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Leach's Storm-Petrels (Oceanodroma leucorhoa), the smallest and most
Abstract.
abundant seabirds that breed in the northwest Atlantic, are not usually included in avian
energetics models. To round out an energy analysis of seabirds spanning the full range of
body sizes in the northwest Atlantic, the field metabolic rates (FMRs) of breeding Leach's
Storm-Petrels were measured using doubly labeled water techniques (DLW). Metabolic,
dietary and, demographic data were used as inputs in a populations energetics model to
estimate the energy requirements and prey harvests of the Leach's Storm-Petrel population
of eastern North America.
FMRs of storm-petrels that remained in burrows averaged 83.3 ? 19.4 kJ/d. FMRs
increased significantly with time (i.e., x in hours per day) at sea (y = [85.8 ? 6.5] + [3.13
? 0.48]x), and metabolism at sea was estimated to be 161 ? 18 kJ/d. FMRs integrated
over activity on land and activity at sea averaged 124 kJ/d during incubation and 142 kJ/d
during chick rearing. Incubating adults weighed significantly more than adults rearing
chicks, although adult mass did not vary with age of chick. Basal metabolic rate (BMR,
measured as 02 flux) averaged 2.02 ? 1.01 cm3 g- ' h- ', equivalent to 45.4 ? 30.4 kJ/d,
very similar to values obtained for breeding conspecifics in the Bay of Fundy and in the
Bering Sea. Thermal conductance averaged 0.124 ? 0.065 cm3 g- ' h-' IC- 1. FMR/BMR
ratios averaged 2.73 for incubating birds and 3.13 for birds rearing young. Population
energetics modelling indicated that during a 7-mo breeding period Leach's Storm-Petrels
at colonies in the northwest Atlantic Ocean consume > 74 000 Mg of prey, mostly myctophids and amphipods (mostly Hyperia galba), as well as euphausiids (mostly Meganyctiphanes norvegica) and other prey (decapods, copepods, isopods). Leach's Storm-Petrels
make up -80% of the breeding seabird population in eastern Canada, but owing to small
body size and metabolic efficiency, they account for comparatively little of the energy that
flows through the avian assemblage of the northwest Atlantic.
An intra-specific, inter-colony difference in FMR is suggested: FMRs measured in a
Newfoundland colony were significantly higher than those determined with the same DLW
procedure in the Bay of Fundy near the southern limit of the species' breeding range in
the northwest Atlantic. Differences in ambient temperatures and wind speed associated
with different oceanographic regimes may generate energetic differences. Like inter-colony
differences in feeding ecology, inter-colony differences in FMR need to be considered in
population and community energetics models and in meso- and mega-scale extrapolations.
Key words: biological oceanography; doubly labeled water;'field metabolic rate (FMR); food webs;
inter-colony di/Jerences; northwest Atlantic Ocean; population energetics; population energetics model;
prey consumption; seabird oceanography; storm-petrels; trophic interactions.
INTRODUCTION

Birds are highly visible, wide-ranging, easily studied
apex predators in marine food webs. Population energetics models indicate that they consume substantial
amounts of marine prey (Furness 1982, Weins 1984).
' Manuscript received 26 February 1990; revised 20 March
1991; accepted 26 June 1991: final version received 12 August
1991.

Doubly labeled water (DLW) techniques have been
used to determine the energy expenditures of two ecologically important avian species occupying different
trophic levels in the northwest Atlantic. Both Northern
Gannets (Sula bassana, large aerial foragers that feed
primarily on large pelagic fish and squid) and Common
Murres (Uria aalge, pursuit divers that feed primarily
on capelin, Mallotus villosus) showed field metabolic
50% higher than allometric extraporates (FMRs)
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nations for high-latitude seabirds (Ellis 1984, Birt-Friesen et al. 1989, Cairns et al. 1990). These high energy
turnovers were considered to be due in part to thermoregulatory demands imposed by a cold ocean environment and to costly (flapping-flight) foraging modes.
Planktivorous Leach's Storm-Petrels (Oceanodrorna
leiicorhoa), the smallest and most abundant seabirds
that breed in the northwest Atlantic (Brown et al. 1975,
Cairns et al. 1989), are usually not included in energetics models involving marine birds (Sklepkovych and
Montevecchi 1989; cf. Cairns et al. 199 1). To complete
the energetic analysis of the full body-size spectrum of
marine birds in the northwest Atlantic, we used DLW
to measure the FMRs of breeding Leach's Storm-Petrels in a cold oceanic region fed by the Labrador Current (Newfoundland). As with larger seabirds, oceanographic influences in Newfoundland waters were
expected to produce higher metabolic demands (BirtFriesen et al. 1989), which might be similar to those
experienced by storm-petrels in the Antarctic (Obst et
al. 1987). To date, FMR findings from DLW studies
have been treated mainly as species-specific and broadly generalizable. Recent reports have indicated, however, that FMRs may vary among colonies and years
(e.g., Gales and Green 1990). The present study compared the FMRs obtained with DLW of Leach's StormPetrels breeding in Newfoundland with those in the
Bay of Fundy (Ricklefs et al. 1986). Metabolic, dietary,
and demographic data were used in a population energetics model to estimate the species' energy requirements and prey harvest in the northwest Atlantic. Results are compared with those of larger avian species
feeding at higher trophic levels (Birt-Friesen et al. 1989,
Cairns et al. 1990).
METHODS

