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Abstract Long-distance bird migration is fueled by
energy gathered at stopover sites along the migration route.
The refueling rate at stopover sites is a determinant of time
spent at stopovers and impacts the overall speed of migra-
tion. Refueling rate during spring migration may influence
the fitness of individuals via changes in the probability of
successful migration and reproduction during the subse-
quent breeding season. We evaluated four plasma lipid
metabolites (triglycerides, phospholipids, -OH-butyrate,
and glycerol) as measures of refueling rate in free-living

Communicated by Carol Vleck.

J. E. Lyons
Department of Zoology, North Carolina State University,
Campus Box 7617, Raleigh, NC 27695, USA

J. A. Collazo

Department of Zoology and U.S. Geological Survey,

North Carolina Cooperative Fish and Wildlife Research Unit,
North Carolina State University, Campus Box 7617,

Raleigh, NC 27695, USA

e-mail: jaime_collazo@ncsu.edu

C. G. Guglielmo

Division of Biological Sciences,

University of Montana, Missoula, MT 59812, USA
e-mail: cguglie2@uwo.ca

Present Address:

J. E. Lyons (PX)

U.S. Fish and Wildlife Service, Division of Migratory
Bird Management, 11510 American Holly Drive,
Laurel, MD 20708, USA

e-mail: james_lyons@fws.gov

Present Address:

C. G. Guglielmo

Department of Biology, University of Western Ontario,
N6A 5B7 London, ON, Canada

semipalmated sandpipers (Calidris pusilla) captured at
non-breeding areas. We described the spatial and temporal
variation in metabolite concentrations among one winter
site in the Dominican Republic and four stopover sites in
the South Atlantic and Mid-Atlantic Coastal Plain regions
of North America. Triglycerides and f-OH-butyrate clearly
identified spatial variation in refueling rate and stopover
habitat quality. Metabolite profiles indicated that birds had
higher refueling rates at one site in the Mid-Atlantic
Coastal Plain than at three sites on the South Atlantic
Coastal Plain and one site in the Dominican Republic.
Temporal variation in lipid metabolites during the migra-
tion season suggested that male semipalmated sandpipers
gained more weight at stopovers on the South Atlantic
Coastal Plain than did females, evidence of differential
migration strategies for the sexes. Plasma lipid metabolites
provide information on migration physiology that may help
determine stopover habitat quality and reveal how migra-
tory populations use stopover sites to refuel and success-
fully complete long-distance migrations.

Keywords Triglyceride - Phospholipid - f-OH-butyrate -
Glycerol - Calidris pusilla

Introduction

The evolution and maintenance of long-distance migration
in birds is conditional on the ability of individuals to store
sufficient energy to fuel extended non-stop flights. The pri-
mary source of energy for flight phases of bird migration is
subcutaneous lipid deposits (Stevens 1996). At the begin-
ning of migration, substantial amounts of lipid are accumu-
lated before the first flight, and then replenished at
stopovers en route. The refueling rate at migratory stop-
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overs influences not only the amount of time spent at a
stopover, but also may impact individual fitness during the
remainder of migration, and during the ensuing breeding
season (Alerstam and Lindstrom 1990). Recent evidence
suggests that declines in fuel deposition rate of red knots
(Calidris canutus) staging at Delaware Bay, USA may be
responsible for apparent declines of this species (Baker
et al. 2004).

Energetic condition of migrants can be evaluated in
many ways. Size-corrected body mass has been used as a
measure of energy reserves for many bird species (David-
son 1983; Summers 1988; Winker et al. 1992). Predictive
regression equations derived from chemical analysis of car-
casses have also been used to predict lean mass and total
lipid stores of live birds (Lyons and Haig 1995). Indices of
energetic condition (e.g., estimated percent fat of live birds)
provide a static measure of energetic condition, however,
and provide no information about the trajectory of body
mass change in individuals. Recent work suggests that
plasma metabolites provide indices of rate and direction of
mass change of refueling individuals (Williams et al. 1999;
Seaman et al. 2005; Cerasale and Guglielmo 2006a).

