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Abstract. The basal metabolic rate (BMR) of Old World long-distance-migrant shorebirds
has been found to vary aong their migration route. On average, BMR is highest in the
Arctic at the start of fall migration, intermediate at temperate latitudes, and lowest on the
tropical wintering grounds. As atest of the generality of this pattern, we measured the BMR
of one adult and 44 juvenile shorebirds of 10 species (1-18 individuals of each species,
body-mass range 19-94 g) during the first part of their southward migration in the Canadian
Arctic (68-76°N). The interspecific relationship between BMR and body mass was almost
identical to that found for juvenile shorebirds in the Eurasian Arctic (5 species), athough
only one species appeared in both data sets. We conclude that high BMR of shorebirds in
the Arctic is a circumpolar phenomenon. The most likely explanation is that the high BMR
reflects physiological adaptations to low ambient temperatures. Whether the BMR of New
World shorebirds drops during southward migration remains to be investigated.
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Altas Tasas Metabolicas Basales de Aves Playeras Mientras Se Encuentran en €l Artico: Una

Vision Circumpolar

Resumen.  Se ha encontrado que la tasa metab6lica basal (TMB) de las aves playeras
migratorias de larga distancia varia a lo largo de sus rutas de migracion en el viejo mundo.
En promedio, laTMB es maximaa comienzo de la migracion otofial en el artico, intermedia
en latitudes templadas y minima en las areas tropicales de invernada. Para poner a prueba
la generalidad de este patron, medimos la TMB de un individuo adulto y 44 juveniles de
diez especies de aves playeras (1-18 individuos de cada especie, rango de peso corporal
19-94 g) durante la primera parte de su migracion hacia el sur en el artico canadiense (68—
76°N). Larelacion interespecifica entre la TMB y €l peso corporal fue casi idéenticaala que
se habia encontrado en juveniles de 5 especies de aves playeras en e artico de Eurasia,
aunque solo una especie fue considerada en ambos estudios. Concluimos que la ata TMB
de las aves playeras en el artico representa un fenbmeno circumpolar. La explicacion mas
probable es que las atas TMBs reflejan adaptaciones fisiologicas a ambientes de bajas
temperaturas. Aln no se ha investigado si las TMBs de las aves playeras del nuevo mundo
disminuyen durante la migracion hacia el sur.

INTRODUCTION

As a consequence of their long migrations, many
Arctic-breeding shorebirds face huge variation
in environmental conditions throughout the an-
nual cycle, varying from cold and windy during
breeding (or wintering), to hot and dry during
migration stopover or wintering along tropical
shores. These variations may necessitate meta-
bolic acclimatization, which can be achieved in
part by changing the size and metabolic intensity
of organs (Piersma and Lindstrom 1997).
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The basal metabolic rate (BMR) is not only
an important part of an animal’s daily energy
expenditure (normally >25%, Drent and Daan
1980), it aso may reflect the size and activity
level of an animal’s organs and tissues. BMR is
defined as the energy expenditure of an animal
at rest in thermoneutrality during the inactive
phase of the day, when it is not processing food
and not growing, molting, or reproducing (As-
choff and Pohl 1970). Many studies have re-
ported that BMR correlates positively to the size
of metabolically highly active organs (Daan et
a. 1990, Konarzewski and Diamond 1994,
Piersmaet al. 1996). Given that animals can rap-
idly and repeatedly vary the size of metaboli-
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cally active organs and tissues (Piersma and
Lindstrom 1997), the BMR of an anima may
give information about physiological processes
and adaptations to the environment.

BMR has been reported to vary between tax-
onomic groups (Lasiewski and Dawson 1967,
Aschoff and Pohl 1970). Shorebirds have been
suggested to have higher BMR than other non-
passerines (Kersten and Piersma 1987), although
more robust statistical analyses cast doubt on
this (Reynolds and Lee 1996, Rezende et al.
2002). A complicating fact for such analyses is
that the BMR of a given bird or species is not
static (Kvist and Lindstrom 2001). Studies of
migrating birds have shown that BMR can
change by up to 40% within only a few days,
parallel to rapid changes in body mass and organ
sizes (Klaassen and Biebach 1994, Lindstrom et
a. 1999, Kvist and Lindstrom 2001, Battley et
al. 2000, 2001).