DoublY labeled wtater
Field metabolic rates (FMRs) of breeding adult
Leach's Storm-Petrels were measured with doubly labeled water (DLW) during July 1987 on Green Island
(46053' N, 56005' W, Newfoundland) where the species'
breeding population is estimated as 72 000 pairs (Cairns
et al. 1989). Subjects were captured in nest burrows
during the day, weighed (1 00-g Pesola spring scale)
and injected pectorally with 0.15 mL 3HH'8O con/o80 (i.e., oxygen in which 95% of
taining 95 atom %
the atoms were 180) and 3H whose disintegration rate
was 46 kBq/mL. They were then banded with United
States Fish and Wildlife Service bands and returned to
burrows. Grass lattices were laid over burrow entrances
and were checked at 15-min intervals through the next
three nights. When a lattice either had been disturbed
or had not been disturbed for 24 h or longer since
injection, we examined the burrow. If an injected animal was recovered, -0.2-0.6 mL of blood was drawn
from a brachial vein, and the bird was weighed and
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returned to its burrow. Of the 20 storm-petrels that
were injected with DLW and recaptured, 8 did not
leave the burrow from the time of injection until recapture (7 of these animals were incubating, 1 was with
a chick). Twelve others spent from 8.6 to 21.0 h/d at
sea between injection and recapture (10 of these birds
were rearing chicks, 2 were incubating). Following
Ricklefs et al.'s (1986) procedure, initial isotope levels
were determined from measurements for nine animals
that were injected with 3HH'80, returned to burrows
for I h, then bled. Initial isotope values for these animals were regressed on body mass; initial isotope levels for 17 storm-petrels, for which initial blood samples
were not obtained, were estimated from body mass
using this regression equation. Three of the nine birds
were recaptured within 2 d, and FMR and water-turnover calculations for these animals were based on actual initial isotope values.
Blood samples were stored frozen in airtight heparinized tubes. In the laboratory, blood was thawed and
vacuum-distilled (Nagy 1983). Tritium activity was
measured in duplicate or triplicate on 10-AL samples
of water in a Beckman LS7500 scintillation counter.
1'0 in the remaining water from each sample was analyzed in duplicate or triplicate at Nagy's (1983) laboratory at the University of California at Los Angeles
by proton activation of 1O to '8F with subsequent
counting of '8F in a gamma counter (Wood et al. 1975,
Nagy 1980). Standards were made by diluting 100-AL
injection solution in 20.0 mL of distilled water and
were analyzed in triplicate. Background isotope levels
were measured on three uninjected storm-petrels.
CO, production (in millilitres per gram per hour),
water influx (in millilitres per kilogram per day) and
water efflux (in millilitres per kilogram per day) were
calculated for each storm-petrel for the interval between initial and final captures, assuming body water
volume changed as a constant fraction of body mass
(Nagy 1980, 1983, Nagy and Costa 1980). Body mass
was calculated as the mean of masses at initial and final
captures. Total body water was estimated from 180
dilution space (Nagy 1983). FMR (in kilojoules per
day) was calculated from CO2 production assuming an
energy equivalent of 0.0263 kJ/mL of CO2 for myctophids, amphipods, and euphausiids. Metabolizable
energy intake (ME, in kilojoules per day) was calculated
from water influx, assuming an energy assimilation
efficiency of 0.80 (Ricklefs 1974) and a gross energy
equivalent of 8.10 kJ/mL of H2O for myctophids, amphipods, and euphausiids, and assuming that birds at
sea did not ingest sea water (i.e., all water intake was
due to preformed water in the food and metabolic water
produced from the food).
Estimates of basal metabolic rate and
thermal conductance
Oxygen consumption (VO2) was measured on seven
nonlabeled breeding storm-petrels on Green Island
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(Newfoundland) and on two others on Great Island
(47011,