Certain plasma metabolites indicate changes in body
mass of birds (Jenni-Eiermann and Jenni 1994; Williams
et al. 1999). Triglycerides are the major form of stored fuel
in birds, and plasma concentrations of triglycerides have
been positively correlated with fat deposition in captive
sandpipers (Stevens 1996; Williams et al. 1999; Seaman
et al. 2005). During periods of fat deposition and increasing
body mass, triglycerides of dietary and hepatic origin are
transported to adipose tissue as lipoproteins (Ramenofsky
1990; Stevens 1996). Lipoproteins also contain endogenous
and dietary phospholipids, important components of cell
membranes that have been suggested to play an energy-
delivery role in refueling birds (Guglielmo et al. 2002b;
Cerasale and Guglielmo 2006a; Cerasale and Guglielmo
2006b). Plasma concentrations of triglycerides, and in some
cases phospholipids, are elevated when energy intake
exceeds energy demand (e.g., during refueling bouts). Con-
versely, when energy demand exceeds intake (e.g.,
restricted feeding, fasting, or endurance flight) stored lipids
are mobilized from adipose tissue resulting in elevated con-
centrations of plasma glycerol (Ramenofsky 1990). When
fat catabolism is elevated, the liver produces f-OH-butyrate
as an alternative metabolic fuel for nervous and other tis-
sues (Stevens 1996). Elevated plasma glycerol and -OH-
butyrate generally indicate declining body mass in birds
(Williams et al. 1999). However, recent work suggests that
glycerol may also increase at very high rates of fat deposi-
tion (Guglielmo et al. 2005).

In this study we test for spatial and temporal variation in
four plasma lipid metabolites in free-living semipalmated
sandpipers (Calidris pusilla) before and during vernal
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migration. To assess the spatial variation in metabolites, we
collected plasma samples at one wintering area in the
Dominican Republic and at stopover sites in the South
Atlantic (three sites) and Mid-Atlantic (one site) Coastal
Plain regions of North America. We describe refueling per-
formance along a latitudinal gradient and place the stopover
sites in the context of the entire migration system to
increase our understanding of vernal migration strategies of
semipalmated sandpipers. Specifically, we test a regional
hypothesis describing how physiographic regions may
function to support migrants and contribute to successful
migration. To assess temporal variation, we also collected
samples throughout the migration season at one stopover
site in the South Atlantic Coastal Plain. Finally, based on
both spatial and temporal variation of plasma lipid metabo-
lites, we determine the best indicator(s) of refueling rate
and stopover habitat quality, and describe their usefulness
to future research on migration physiology.

Materials and methods
Study sites and field methods

This study was conducted at five latitudes encompassing
three geographic regions: Dominican Republic, South
Atlantic, and Mid-Atlantic Coastal Plain. Regions were
defined by dominant wetland landscapes, available prey
resources, and position in the migratory route (pre-migra-
tion, stopover, and last staging area before breeding). The
study area thus included the northern part of the winter
range and a substantial portion of the northward migratory
route of semipalmated sandpipers in North America
(Gratto-Trevor 1992; Rice et al. 2007). We collected blood
samples during northward migration in 2001 at Yawkey
Wildlife Center (YWC), Georgetown, South Carolina
(33°10'N, 79°13'W) to assess intraseasonal temporal varia-
tion, and during northward migration in 2002 at five sites
described below, including YWC, to assess spatial varia-
tion in metabolite concentrations along a latitudinal
gradient.

YWC comprises 5,425 ha of tidal marsh, barrier beach,
maritime forest, and managed wetlands. Field work for this
study was conducted entirely within the 12 managed wet-
lands of the center, which are non-tidal, brackish water
(9-35 ppt) impoundments ranging in size from 4 to 98 ha
(Weber and Haig 1997). The invertebrate prey base of
YWC wetlands is dominated by chironomid larvae, oligo-
chaetes, and polychaetes, especially Leonareis culveri
(Wenner 1987; Weber and Haig 1997). In 2001, we col-
lected blood samples from 70 birds captured with mist nets
placed over foraging areas. Nets were operated in the morn-
ing on 2-3 consecutive days each week in May; 90% of all
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birds were sampled between 0800 and 1200 hours. Birds
were held in boxes before banding and blood sampling.
Birds were weighed to the nearest 0.1 g using a digital bal-
ance, measured (wing chord, tarsus length, exposed cul-
men), and banded with a U.S. Fish and Wildlife Service
(USFWS) numbered, metal band and a unique combination
of color bands (as part of ongoing research). Each bird was
classified as adult or immature based on plumage charac-
teristics (Prater et al. 1977).