BMR may aso vary over season. Kvist and
Lindstrom (2001) compared BMR in juveniles
of Arctic shorebirds in the midst of their fall
migration (southern Sweden), to BMR in juve-
niles at the start of their fall migration in the
Eurasian Arctic (Lindstrom 1997), and to BMR
of shorebirds at their tropical wintering grounds
in Africa (Kersten et al. 1998). On average,
BMR was highest in the Arctic, intermediate at
temperate latitudes during migration, and lowest
at the wintering grounds, with a ratio of 100:84:
77, respectively.

Why is BMR highest while birds are in the
Arctic? Four different explanations have been
proposed. (1) High BMR may reflect a physio-
logical adaptation to high energetic demands
during migration (Kersten and Piersma 1987,
Lindstrom 1997). Kvist and Lindstrom (2001)
rejected this hypothesis since they found that
BMR had dropped while there was still much
migration to be carried out. Alternatively, (2)
BMR in the Arctic may be relatively high in
juveniles because there is still some latent effect
of growth (cf. Ricklefs 1974, Hume and Biebach
1996, Guglielmo 1999, Kvist and Lindstrom
2001). It has also been suggested that (3) BMR
islow in the tropics to avoid heat stress by min-
imizing endogenous heat production (Weathers
1980, Klaassen et a. 1990, Klaassen and Drent
1991, Klaassen 1995). Following this line of ar-
gument, BMR should be highest in the Arctic,
where thermoregulatory costs are likely to be
highest (Wiersma and Piersma 1994). Kvist and
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Lindstrom (2001) suggested that (4) the varia-
tion in BMR between sites might simply reflect
physiological adaptations to local ecological
conditions and demands at each site independent
of temperature and geographic region. For ex-
ample, differences in food types, supply, or de-
mand at different sites could cause differences
in the size of food processing organs (Guglielmo
1999), which could influence BMR.

It is not clear whether the BMR change over
time in shorebirds migrating from the Eurasian
Arctic to Africa (Lindstrom 1997, Kersten et al.
1998, Kvist and Lindstrom 2001) is representa
tive for shorebirdsin other parts of the world, and
for migrants in general. For shorebirds, too little
data are available to allow such comparisons. The
aim of our study was to test the generality of the
pattern found for shorebirds in the Old World, by
measuring a separate set of shorebird species un-
der similar conditions in the New World High
Arctic. We aso set out to test whether BMR
changes over time within the Arctic. If the high
BMR values of the Arctic are influenced by some
latent effect of growth, we would expect BMR to
drop as summer progresses.

METHODS

In summer 1999, we participated in the ship-
borne Swedish-Canadian expedition ‘‘Tundra
Northwest 1999 (Gronlund 2000). From 4-31
August 1999 we visited 8 different sitesin Arc-
tic Canada, from Ivvavik Nationa Park, Yukon,
in the west, to Baffin Island, Nunavut, in the
east. At each site we spent 24—-48 hr trying to
trap shorebirds, succeeding at six sites (Fig. 1).
Shorebirds were trapped in walk-in traps and
mist nets, mainly along brooks, shorelines, and
ponds (Lindstrom et a. 2002). Between 3 and
12 birds from each site were flown by helicopter
to the expedition ship for metabolic measure-
ments. On the ship the birds were kept in boxes
(0.5m X 0.7 m X 0.5 m) in an undisturbed room
with daylight from a small window and addi-
tional electrical light (simulating outdoor con-
ditions). There was continuous daylight at sites
1012 (Fig. 1). At sites 15-17 there were ap-
proximately 1, 3, and 6 hr of darkness, respec-
tively. The birds were provided with freshwater
for drinking and bathing twice a day.
Subcutaneous fat stores in the tracheal pit
were scored using a scale from 0 to 6 following
Pettersson and Hasselquist (1985). Fat score O
reflects no visible fat. In fat score 6 the tracheal
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FIGURE 1. The location of the six sites (with their original expedition number) in the Canadian Arctic where
shorebirds were caught for metabolic measurements in 1999. Locations and dates of visit of each site: site 10:
Ivvavik National Park, Firth River delta (69°32'N, 139°33'W), 4-5 August; site 11: Cape Bathurst, Baillie Island
(70°34'N, 128°16'W), 7-8 August; site 12: Banks Island, Parker River delta (73°39'N, 115°39'W), 10-12 August;
site 15: Ellesmere Idland, Muskox Fiord (76°25'N, 87°06'W), 2023 August; site 16: Devon Idland, Dundas Harbor
(74°33'N, 82°50'W), 25-26 August; site 17: Baffin I1sland, Cape Hooper (68°25'N, 66°56'W), 30—31 August.