N, 52049'

W, Witless Bay Ecological

Reserve,

Newfoundland). Birds were removed from nest burrows during daylight, returned to a cabin and placed
in 16.33-L plastic airtight chambers that contained a
layer of soda lime and Drierite to absorb CO2 and H20,
respectively, beneath plastic-mesh flooring. Birds were
allowed to acclimate for -2 h before the chambers
were sealed and connected to a Yellow Springs Instrument thermistor and a water-filled manometer. No attempts were made to control air temperatures, which
were within the thermal neutral zone (Ricklefs et al.
1986). Changes in air pressure and temperature in the
chambers were recorded. Atmospheric pressure changes
during 15-min tests were assumed to be negligible. Only
tests during which the pressure in the chamber decreased steadily and during which the bird remained
quiescent were used. VO was estimated using Ricklefs
et al.'s (1986) equation and was converted to energy
turnover with a factor of 0.0201 kJ/mL of 02. This
volumetric technique of measuring V02 is highly amenable to field situations, and though it has not been
validated with open system respirometry, very similar
techniques have, and the technique has produced results similar to those generated by other procedures
(see Discussion) and by allometric extrapolations (BirtFriesen et al. 1989). These data were used to estimate
basal metabolic rate (BMR). V02 has not been found
to vary diurnally for this species (Ricklefs et al. 1980).
Although 8-14 h had passed since dawn and the last
possible feeding, storm-petrels and other procellariids
can retain lipids and other foods in stomachs for - 1
d after feeding (Obst et al. 1987), so birds used in our
tests may not have been in a post-absorptive state.
Thermal conductances were calculated for nine 15min metabolism chamber tests run at temperatures
ranging from 15.60 to 24.20C, using the equation of
Obst et al. (1987):
C, = VO2/( T,- Twhere C is thermal conductance in cm 3g ' h -' C-',
VO2 is oxygen consumption in cm3 g- ' h ', This body
temperature in degrees Celsius, and T, is ambient air
temperature in degrees Celsius.
Adult hodv mass
We weighed (1 00-g Pesola spring scale) and banded
69 adult Leach's Storm-Petrels that were removed from
nest burrows on Green Island during daylight hours.
Of these, 40 were incubating and 24 were with chicks.
Meteorologicalloceanographic comparisons
Data on regional air temperatures and wind speeds
during the study periods on Green (July 1987) and Kent
(July 1983) Islands (Newfoundland and Maine, respectively) were obtained from the Canadian Environmental Service. Sea surface temperatures (SSTs) during
investigation periods and within the storm-petrels' for-
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aging ranges were generated by averaging the proportionate

areas of SSTs within blocks

40

latitude

by

30

longitude around each of the study islands. SST charts
were obtained from the Canadian Forces Meteorological and Oceanographic Centre in Halifax (Nova Scotia, Canada). General information on typical regional
fog conditions was obtained from Steele et al. (1979).
Food sampling
As DLW tests were being conducted, parental food
samples were collected by mist-netting adults returning
to the colony at night. Plastic tarps laid under mist nets
collected regurgitations from netted birds on Green
Island and on Gull Island (47016' N, 52046' W) in
Witless Bay (N = 800). Samples were either frozen or
stored in a solution of 5% formalin. Seven fresh samples were dried and analyzed for protein, lipid, and ash
at the Fish Inspection Laboratory, Fisheries and Oceans
Canada, in St. John's. Data were used to calculate the
energy contents of parental feeds (methods in Montevecchi and Piatt 1984).
Statistics
Data were independent and approximately normally
distributed (Komogorov-Smirnov test; P > .05), so
parametric statistics were used throughout. Level of
significance is taken as .05. Means are given + 1 standard deviation (SD), and regression values ? 1 standard
error (SE); t tests are two-tailed unless otherwise stated.
Population energetics model
Following the design structure of Furness (1978) and
Wiens (1984), a population energetics model of prey
consumption was developed on VP Planner, a Lotus
1-2-3 compatible spreadsheet. Estimates of energy use
by individual adults form the core of the model, and
other calculations were used to account for costs of
reproduction. FMRs determined in the present study
were used in the model, except for storm-petrels breeding in Nova Scotia and New Brunswick, for which
Ricklefs et al.'s (1986) value was used. Input parameters, which are detailed below (Table 4), were integrated at the population level. Energy densities of parental feeds and of prey species and the percentages
that different prey represented in the total mass of the
diet were then used to estimate the total masses of
different prey consumed during the storm-petrels
breeding season (see Montevecchi et al. 1987). Details
of the model are presented in Cairns et al. (1991).
RESULTS

Body masses, metabolic rates, and
thermal conductances
Adults with eggs in their nest burrows weighed significantly more than adults rearing chicks (Table 1).
Masses of adults with small chicks (<20 g) were not
significantly different from those of adults with large
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Masses of adult Leach's Storm-Petrels with eggs,
chicks, and chicks of different masses (ages) in their nest
burrows (means ? 1 SD) and correspondent one-way ANOVA.