In 2002, we collected blood samples at one wintering
area in the Caribbean, three stopovers in the South Atlantic
Coastal Plain, and one in the Mid-Atlantic Coastal Plain.
Lago Enriquillo, Dominican Republic (18°27'N, 71°41'W)
is a hypersaline lake of about 20,000 ha near the northern
limit of the winter range of C. pusilla (Gratto-Trevor 1992;
Rice et al. 2007). Salinity ranges from 35 to 80 p.p.t. and
invertebrate fauna include crustaceans (especially Artemia
sp.), Foraminifera, Ostracoda, and Gastropoda (Buck et al.
2005, personal observation). We collected blood samples
from 25 birds at Lago Enriquillo during 29 March—1 April
(0730-1220 hours). During 6-9 May (0650-0950 hours),
we collected blood samples from 20 birds at Merritt Island
National Wildlife Refuge (NWR), Titusville, Florida
(28°39'N, 80°46'W). Merritt Island NWR is a 55,000-ha
barrier beach complex that includes 76 brackish water
impoundments, with salinity ranging from 10 to 42 p.p.t.
(Provancha and Sheidt 2000; Herring and Collazo 2005);
the dominant prey species are chironomid larvae, oligo-
chaetes, and polychaetes (Herring and Collazo 2001). We
returned to YWC during 14-16 May 2002 (0715-
1100 hours) and sampled 43 birds in some of the same
managed wetlands as 2001. Pea Island NWR (35°44'N,
75°30'W), located on the Outer Banks of North Carolina,
includes three brackish water impoundments (salinity
<30 p.p.t.) with a total area of 380 ha; dominant prey spe-
cies include chironomid larvae, oligochaetes, polychaetes,
amphipods, and coleopteran larvae (Collazo et al. 2002).
We sampled 49 birds during 21-24 May (0600-
1050 hours) at Pea Island NWR. Our fourth stopover area
was Fortescue Beach, Fortescue, New Jersey (39°13'N,
75°10"W), on the north shore of Delaware Bay in the Mid-
Atlantic Coastal Plain, where we sampled 50 birds during
28-31 May (0650—-1700 hours). The dominant prey item of
birds on beaches of Delaware Bay is eggs of the horseshoe
crab (Limulus polyphemus; Castro and Myers 1993; Tsipo-
ura and Burger 1999) Twenty-seven birds (54%) at Fortes-
cue Beach were captured at a high tide roost site with a
cannon net. The remaining birds at Fortescue Beach, and all
birds at other sites, were captured over foraging areas using
mist nets. We handled birds and collected blood samples
using methods similar to those described above for YWC in
2001. In 2002, we recorded the number of minutes between
capture and blood-sampling for each bird to use as a covari-

ate (hereafter “handling time”); we did not collect data on
handling time in 2001, but we assume that variation in han-
dling time was minimal because we were only at one site in
2001 and procedures were similar on each day that we cap-
tured birds.

Blood sampling and metabolite assays

A 200- to 300-pl blood sample was collected from the bra-
chial vein using a 26-gauge needle and heparinized capil-
lary tubes. Blood samples were stored on ice in a small
cooler in the field and centrifuged in capillary tubes at
6,000 r.p.m. for 10 min; plasma was extracted using a 100-
pl syringe. Plasma samples were stored in a conventional
freezer 1-4 weeks and then stored at —80° C prior to
analysis.

Lipid metabolites were assayed in a microplate spectro-
photometer. Total triglyceride and free glycerol were mea-
sured sequentially by endpoint assay (Sigma Diagnostics
Trinder reagents A and B; Williams et al. 1999). True tri-
glyceride concentration was calculated by subtracting glyc-
erol from total triglyceride. f-OH-butyrate was measured
by kinetic assay (Sigma; Williams et al. 1999) and phos-
pholipids were measured by endpoint assay using a calori-
metric kit (Wako Diagnostics; Guglielmo et al. 2005).
Birds were captured, marked and sampled under a USFWS
permit, and the capture, handling, and blood-sampling pro-
tocols were approved by the North Carolina State Univer-
sity Institutional Animal Care and Use Committee permit
01-050-0.