pit is filled and bulging fat extends to the side
of the throat. This scale was created for studies
of passerines, but has proven to work well for
smaller shorebirds too (Lindstrom 1998). The
shorebirds measured in earlier studies (Lind-
strom 1997, Kersten et al. 1998, Kvist and Lind-
strom 2001) were fairly lean. To allow compar-
ison we therefore aimed at measuring birds with
low fat scores. Most birds were already low in
fat when we trapped them (Lindstrom et al.
2002), so we gave small amounts of mealworms
(Tenebrio sp.) to birds that we kept longer on
the ship, to keep their body mass and visual fat
stores stable and low. A few Buff-breasted
Sandpipers (Tryngites subruficollis) were com-
paratively fat when trapped (fat score 4-6), and
these birds were given no or only tiny amounts
of supplementary food, to reduce their fat stores
to levels comparable to the other species.

Most birds measured were juveniles (birds
hatched the same year). Only birds that had fully
grown primaries (no feather sheaths) were mea-
sured, to avoid measuring juvenile birds still
growing (Lindstrom 1997). Although we avoid-
ed measuring birds with growing feathers, a
handful of the birds had some tiny traces of
down in neck. The birds were kept on average

48 hr (range 6-109 hr) between capture and met-
abolic measurements. Before and after the over-
night metabolic measurements the birds were
weighed with a Pesola spring balance to the
nearest 0.1 or 1 gram (depending on size). The
birds were released ashore, or from the ship’s
helicopter deck, within two days following the
measurements.

METABOLIC MEASUREMENTS

Metabolic rates were estimated from measure-
ments of oxygen consumption in an open-circuit
system. Measurements started between 18:00
and 20:00 local time and ended between 06:00
and 07:00 the following day. The volume of the
metabolic chambers (made of Perspex) was var-
ied using plastic blocks, so that the volume was
5L for the smallest birds and 7 L for the largest
birds. No food or water was given during the
measurements. The metabolic chambers were
placed in complete darkness in a temperature
cabinet set to give the birds an ambient temper-
ature of 25.5°C (*£0.5°C). The lower critical
temperature of small shorebird species is poorly
known (Kersten et a. 1998), but is likely to be
around 25-26°C (Kvist and Lindstrom 2001).
Therefore, most if not all of our birds were mea-
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sured under thermoneutral conditions, with the
possible exception of the very smallest (20 g)
birds. However, for a comparison with the data
by Lindstrom (1997) and Kvist and Lindstrom
(2001) thisis of less importance, since the tem-
perature and general setup were close to identi-
cal in the three studies.