TABLE 1.

Adult mass (g)
Chick stage
Small
(<20 g)

Egg stage
47.7 ? 4.7

Large
(>20 g)

45.2 ? 3.4
46.4 ? 3.5 44.9 ? 3.4

F

df

P

4.83
0.81

1,62
1,16

<.05
>.05

chicks (>20 g; Table 1); the correlation between chick
and parental masses was also nonsignificant (r; P >
.05).

Background oxygen isotopic values averaged 0.2019
?
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0.0001%/o '8.

We checked

for systematic

error in

estimates of CO2 production as final 180 levels in labeled birds approached background levels in two ways.
(1) Maximum difference in 180 measurements from
replicate analyses of five samples (including re-distillations) was 3.5%. Final 180 measurements for all birds
were >0.0085 atom % excess (above background),
which is 4.2% of background and outside the range of
maximum differences for replicate 180 analyses (BirtFriesen et al. 1989). (2) We plotted CO2 production
against final 180 measurements. The plot yielded no
evidence of systematic bias. We therefore included all
data points in subsequent analyses.
The field metabolic rates (FMRs) of eight stormpetrels that remained in nest burrows averaged 83.3 +
19.4 kJ/d (Table 2). Adults that spent all or part of
their time at sea had significantly higher FMRs than
did adults that remained in nest burrows (Table 3; t =
-6.7; N= 20; P < .001). FMR increased significantly
with time spent at sea according to the linear relationship
Y= (85.8 ? 6.5) + (3.13 ? 0.48)x,

(1)

where y is FMR in kilojoules per day and x is time at
sea in hours per day (r = 0.84; P < .001; see Fig. 1).
The intercept of the regression (85.8 ? 6.5 kJ/d or 3.58
? 0.27 kJ/h) is the predicted metabolic rate of a bird
in the nest burrow and is not significantly different from
the direct measurements on birds that remained in nest
burrows (t test; P > .05). The regression slope (3.13 +
0.48 kJ/h) is the incremental cost of being at sea over

TABLE

2.

maintenance costs. Assuming that the incremental cost
of being at sea is additive to metabolism in the nest
burrow, then total metabolism at sea is estimated to
be 6.71 ? 0.75 kJ/h or 161 ? 18.0 kJ/d. Metabolism
at sea can also be estimated by subtracting estimated
energy expended at the nest site from total energy expenditure for each storm-petrel that went to sea. This
procedure yields a mean estimate of metabolism at sea
of 168 ? 33 kJ/d. Estimates of metabolic rates calculated by these methods were not significantly different (1 test; P > .05). Metabolic rates at sea calculated
by subtraction did not vary with time at sea. Neither
FMRs nor metabolic rates at sea correlated with chick
wing length (age).
On average, storm-petrels that remained at the nest
burrow lost mass between captures (one-tailed t test; t
N= 12; P < .01; Table 2). Birds that went
=-3.58;
to sea did not change in mass and remained in energy
balance (t test; Table 3). Metabolizable energy intake
(ME) was positively correlated with time spent at sea
(r = 0.61; N = 12; P < .05) according to the equation
y= (48.8 ? 48.0) + (6.62 ? 2.73)x,

(2)

where v is ME in kilojoules per day and x is time at
sea in hours per day. Energy balance (ME - FMR) and
change in mass of birds that went to sea were not
correlated with time spent at sea.
Whole-animal FMR was significantly correlated with
body mass for birds that went to sea (y = [-6.4 ?
56.2] + [3.23 ? 1.23]x; r= 0.64; N= 12; P < .05),
but not for those that remained in nest burrows. Stormpetrels that are incubating eggs or brooding small chicks
5
spend - 50% of their time at the nest burrow and 50%
at sea (Ricklefs et al. 1986). Those with larger chicks
spend at least three times as much time at sea as the
nest-burrows (W. A. Montevecchi and V.L. Birt-Friesen, personal

observations).