Statistical analyses

We used model-based data analyses to evaluate the support
in the data for various hypotheses describing plasma metab-
olite concentrations during migration. We used Akaike’s
information criterion adjusted for small sample sizes (AIC;
Akaike 1973; Hurvich and Tsai 1989) to compare general
linear models which we fit using the GLM procedure of
SAS/STAT software (SAS Institute 2004). AIC, values
were calculated using residual sums-of-squares according
to Burnham and Anderson (2002, pp 63—-66). Models were
ranked by AIC_, where the model with the minimum AIC,
was the model with the most support in the data. The differ-
ence in AIC, units between the best supported model and
any other model (AAIC,) was used to calculate AIC, model
weights, which indicate the relative likelihood of the model
given the data (Burnham and Anderson 2002). AIC, model
weights are normalized across the set of candidate models
to sum to one. Therefore, a model with AIC, weight
approaching one is unambiguously supported by the data
and models with equal weights have a similar level of sup-
port in the data.
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We created two a priori candidate model sets that would
allow us to test hypotheses about spatial and temporal vari-
ation in plasma metabolites. Our first candidate model set
focused on temporal variation in metabolites during 2001 at
YWC. We used Julian date of capture (as a continuous
variable) to model temporal changes in plasma metabolites
as the migration season progressed. The candidate model
set included 14 models: a null model (intercept only); all
one, two, and three factor combinations of date, age (adult
vs. immature) and body mass; and a subset of interaction
models. We included the following six interaction models
based on biological reasoning and interest (Guglielmo et al.
2002a; Guglielmo et al. 2005): (1) [Date, Age, Date x Age];
(2) [Date, Age, Mass, Date x Age]; (3) [Date, Age, Mass,
Age x Mass]; (4) [Date, Age, Mass, Date x Mass,
Age x Mass]; (5) [Age, Mass, Age x Mass]; and (6) [Date,
Date?]. We included both a linear and quadratic model on
date because the model set focused on temporal variation
and we had no a priori basis to predict the functional form
of this relationship. An interaction between age and body
mass accounted for possible age-specific body composition
and migration physiology. An interaction between date
and age accounted for possible age-specific migration
schedules; adults may precede juveniles in the spring
(Gratto-Trevor 1992).

In our second candidate model set, we modeled metabo-
lite concentrations at two alternative spatial scales: regional
and site-specific. The regional hypothesis predicts that refu-
eling performance for the three South Atlantic Coastal
Plain stopovers (Merritt Island NWR, YWC, and Pea Island
NWR) will be equal to each other, yet unequal to either the
Dominican Republic region (i.e., Lago Enriquillo) or the
Mid-Atlantic Region (i.e., Fortescue Beach). We predicted
that refueling rate at the South Atlantic Coastal Plain stop-
overs would be equal because the prey base and foraging
habitats are similar across these sites. We predicted that
metabolic profiles would indicate greatest refueling perfor-
mance in the Mid-Atlantic Coastal Plain based on the
empirical evidence for substantial body mass increase of
shorebirds feeding on horseshoe crab eggs in this region
(Castro and Myers 1993; Tsipoura and Burger 1999).
Although we expected that birds in the Dominican Repub-
lic might be engaged in pre-migratory fueling before a non-
stop flight to North America (Rice et al. 2007), we did not
make specific predictions about refueling performance and
metabolic profiles at Lago Enriquillo because there was lit-
tle available information on which to base quantitative pre-
dictions. We compared the likelihood of models based on
the regional hypothesis with models where metabolite con-
centrations varied on a site-by-site basis. If the mean
metabolite concentration at any South Atlantic Coastal
Plain site was not equal to the other sites in the region, the
regional hypothesis would not be supported. Finally, our
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null hypothesis is that all sites are equal (i.e., no spatial
variation). The candidate model set included 15 models.
Region and site effects occurred in five models each, yet
never in the same model. The five models included all
one, two, and three factor combinations between region
(or site), body mass, and handling time, and the interaction
model [Region/Site, Mass, Handling time, Handling
time x Mass]. We also included a null model (intercept
only) and two additional models based on biological rea-
soning and interest: [Handling time, Mass], [Handling time,
Mass, Handling time x Mass]. We included body mass and
handling time as covariates because these factors may influ-
ence metabolite concentration (Guglielmo etal. 2002a;
Guglielmo et al. 2005); it was not possible to include age as
a covariate due to insufficient captures of immature birds in
2002. To assess the cumulative support in the data for
Region versus site effects, we calculated relative impor-
tance values for these two factors according to Burnham
and Anderson (2002); we did not calculate relative impor-
tance values for the covariates because some covariates
occurred in more models than others. We present mean
metabolite concentrations for regions and sites using least-
squares means; least-squares means represent the expected
mean metabolite concentration at the mean of all predictor
variables in the model with the most support (SAS Institute
2004).