Air was led through the system in the follow-
ing order: metabolic chamber, dryer (silica gel),
pump, flow controller (F-210C-FA-22-V, Bronk-
horst High Tech, Ruurlo, Netherlands), oxygen
analyzer (Xentra 41002A1, Servomex, Crow-
borough, East Sussex, UK) and carbon dioxide
analyzer (Servomex 1440C, Servomex). The an-
alyzers were zero-calibrated using N, gas with
99.998% purity, and the carbon dioxide analyzer
was span-calibrated with a mixture of CO,
(0.892%) and N, (the rest). Whereas up to four
birds were measured each night, the setup a-
lowed measurement of only two birds simulta-
neously (two birds connected to each of two
measuring cells). The two birds in each cell were
measured consecutively, aternating every 25
min. Reference air was sampled during 15 min
every 90 min. In this way, each bird was mea-
sured for about 40% of the night. The airflow
used depended on the size of the bird and was
controlled at 15.0 or 20.0 L hr=t (dry air at 0°C
and 1013 hPa, with a maximum error of the flow
of =1.4%, according to the manufacturer).

Data on oxygen concentration and tempera-
ture were stored every minute on a data-logger
(Grant SQ 1202, Grant Instruments, Shepreth,
UK). Oxygen consumption and carbon dioxide
production was corrected for the difference in
volume of inlet and outlet air (Klaassen et al.
1997). The average respiratory quotient (RQ)
was 0.71. For the estimate of BMR we used the
lowest 10-min average of oxygen consumption,
using an energetic equivalent of 19.8 kJ L~ ox-
ygen consumed. The median time of day for the
lowest 10-min averages was 04:11 loca time
(range 22:43-06:58). The relatively small vari-
ations in oxygen consumption recorded over
night indicated that the birds were asleep, or at
least inactive, during most of the night. Given
that measurements lasted for about 12 hr, and
most birds had been without food the preceding
4—6 hr, or had been fed only 1-2 g of meal-
worms, we feel confident that any effect of food
processing on oxygen consumption was of no or
only minor importance for the BMR estimates
(Klaassen and Biebach 1994). The body mass
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reported is the evening mass before measure-
ments started, following Lindstrom (1997) and
Kvist and Lindstrom (2001).

STATISTICAL ANALYSES

Statistics were conducted using Statistica
(StatSoft, Inc. 1999). All statistics were con-
ducted on log,,-transformed values for body
mass and BMR; that is, species averages are pre-
sented as geometric means. Following Pagel and
Harvey (1988) and Kvist and Lindstrom (2001)
we used reduced mgjor axis (RMA) regression
to describe interspecific allometric relationships.

RESULTS

We measured 45 birds, of which 44 were juveniles
(Table 1). The only adult bird was a femae Pec-
toral Sandpiper (Calidris melanotos) trapped at site
10. In a study of migratory shorebirds in southern
Sweden, Kvist and Lindstrom (2001) found no
consistent pattern of differences in BMR due to
age. We therefore included this female in the anal-
ysis. Among the 195 juveniles trapped in Canada,
42% had traces of down on their heads. The pro-
portion varied greatly between species and sites,
but fell from 46% at sites 1012 to 28% at Sites
15-17 (2, = 4.9, P = 0.03).

Species averages for BMR varied from 0.31 W
in the Semipalmated Sandpiper (Calidris pusilla)
to 0.99 W in the Ruddy Turnstone (Arenaria in-
terpres; Appendix). The interspecific RMA rela
tionship between BMR and body mass (M, in g)
was BMR = 0.037M°™ (F,5 = 107.0, r2 = 0.93,
P < 0.001, n = 10 species, Fig. 2). Thisis very
similar to the relationship presented by Lindstrom
(1997) for juveniles of five species of shorebirds
from the Eurasian Arctic (BMR = 0.041M°8;
RMA, recalculated by Kvist and Lindstrom
2001). More formally, there was no significant
effect of region (Canada vs. Eurasid) on BMR
(ANCOVA: locality: F,;, = 0.0001, P = 0.99;
mass; F,;, = 186.8, P < 0.001). Only one species
(Ruddy Turnstone) occurred in both datasets. Af-
ter combining the values for the Ruddy Turn-
stones from Canada and Eurasia, the combined
circumpolar interspecific relationship (RMA) for
the 14 species measured was BMR = 0.040M06°
(Fi, = 152.8, r2 = 0.93, P < 0.001, Table 1).