As our FMR

measure-

ments do not represent complete at-sea and at-land
activity cycles, we integrated FMR over sufficient intervals to include full activity cycles (Obst et al. 1987).
Integrated FMRs averaged 124 kJ/d during incubation/brooding and 142 kJ/d during chick-rearing.
Mass-specific BMR (as 02 consumption rate) averaged 2.02 ? 1.01 cm3 g-' h- ' (94.1 ? 47.1 cm3/h),
equivalent to 2.07 ? 1.27 kJ/h (45.4 ? 30.4 kJ/d).
Thermal conductance averaged 0.124 ? 0.065 cm3
g--''h-'0 C-'.

Doubly labeled water results for eight Leach's Storm-Petrels that remained in their nest burrows during testing.
Measurement

Body mass (g)
Change in mass (g/d)
Recapture interval (d)
CO, production (mLg 'h ')
Field metabolism (FMR; kJ/d)
Water efflux (mL kg ' d ')

X

SD

Min.

Max.

47.5
-9.0
1.26
2.8
83.3
145

4.3
7.1
0.38
0.7
19.4
72

41.7
-19.8
1.06
1.9
49.0
32

55.4
-0.2
2.17
4.2
115.2
248
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FIG. 1. Field metabolic rate (FMR) as a function of time at sea for 20 Leach's Storm-Petrels (11 of which were rearing
chicks, *; 9 of which had an egg, 0) from a colony in Newfoundland.

Population energy requirements of Leach's
Stormn-Petrelsbreeding in the
Northwest Atlantic
The reproductive, nutritional, and dietary parameters that were used as input for the population energetics model are given in Tables 4, 5, and 6. The diets
of Leach's Storm-Petrels during the breeding season in
Newfoundland are estimated to be comprised of (in
decreasing order of mass of total food intake) myctophids, amphipods, euphausiids, and other crustaceans
(Table 6). The energy densities of fresh parental food
regurgitations are consistent with the energy densities
of the marine food types included in them and with
dietary composition in general (Table 5; Warham et
al. 1976). These data and calculations of population
energy requirements were used to generate coarse estimates of the masses of prey organisms that Leach's
Storm-Petrels consume during their breeding season
in the northwest Atlantic (Table 6). The model estimates that a breeding adult Leach's Storm-Petrel consumes 23 g of food per day, or 50% of body mass.
Minimum total annual consumption for eastern Canada is estimated as z74 000 Mg, and estimates of the
harvests of major prey types are in Table 6.
TABLE

3.

The energetics model also indicated that about half
of the total consumption is taken for somatic maintenance by breeding birds during the reproductive season and by non-breeders and failed breeders associated
with colonies. Most of the remainder is used by young
birds not attending the colony and by adults during the
pre- and post-breeding periods. Only a small fraction
(4. 1%) of food consumed is used directly for egg production and chick-provisioning. Much of the parental
energy requirements are, however, associated with foraging for and transporting food to nestlings.
DISCUSSION

Metabolic rates of Leach's Storm-Petrels
The integrated field metabolic rates (FMRs) of
Leach's Storm-Petrels breeding in Newfoundland averaged ~440%higher than those of conspecifics studied
with the same doubly labeled water (DLW) procedure
at Kent Island, New Brunswick (Table 7; Ricklefs et
al. 1986). Significant differences in mass-specific CO2
production during nest attendance and during at-sea
activity were obtained between Leach's Storm-Petrels
nesting in Newfoundland waters and conspecifics nesting in the Bay of Fundy (Table 8). In view of the sim-

Doubly labeled water results for 12 Leach's Storm-Petrels that spent part of the time at sea.
Measurement

Body mass (g)
Change in mass (g/d)
Recapture interval (d)
Percentage of time spent at sea
CO2 production (mL g 'h ')
Field metabolism (kJ/d)
Water intake (mL kg ' d ')
Waterefflux (mL-kg-'d I)
Metabolizable energy intake (kJ/d)
Energy balance (ME - FMR)

X

SD

Min.

Max.

45.6
-1.0
2.29
70.9
4.9
141
551
555
162
21.0

3.6
5.4
0.30
17.8
0.5
18
161
150
47
42.6

41.0
-9.4
1.57
36.0
3.9
111
243
271
74
-70.4

50.7
8.4
2.63
87.0
5.5
168
710
698
221
77.5
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4. Life history parameters used in the population energetics model of prey consumption by Leach's Storm-Petrels in
the northwest Atlantic. Where variability around a mean is expressed, data are mean ? 1 SD.