Results

Plasma triglyceride concentrations decreased as the 2001
migratory season progressed at YWC, South Carolina. The
earliest migrants clearly had the highest levels of triglycer-
ide; concentrations declined and leveled off later in the sea-
son (Fig. la). There was substantial evidence that the
decline was not linear: a quadratic model on date received
88% of the AIC, model weight, with the high weight indi-
cating little uncertainty in model selection (Table 1). The
daily mean phospholipid concentration was nearly constant
across all sample dates, with substantial variation within
each sample date (Fig. 1c). There was considerable model
uncertainty in the phospholipid models and the null model
received the most support (31% of the AIC, model weight;
Table 1). Nevertheless, the second-ranked model suggested
that a linear model on date might account for some of the
variation in phospholipid (AAIC,=1.169 and 18% of
the AIC, model weight). S-OH-butyrate concentration
increased linearly with date and decreased with body mass
(Fig. 1b, Table 1). The effect of body mass on plasma
[-OH-butyrate, however, was marginal: the 95% confidence
intervals (CI) for the body mass coefficient in the general
linear model included zero (—0.037, 0.001), and a model
with only date received substantial support (AAIC,=1.36
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Fig. 1a-d Distribution of plas-
ma metabolite concentrations of
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and 20% of the AIC, model weight). There was a great deal
of model selection uncertainty for the 2001 glycerol assay
data. There were four models with relatively high AIC,
model weights, ranging from 0.11 to 0.28 (Table 1).
Although no clear effects of date, age, or body mass were
supported, age and body mass dominated the top four
glycerol models (Table 1, Fig. 1d). Birds captured early and
late in the season had relatively low and high body mass,
respectively (Table 2). Adult birds had greater concentra-
tions of plasma glycerol [95% CI: (0.42, 0.51)] than imma-
ture birds [95% CI: (0.31, 0.42)].

In 2002, we collected blood samples from 187 birds at
five sites in three geographic sampling regions from 29
March to 31 May. Triglyceride varied among regions
(Table 3) and was substantially higher at Fortescue Beach
in the Mid-Atlantic Coastal Plain than any other region
(Fig. 2a). Model [Region, Handling time, Mass, Handling
time x Mass] was selected as the top model, indicating that
triglyceride concentrations were similar at Merritt Island
NWR, YWC, and Pea Island NWR in the South Atlantic
Coastal Plain (Table 3). Triglyceride concentrations in the
Dominican Republic were similar to sites in the South
Atlantic Coastal Plain, i.e., lower than at Fortescue Beach
(Fig. 2a). In the triglyceride analysis, relative importance
values for Region and Site were 0.63 and 0.12, respec-