Including data from both Eurasia (Lindstrom
1997) and Canada (this study), we tested for an
effect of date (5 August—1 September) on BMR
in an ANCOVA, including body mass and date
as covariates and region and species as catego-
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TABLE 1. Geometric means for body mass and basal metabolic rate (BMR) of 14 shorebird species measured in the Canadian (C) and Eurasian (E) Arctic. The

AKE LINDSTROM anD MARCEL KLAASSEN

data for Ruddy Turnstone are combined from the two regions. All birds except a female Pectoral Sandpiper were hatch-year birds.
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FIGURE 2. Mean = SD basa metabolic rate of 10

shorebird species measured in the Canadian Arctic in

1999. Mean values in Table 1 alow identification of

species data points; see Appendix for details of indi-
vidual measurements.

o

ries. We found no effect of either date (Fy5, =
0.09, P = 0.76) or region (F,5, = 0.0001, P =
0.99) on BMR, whereas both species (Fi35, =
2.5, P < 0.01) and body mass (F,s, = 30.1, P
< 0.001) significantly affected BMR.

DISCUSSION

The data from Arctic Canada strongly suggest
that there is a circumpolar congruence among
arctic shorebirds concerning their BMR at the be-
ginning of their southward migration. The inter-
specific relationship for 10 species from the Ca-
nadian Arctic was very similar in slope and level
to that from five species in the Eurasian Arctic
(Lindstrom 1997). Compared to other parts of the
year, this level of BMR is high. It is generaly
higher than the BMR of arctic-breeding shore-
birds on their fall migration at more temperate
latitudes (Kvist and Lindstrom 2001), and higher
still than the BMR of shorebirds at their African
wintering grounds (Kersten et a. 1998).

We also compared our data to a recent phylo-
genetically controlled allometric analysis of BMR
in birds (Rezende et al. 2002). The 14 arctic
shorebird species in our study had on average
15% higher BMR (range —5% to +34%) than
those predicted by a joint regression for passer-
ines and nonpasserines (no difference between
these taxa, see Rezende et al. 2002). Arctic shore-
birds thus have relatively high BMR compared to
other birds (cf. Kersten and Piersma 1987).

What then is the cause of the high BMR in the
Arctic? Based on the Eurasian data set only,
Lindstrom (1997) suggested that the higher BMR
in the Arctic than in Africa reflects a large met-
abolic machinery adapted to support high energy
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turnover rates during migration (cf. Kersten and
Piersma 1987). Kvist and Lindstrom (2001) re-
jected this hypothesis because BMR was consid-
erably lower in the same and related species at a
stopover site about midway through fall migra
tion. Kvist and Lindstrom (2001) therefore sug-
gested that the relatively high BMR in the Arctic
could be due to some latent effect of growth (cf.
Ricklefs 1974, Hume and Biebach 1996, Gugliel-
mo 1999). Our anaysis showed that BMR did not
change with date. Although we cannat be certain
that the birds measured late in season were older
than the birds measured early in season, it still is
a reasonable assumption. Support for the assump-
tion comes from the decreasing proportion of
downy juveniles with date. We therefore tenta
tively reject the hypothesis that high BMR is due
to a latent effect of growth.

The two remaining explanations to high BMR
in the Arctic, that is, adaptations to high ther-
moregulatory costs, and physiological adapta-
tions to local ecological conditions independent
of temperature differences, remain to be tested.
Thefirst of these is alikely candidate since ther-
moregulatory costs in the High Arctic are likely
to be high (Wiersma and Piersma 1994). Exper-
imental evidence exists that both birds and
mammals adjust the size of energy-consuming
organs such as liver, kidney, and the digestive
tract to cold temperatures (Williams and Tiele-
man 2000, Hammond et a. 2001), something
that leads to an increase in BMR (Daan et a.
1990, Weber and Piersma 1996, Williams and
Tieleman 2000).