TABLE

Value

Sourcet

1
0.67
0.71
60
43
67
30
139
69.7 ? 3.8
4988
56.2 ? 5.1
4 512 000

1, 2
3
3
4. 5
3
3, 4
4
1
6
7
4
8

Input
Clutch size
Hatching success
Fledging success
Pre-breeding period (d)
Incubation (d)
Chick period (d)
Post-breeding period (d)
Daily energy expenditure (kJ bird d ')*
Energy content of egg (ki)
Total energy for chicks (ki)
Fledging mass (g)
Northwest Atlantic breeding population (pairs)
*

Based on weighted mean daily energy expenditure calculated for combined incubation and chick-rearing periods.

t Sources: (1) present study; (2) Palmer (1962); (3) R. G. Butler (unpublished data); (4) S. Bryant (unpublished data); (5)

estimate by authors; (6) Montevecchi et al. (1983); (7) Ricklefs et al. (1980); (8) Cairns et al. (1989).

clarity of basal metabolic rates (BMRs) obtained in
these regions, it is unclear as to why metabolic rates
in nest burrows should differ. However, as BMR tends
to increase with latitute (Ellis 1984), it may be that our
BMR are low (cf. Butler et al. 1986), or that BMRs in
New Brunswick are lower. Further measurements of
BMR could help to shed light on these differences. In
comparison, the higher metabolic rates at sea in the
Newfoundland region may be influenced by oceanographic and climatic factors, as well as differences in
foraging ranges. Summer surface water temperatures
were quite similar within the potential foraging ranges
of Leach's Storm-Petrels breeding on Green (X
13.70C) and Kent (X = 13.00C) Islands, though colder,
wetter, and windier conditions were associated with
the Newfoundland region. Daily air temperatures in
the vicinity of Green Island averaged 1.70C colder than
those on Kent Island during the July months when the
studies were carried out, and mean annual wind speeds
were ;2.6 km/h stronger at Green Island, where there
was more fog (Canadian Atmospheric Environmental
Service records; Steele et al. 1979).
Wind and wind chill effects may significantly elevate
FMR. For instance, Black-legged Kittiwakes (Rissa tridact vla) showed significant increases in FMR during
heavy winds; these were suggested to be due to increased costs of capturing prey rather than due to flight
costs (Gabrielson et al. 1987; see also Kersten and

Piersma 1987, Webster and Weathers 1988, Taylor and
Konarzewski 1989). These sources of energy expenditure may be interactive, as wind effects also influence
prey availability via oceanographic effects (Schneider
1989). Warming cold food to body temperature could
also contribute to homeothermic energy requirements
in cold water regions, especially among small species
like storm-petrels that consume food equivalent to
about half or more of their body mass each day (Obst
et al. 1987). These findings are consistent with previous
DLW measurements made on larger avian piscivores
in the northwest Atlantic, which were z50% higher
than allometric extrapolations based on high-latitude
seabirds (Ellis 1984, Birt-Friesen et al. 1989, Cairns et
al. 1990). Interestingly, the energy expenditures and
conductances of Leach's Storm-Petrels breeding in
Newfoundland (Table 7; Obst et al. 1987) are much
more similar to those of Wilson's Storm-Petrels breeding near the Antarctic Peninsula (64044' S) than they
are to conspecifics breeding in the Bay of Fundy.
Inter-colony, inter-annual, intra-specific differences
in feeding ecology have been well documented (Schneider and Hunt 1984, Gaston and Noble 1985, Springer

6. Estimates of total prey consumption by breeding
Leach's Storm-Petrels in the northwest Atlantic.

TABLE

Prey*
5. Percentages of organic components and energy
density of fresh samples of parental food regurgitations
(n = 7) collected from breeding adult Leach's Storm-Petrels
on Green Island, Newfoundland.

TABLE

Myctophidst
Amrphipods:
Euphausiids?
Otherll
Total

Component
Water
Protein
Lipid
Ash
kJ/g

X ? 1 SD
72.9
12.5
13.3
1.3

? 2.4
? 0.8
? 2.6

? 0.2

7.5 ? 0.9

% mass of total
food intake

Consumption (Mg)

- 55
- 30
- 10
-5

41 400
22 000
7 100
3 600

100

74 100

W. A. Montevecchi (unpublished data) based on 800 parental food regurgitations collected on Green Island, Fortune
Bay, and on Gull Island, Witless Bay, Newfoundland.
t Benthoserna glaciale.
: Primarily Hvperia galba.
? Primarily Meganvctiphanes norvegica.
Decapods, copepods, isopods, mysids.
*
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7. Metabolic rates at nest, at sea, and integrated over one at-nest/at-sea cycle of free-ranging storm-petrels rearing
chicks, as determined using doubly labeled water.

