i= inflection point, 
m= shape parameter, and n=sample size. Data are expressed 
as mean ± 1 S.D. 

Bush Key 

GQim~{:tZb 

K (day -1, 0.066 ± 0.008 

A (g) 198 ± 16 

i 12.273 ± 1.602 

n 26 

lQgisti~b 

K (day -1, 0.102 ± 0.010 

A (g) 189 ± 15 

i (days) 17.627 ± 1.611 

n 26 

Ri~bSl{Q~c 

K (day -1, 0.108 ± 0.057 

A (g) 203 ± 27 

i (days) 16.710 ± 6.142 

m 2.002 ± 1.266 

n 11 

a. Shea and Ricklefs (1985). 
b. Curve fitted by R. Shea. 
c. Curve fitted by w. Schew. 

Midway Islandsa 

0.087 ± 0.024 

158 ± 23 

34 
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Table 5. Comparisons of mean slopes and y-intercepts from 
linear regressions of log-transformed weight (g) , wing chord 
(mm) , and culmen-occiput ~mm) measurements of+Sooty Tern 
chicks taken on days 6-30 • Values are mean_ 1 S.D.; 
sample size in parentheses. 

weight 0.020± 0.003 (26) 

wing 0 .019± 0.003 ( 26) 

culmen-
occiput 0.006± 0.001 (26) 

WEST 

weight 1.594± 0.073 (26) 

wing 1. 226± 0.043 (26) 

culmen-
occiput 1.616± 0 .027 (26) 

* P~ 0.05, Student's t-tests. 

SLOPE 

0.026± 0.002 (5) 

0.018± 0.005 (5) 

0.006± 0.000 (5) 

Y-INTERCEPT 

.EAST 

1. 427± 0.062 (5) 

1.249± 0.055 (5) 

1. 611± 0.014 ( 5) 

SIGNIFICANCE 

* 
ns 

ns 

SIGNIFICANCE 

* 
ns 

ns 

a. Results of Student's t-tests for day zero (hatching) were 
the same as for day 6. 
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Table 6. Feeding frequency (per parent) and a comparison of 
meal size (g) of Sooty Tern chicks estimated by the 
Ricklefsa method and the Shea5 method. Values are mean ± 1 
S.D.; sample size in parentheses. 

WEST AGE 28 

Frequencya 0.52 

Meal sizea 17.83±4.26(6) 

Meal sizeb 16.16±2.79(6) 

Significance 
method a vs. b ns 

meal size as 
% of chick mass 13 

* P~ O.os, Student's t-tests. 
a. Ricklefs method ( 1984) • 

WEST AGE 50 

0.72 

22.0±5.10(5) 

2 6 • 0 ±3 • 8 3 ( 4) 

ns 

18 

b. Shea method (unpublished data). 

EAST AGE 26 

1 

16 • 2 ±1 • 6 4 ( 5 ) 

15.5±3.62(6) 

ns 

18 



53 

Table 7. Meal size (g) and feeding frequency (per parent) 
from two Pacific Ocean populations of Sooty Terns. Values 
are mean± 1 S.D.; sample size in parentheses. 

Frequency 

Meal size 

Manana Islanda 

0. 7 9 

25.1± 9.6 (15) 

Midway Islandsb 

0. 57 

25.9± 9.6c (16) 

a. Brown <1975), for chicks > 30 days old .• 
b. Shea and Ricklefs unpubl. data in Ricklefs (1983a), for 
chicks > approximately 30 days old. 
c. S.D. calculated from S.E. given by author. 



Figure 1. Bush Key, Dry Tortugas. Stippled areas represent 
vegetation (see text), and clear, areas are sandy beach. The 
two study areas are indicated by W (west) and E (east). 
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Figure 2. A comparison of growth of mean body mass (dark 
circles) of Sooty Tern chicks in the east and west. 
Vertical lines are ± 1 S.D.; n=sample size. 
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Figure 3. A comparison of growth of mean wing chord (dark 
circles) of Sooty Tern chicks in the east and west. 
Vertical lines are ± 1 S.D. Sample sizes are the same as in 
Fig. 1. 
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Figure 4. A comparison of growth of mean culmen-occiput 
length (dark circles) of Sooty Tern chicks in the east and 
west. Vertical lines are ± 1 S.D. Sample sizes are the 
same as in Fig. 1. 
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Figure 5. Growth of mean body mass of east (circles) and 
west (squares) Sooty Tern chicks. 
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Figure 6. Calculated equivalent temperature (T) for Sooty 
Tern chicks of variuos sizes on two representat!ve days, 18 
April (characteristic dimension=0.08m) and 1 June 
(characteristic dimension=O.l2m for west birds [circles] and 
O.lOm for east birds [squares]). The squares connected by a 
dashed line represent the T of a hypothetical chick in the 
east if it were the same si~e as a west chick on 1 June. 
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