Does BMR of New World arctic shorebirds
drop over the season, as in Old World shorebirds?
We found only three studies presenting BMR data
from New World shorebirds, namely Sanderling
(Calidris alba; Castro 1987), Pecific Golden-Plo-
ver (Pluvialis fulva; Mathiu et a. 1989), and
American Woodcock (Scolopax minor; Vander
Haegen et d. 1994). The last is not an arctic spe-
cies, and the first two species, athough arctic
breeders, were not included in our study. There-
fore, no direct comparisons are possble. The
Sanderlings and Pacific Golden-Plovers were mea-
sured on their tropical wintering grounds in Peru
(Castro 1987) and on Hawai‘i (Mathiu et a. 1989),
respectively. Assuming that these species would
have a BMR according to our genera arctic rela-
tionship (BMR = 0.040M°%®) while in the Arctic,
we would expect their BMR to be 0.60 W and
1.13 W, respectively. The recorded values were
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058 W and 1.31 W, which are 0.3% lower and
16% higher than predicted by the arctic equation.
This speaks against relatively low BMR in the
tropics. However, the Sanderlings and plovers
were measured during daytime, which may have
overestimated BMR by up to 30% (Aschoff and
Pohl 1970).

Clearly, more data on BMR of Arctic shore-
birds along their New World migration route are
needed. Further, there are only three shorebird
species for which data are available on BMR for
different age classes, and this from only one site
(Kvist and Lindstrom 2001). Data on how BMR
differs between age classes, and how BMR
varies seasonally within age classes, will help
understanding the reasons for seasonal variation
in shorebird BMR.
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APPENDIX. Basa metabolic rates of 45 shorebirds measured in the Canadian Arctic in 1999. All birds except
a female Pectoral Sandpiper were hatch-year birds. Figure 1 provides locations and names of sites.

M easurement Mass Fat BMR
Species Site date (9) score (W)
Least Sandpiper 11 9 August 185 2 0.34
Semipalmated Sandpiper 10 5 August 20.0 1 0.30
10 5 August 195 1 0.24
10 5 August 204 1 0.38
10 5 August 20.9 2 0.33
10 6 August 19.0 1 0.32
White-rumped Sandpiper 11 9 August 35.8 2 0.46
11 9 August 335 1 0.44
11 10 August 34.2 2 0.51
11 10 August 34.0 2 0.47
15 23 August 332 1 0.47
16 25 August 38.1 2 0.58
16 25 August 332 0 0.59
16 26 August 333 1 0.52
16 26 August 331 1 0.43
16 26 August 34.9 2 0.52
16 26 August 337 1 0.49
16 27 August 35.6 2 0.48
16 27 August 38.1 3 0.52
16 27 August 335 2 0.48
16 27 August 37.6 2 0.51
17 31 August 313 1 0.42
17 31 August 35.9 2 0.46
17 31 August 34.8 1 0.38
Baird’'s Sandpiper 11 9 August 323 1 0.33
11 10 August 34.0 2 0.49
11 11 August 39.0 3 0.47
16 25 August 33.6 1 0.43
16 25 August 34.8 1 043
Red Phalarope 12 11 August 44.5 4 0.47
12 12 August 35.2 0 0.33
12 12 August 38.7 1 0.44
12 13 August 43.7 3 0.48
Stilt Sandpiper 10 6 August 48.0 2 0.64
Buff-breasted Sandpiper 12 12 August 56.0 3 0.70
12 12 August 45.2 2 0.53
12 13 August 54.0 2 0.62
12 13 August 46.8 3 0.57
Purple Sandpiper 15 23 August 53.0 1 0.60
15 23 August 63.0 1 0.84
15 24 August 62.0 2 0.78
15 24 August 54.0 1 0.62

Pectoral Sandpiper 10 6 August 58.02 22 0.592
10 6 August 72.0 1 0.78
Ruddy Turnstone 15 24 August 94.0 2 0.99

aThis bird (a female) was the only adult measured.
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