TABLE

Metabolic rate (kJ/d)
Mean mass
(g)

Storm-petrel species
Location
Leach's
Newfoundland (46?53'N)
(regression)
(subtraction)
Ratio to BMR

Nest

Integrated*
Older chick
Egg/Neonate

Sea

Sourcet

46.6
86
83
1.89

161
168
3.55

124
126
2.73

142
147
3.13

Predicted:
Leach's
New Brunswick (44035'N)
Ratio to BMR

46.6
45

71
52
1.25

134
123
2.95

103
88
2.11

118
105
2.52

Wilson's
Antarctica (64'40'S)
Antarctica ratio to BMR

42.2

81
2.19

157
4.24

119
3.22

138
3.73

1
1

2

3

% FMR differences
Newfoundland and New Bruns+40
1
+43
+37
+60
wick
+7
+6
+7
+3
Newfoundland and Antarctic
+25
+22
+25
+ 17
Newfoundland and predicted:
* Integrated field metabolism = field metabolic rate (FMR) averaged over a sufficient period to include the full range of
activities (Obst et al. 1987). Based on knowledge of life history and behavioral patterns (Table 4), metabolic rates at the nest
and at sea were combined in a ratio of 1:3 to produce an integrated FMR estimate for a breeding cycle.
t Sources: (1) present study; (2) Ricklefs et al. (1986); (3) Obst et al. (1987).
: Predicted by equations of Birt-Friesen et al. (1989) for a seabird occurring in a cold-water region and using predominantly
gliding flight.

1991). Such differences could produce differences in
FMRs at different colonies (Green and Gales 1990),
particularly among those in different oceanographic
regions, as well as differences at the same colony in
different years (Gales and Green 1990). Differences in
diet (Linton 1979; W. A. Montevecchi, unpublished
data) and differences in food availability around colonies in Newfoundland and in the Bay of Fundy could
produce differences in FMR. Telemetric activity recorders (e.g., Kooyman et al. 1982, Wanless et al. 1985,
Cairns et al. 1987) could be used to compare foraging
ranges and feeding patterns among colonies in different
oceanographic

regions.

Estimates of the BMR of breeding Leach's StormPetrels are similar in Newfoundland (present study;
Butler et al. 1986), the Bay of Fundy (Ricklefs et al.
1986), and the Bering Sea (Iverson and Krog 1972).
These estimates are within 10% of allometric predic-

tions for seabirds (Ellis 1984). The BMRs of Wilson's
Storm-Petrels were z25% greater than allometric extrapolations (Obst et al. 1987). High BMRs are associated with seabirds breeding at high latitudes (Ellis
1984) and in open, wind-swept environments (Kersten
and Piersma 1987; see also Adams and Brown 1984).
Lipid metabolism and mass loss are common among
seabirds during incubation and reproduction (Ricklefs
1974, Adams 1990), and negative energy balances have
been found in many DLW investigations of marine
birds (Birt-Friesen et al. 1989). Results on mass change
and energy balance (ME - FMR) indicate that stormpetrels in the present study lost mass while in the nest
burrow, presumably due to consumption of reserves,
but were in energy balance while at sea (see also Obst
et al. 1987). Significant increases in metabolic energy
intake with increasing time at sea suggest that food
consumption was related to time at sea. By simulta-

8. Comparison of the mass-specific metabolic rates (as CO2 release, means ? 1 SE) at the nest and at sea of Leach's
Storm-Petrels nesting in Newfoundland and in New Brunswick. New Brunswick data provided by R. E. Ricklefs.

TABLE

Metabolic rate
(mL g--' h-')
Nest

Sea

Green Island, Newfoundland (46?53'N)

2.73 + 0.25

5.08 + 0.11

Kent Island, New Brunswick (44?35'N)