Sampling week

tively. The best supported model for 2002 phospholipid
assay data, [Region, Handling time, Mass, Handling
time x Mass], was identical to the 2002 triglyceride model
(Table 3) and received 76% of the AIC, model weight.
Phospholipid was lower in the Dominican Republic than
either the South Atlantic or Mid-Atlantic Coastal Plain,
where phospholipid concentrations were similar (Fig. 2c).
In the phospholipid analysis, relative importance values for
Region and Site were 0.78 and 0.21, respectively. f-OH-
butyrate plasma concentrations, unlike triglyceride and
phospholipid, varied among sites, rather than just among
regions. While -OH-butyrate concentrations were greatest
at Lago Enriquillo and lowest at Fortescue Beach, f;-OH-
butyrate at YWC was higher relative to the other South
Atlantic sites than predicted by the regional hypothesis
(Fig. 2b). The model selection results indicated little uncer-
tainty about the best model for the S-OH-butyrate assay
data. The top model, which received 65% of the AIC,
model weight, included effects of site, handling time, and
body mass (Table 3); the relative importance values for
Region and Site were 0.01 and 0.99, respectively. f-OH-
butyrate increased with handling time [95% CI for -OH-
butyrate coefficient in general linear model, (0.009, 0.025)]
and decreased with body mass [95% CI for body mass
coefficient in general linear model, (—0.191, —0.016)].
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Table 1 Model fitting summary
for triglyceride, phospholipid, f3-
OH-butyrate, and glycerol assay
data (n = 70) and the effects of
capture date, age, and body mass
for semipalmated sandpipers
during the spring migration of
2001 at Yawkey Wildlife Cen-
ter. Models are sorted by Ak-
aike’s information criterion
adjusted for small sample sizes
(4AIC,) and only models with
AAIC, < 10are shown. w AAIC,
model weight, K number of
parameters in each model, ()
intercept-only null model
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Model K AIC, AAIC, w
Triglyceride
Date, Date” 4 —246.062 0.0 0.882
Date 3 —240.005 6.057 0.043
Date, Mass 4 —239.296 6.765 0.030
Date, Age 4 —237.834 8.227 0.014
Date, Age, Mass 5 —237.282 8.780 0.011
Date, Age, Date x Age 5 —236.926 9.136 0.009
Phospholipid
) 2 59.035 0.0 0.314
Date 3 60.204 1.169 0.175
Mass 3 61.176 2.141 0.108
Age 3 61.182 2.146 0.107
Date, Date? 4 62.167 3.132 0.066
Date, Mass 4 62.194 3.159 0.065
Date, Age 4 62.409 3.374 0.058
Age, Mass 4 63.397 4.362 0.036
Date, Age, Date x Age 5 64.311 5.276 0.022
Date, Age, Mass 5 64.408 5.372 0.021
Age, Mass, Age x Mass 5 65.720 6.685 0.011
Date, Age, Mass, Date x Age 6 66.521 7.486 0.007
Date, Age, Mass, Age x Mass 6 66.789 7.753 0.007
Date, Age, Mass, Date x Age, Age x Mass 7 68.960 9.925 0.002
p-OH-butyrate
Date, Mass 4 —217.680 0.0 0.401
Date 3 —216.318 1.362 0.203
Date, Age, Mass 5 —215.374 2.306 0.127
Date, Age 4 —214.340 3.340 0.076
Date, Date” 4 —214.100 3.580 0.067
Date, Age, Mass, Date x Age 6 —213.345 4.335 0.046
Date, Age, Mass, Age x Mass 6 —213.030 4.650 0.039
Date, Age, Date x Age 5 —212.041 5.640 0.024
Date, Age, Mass, Date x Age, Age x Mass 7 —210.885 6.795 0.013
Glycerol
Age 3 —316.349 0.0 0.280
Age, Mass, Age x Mass 5 —315.734 0.615 0.206
Age, Mass 4 —314.815 1.535 0.130
Date, Age 4 —314.450 1.899 0.108
Date, Age, Mass, Age x Mass 6 —313.381 2.968 0.063
Date, Age, Mass 5 —312.604 3.745 0.043
Date, Age, Date x Age 5 —312.421 3.928 0.039
Date 3 —311.995 4.354 0.032
) 2 —311.602 4.747 0.026
Date, Age, Mass, Date x Age, Age x Mass 7 —311.560 4.789 0.026
Date, Age, Mass, Date x Age 6 —310.361 5.988 0.014
Date, Date’ 4 —310.065 6.284 0.012
Mass 3 —309.838 6.512 0.011
Date, Mass 4 —309.790 6.559 0.011
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Table 2 Body mass and age ratio (proportion adult) of semipalmated
sandpipers captured during spring migration 2001 at Yawkey Wildlife
Center. CI Confidence interval

Sampling n Age Body mass
dates ratio

Mean SD 95% C1
7-9 May 16 1.0 24.31 1.63 234,252
14-15 May 15 0.87 25.90 3.37 24.0,27.8
21-22 May 18 0.56 25.26 293 23.8,26.7
28-29 May 21 0.52 26.57 1.94 25.7,27.5