1.71 + 0.10

4.46 + 0.17

-4.37
18
<.001

-3.18
10
<.01

Colony location

t test
df
P
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neously solving Eqs. 1 and 2 for time at sea (x), we
can estimate that for a storm-petrel to meet its own
energy requirements (i.e., for ME = FMR), a stormpetrel must be at sea for z 10.6 h/d. Energy acquired
in excess of daily needs while at sea can be used either
for self maintenance during incubation/brooding or for
provisioning young. A storm-petrel that remains at sea
for 24 h could potentially acquire an excess of 47 kJ/
d. In comparison, incubation or brooding requires 83
kJ/d, leaving a deficit of 36 kJ/d, which may explain
the decrease in mass among adults with eggs compared
to those with chicks (cf. Obst et al. 1987). Reduced
body mass may benefit aerially foraging parents by
lowering hunting and food transportation costs (cf.
Norberg 1981, Schaffner 1990).
Ricklefs et al. (1980) estimated that a Leach's StormPetrel chick requires 45-50 kJ/d ME during the first 5
d after hatching. Assuming that each parent supplies
half of this energy, then a parent with a small chick
must forage for about 17-18 h/d. Time at sea includes
time foraging, time travelling between the colony and
feeding grounds, and time resting; storm-petrels with
small chicks may spend the remaining 6-7 h/d resting
away from the nest or tending the chick. Ricklefs et al.
(1980) estimated that the energy requirements of
Leach's Storm-Petrel chicks asymptote at 90-100 kJ/d
between 30 and 60 d post-hatch. A parent with a large
chick must therefore either increase its foraging efficiency or effort (increase the amount of time foraging)
or utilize its own reserves (see also Gales and Green
1990). We have no data on the metabolic rates of birds
with larger chicks, and so unfortunately cannot address
this question. Prey availability probably changes over
the course of the birds' breeding season, though this
issue needs to be studied. ME and water-flux calculations are based on several assumptions, and differences
between ME and FMR may result in part from errors
in these (Nagy 1980, Nagy and Costa 1980, Birt-Friesen et al. 1989).
The ratio of integrated FMR/BMR is 2.73 for incubating storm-petrels and 3.13 for those rearing chicks
in Newfoundland. These ratios are z25-30% higher
than those of conspecifics breeding near the southern
limit of their range in the northwest Atlantic. Obst et
al. (1987) reported higher ratios for Wilson's StormPetrels that were incubating (3.2) and rearing thermally
independent young in the Antarctic (3.73; Table 7).
Most seabird species exhibit rates of energy utilization
similar to those of most other avian species, i.e., 3-4
x BMR (Drent and Daan 1980, Birt-Friesen et al.
1989). In view of the small body size, pelagic foraging
patterns, and high-latitude distributions of storm-petrels, these energetic similarities indicate that stormpetrels are well adapted to cold ocean environments
(Obst et al. 1987). This suggestion is supported by findings that (1) FMR/BMR ratios of storm-petrels rearing
chicks were much lower than those of Northern Gannets (6.6) or Common Murres (5.2); and (2) storm-

Ecology, Vol. 73, No. 3

petrels did not exhibit higher mass-specific BMRs than
the larger species, indicating that like other Procellariiformes, they are metabolically conservative (Rahn
and Whittow 1984, Adams et al. 1986). Suggestions of
such energy efficiency, however, contrast with previous
demonstrations of Leach's Storm-Petrel's inability to
rear artificially enlarged broods of two chicks (Huntington 1963; see also Birt-Friesen et al. 1989). The
species' reproductive output may be constrained by
longer term life-history patterns that may not be detectable in single-season energetics studies of a longlived organism (Stearns 1977).
Metabolism at sea is similar for Wilson's StormPetrels (Obst et al. 1987) and Leach's Storm-Petrels.
The former species very rarely alights on the water
while foraging at sea (Obst et al. 1987), whereas the
latter species alights on the water at night (W. A. Montevecchi, personal observation) and may do so for long
periods (Ricklefs et al. 1986). Storm-petrels, like gannets (Birt-Friesen et al. 1989) and other species whose
wings have high aspect ratios (Flint and Nagy 1984),
have evolved very energy-efficient flight patterns that
are linked to pelagic foraging (Obst et al. 1987; present
study).
Population energy requirements of Leach 's
Stormn-Petrels

Leach's Storm-Petrels, the most abundant seabirds
breeding in the northwest Atlantic (Sklepkovych and
Montevecchi 1989), comprise z80% of eastern Canada's breeding seabird population. Nevertheless their
trophic role is relatively minor, as they consume only
about 10% of the z 600 000 Mg of prey taken annually
by breeding seabirds in the region (Cairns et al. 1986).
This modest role is due to small body size and a massspecific FMR that is low in comparison with other
members of the eastern Canadian breeding seabird assemblage. The influence of these factors can be illustrated by a comparison with the Common Murre.
Leach's Storm-Petrels, with 4.5 x 106 breeding pairs,
has a biomass of 555 Mg, whereas the region's Common Murre population (570 x 103 breeding pairs) has
a biomass of 1441 Mg. Overall consumption by Common Murres (330 000 Mg) is about five times as great
as that by storm-petrels (; 74 000 Mg). However, it is
important to consider that the smaller nekton-consuming seabird species can potentially remove many more
larval and juvenile fish compared to larger avian piscivores that prey on larger fish.
For the most part, marine population and community energetics models tend to treat FMR measurements as species-typical, and oceanography as widely
generalizable. The findings that FMRs vary among colonies and may vary between years at the same colony
(e.g., Gales and Green 1990) indicate the necessity of
considering such differences in population and community energetics models that involve large oceanographic regions and/or multiple-year inclusions.
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