Glycerol concentrations in 2002 also varied among sites
rather than regions (Fig. 2d). In contrast to our predictions,
glycerol was high at Fortescue Beach (where body mass
was highest) as well as Lago Enriquillo [where body mass
was low (Table 4)]. There was essentially no model selec-
tion uncertainty, with [Site, Handling time, Mass, Handling
time x Mass] receiving 99% of AIC. model weight
(Table 3); the relative importance of Region and Site were
0.01 and 0.99, respectively.

Discussion

Metabolite profiles in this study provided information about
refueling performance at specific stopover sites in relation
to each other, and in the context of vernal migration of
semipalmated sandpipers in eastern North America. Ele-
vated triglyceride concentrations indicated rapid refueling,
whereas elevated -OH-butyrate indicated slower weight
gain. Birds at Lago Enriquillo, Dominican Republic had

low body mass, intermediate concentrations of triglyceride,
and high p-OH-butyrate concentrations. Many of these
birds were immature and probably were not preparing to
migrate north. Approximately two-thirds of all immature
semipalmated sandpipers do not migrate to the breeding
grounds as yearlings, but spend the boreal summer on win-
tering areas (Gratto-Trevor 1992). Birds captured at stop-
overs on the South Atlantic Coastal Plain (i.e., Florida,
South Carolina, and North Carolina) showed similar meta-
bolic profiles across sites: intermediate concentrations of
both triglyceride and S-OH-butyrate. Given the energy
reserves and metabolite concentrations of migrants at sites
in this region, it is unlikely that these birds are making non-
stop flights to the breeding grounds (Harrington and Morri-
son 1979). Birds captured at Fortescue Beach on Delaware
Bay, however, were in a different refueling class. At Fortes-
cue, birds had highest triglyceride and lowest S-OH-buty-
rate concentrations, suggesting that once birds reach this
site, the rate of mass increase and lipid storage is substan-
tially elevated. Results of this study suggest that birds stop-
ping on the South Atlantic Coastal Plain likely move north
along the coast until reaching Delaware Bay, then stage for
longer periods and gain substantial lipid reserves before
making a direct flight to the breeding grounds (Morrison
1984; Mizrahi and Peters 2006). This does not suggest,
however, that the South Atlantic Coastal Plain is of little
consequence to successful migration. On the contrary, the
stopover sites in this region probably host a large propor-
tion of breeding populations of semipalmated sandpipers
from the central and eastern Canadian Arctic each year
(Harrington and Morrison 1979; Morrison 1984). These

Table 3 Model fitting summary

Model K AIC, AAIC,
for triglyceride, phospholipid, - ode Ce C, w
OH-butyrate, and glycerol assay Trielyceride (n =186
data and the effects of region, "8 y.cerz eln o ) o
site, handling time, and body Region, Handling time, Mass, Handling time x Mass —448.533 0.000 0.634
mass for semipalmated sandpip- Handling time, Mass, Handling time x Mass 5 —446.649 1.884 0.247
ers captured during spring Site, Handling time, Mass, Handling time x Mass 9 —445.180 3.353 0.119
migration 2002 across a latitudi- Phospholinid (n = 177
nal gradient. Models are sorted ospholipid (n = )
by AAIC, and only models with Region, Handling time, Mass, Handling time x Mass 7 —563.152 0.000 0.761
AAIC, < 10 are shown. For Site, Handling time, Mass, Handling time x Mass 9 —560.496 2.656 0.202
abbreviations, see Table 1 Region, Handling time, Mass 6 —554.757 8.395 0.011
Handling time, Mass, Handling time x Mass 5 —554.756 8.396 0.011
Region, Mass 5 —554.231 8.921 0.009
B-OH-butyrate (n = 183)
Site, Handling time, Mass 8 —612.609 0.000 0.652
Site, Handling time, Mass, Handling time x Mass 9 —610.450 2.160 0.221
Site, Handling time 7 —609.195 3.415 0.118
Region, Handling time, Mass 6 —603.137 9472 0.006
Glycerol (n = 186)
Site, Handling time, Mass, Handling time x Mass 9 —625.665 0.000 0.992
Region, Handling time, Mass, Handling time x Mass 7 —616.009 9.656 0.008
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Fig. 2a-d Estimated plasma

(@) Triglyceride
metabolite concentrations (least

(b) B-OH-butyrate

squares means and 95% confi- 327 3.0
dence interval) for semipalmated 30
sandpipers along a latitudinal
gradient. Least-squares means 28 3 2.5 +
are presented by a, c region or b,
d site based on all predictor vari- 26 {
ables in the best supported mod- ’ / \
elidentified in Tables 1 and 3 for 2.0 {
each metabolite. Regions and 2.4 1 *
sites are arranged from south to - \
north. Regions are Dominican T oo
Republic, South Atlantic Coastal ;
Plain (South ACP), and Mid- =2 15
Atlantic Coastal Plain (Mid- 2 T T T T T T T T
ACP); see text for description of g
regions. Sites are Lago Enriqu- g (€) Phospholipid (d) Glycerol
illo, Dominican Republic (DR1); €
Merritt Island National Wildlife 8 18-
Refuge (NWR), Florida (SAJ); 8 804 '
Yawkey Wildlife Center, South o \
Carolina (SA2); Pea Island 7.5 - 16 {/
NWR, North Carolina (SA3); _—
and Fortescue Beach, New Jer-
sey (MAI). See Table 4 for sam- 7.0
ple sizes 1.4 4

6.5

1.2 4
T T T T T T T T
Dominican South ACP Mid-ACP DR1 SA1 SA2 SA3 MA1
Republic Site
Region

Table 4 Body mass and handling time of semipalmated sandpipers captured at five sites representing a latitudinal gradient during spring migration
2002. NWR National Wildlife Refuge

Site® Sampling dates n Body mass (g) Handling time (min)

Mean SD 95% CI Mean SD 95% CI
Lago Enriquillo (DR1) 29 March-1 April 24 21.54 1.40 (21.0, 22.1) 139 72 110, 166
Merritt Island NWR (SA1) 6-9 May 20 25.58 3.43 (24.0,27.2) 79 59 53,104
Yawkey Wildlife Center (SA2) 14-16 May 43 23.88 3.04 (22.9,24.8) 143 58 126, 160
Pea Island NWR (SA3) 21-24 May 49 25.53 2.67 (24.8,26.3) 107 83 84, 130
Fortescue Beach (MA1) 28-31 May 50 34.60 4.48 (33.3,35.9) 84 66 65, 102

* Sites are listed from south to north

stopovers provide habitats where birds can maintain energy
reserves, and act as stepping stones to the major staging
area at Delaware Bay.

Two previous studies have examined refueling rate at
stopover areas over a large geographic area. Schaub and
Jenni (2001) estimated fuel deposition rates using tri-
glycerides and f;-OH-butyrate concentrations of four passerine
species captured at 14 stopover sites from northern Europe
to sub-Saharan Africa. Refueling rate varied among sites
but was not correlated with latitude; furthermore, in only
one of four species was refueling rate impacted by impend-
ing ecological barriers, e.g., sea, desert, mountain range
(Schaub and Jenni 2001). The results of Schaub and Jenni
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(2001) suggest that it will be difficult for migrants to predict
the refueling rate at the next stopover site, whereas our
results, at least for triglycerides, indicate that refueling rate
may be predictable within certain physiographic regions.
Williams et al. (2007) found that triglyceride concentra-
tions of western sandpipers (Calidris mauri) not only var-
ied among sites from Mexico to Alaska, but also increased
linearly with latitude. Williams et al. (2007) also measured
invertebrate biomass along the migration route and found
that prey resources did not increase with latitude, suggest-
ing that migrants increased refueling rate at more northerly
stopovers via physiological or behavioral mechanisms
(Williams et al. 2007). We did not find a linear increase in
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refueling rate with latitude, and the contrasting results
emphasize the importance of spatial variation in resources
at multiple scales, including site, region, and flyway levels.
The spatial arrangement of resources, and the timing of
resource availability, within each flyway present unique
opportunities and constraints to migrants, and may explain
the different latitudinal patterns of Williams’ et al. (2007)
and our study.

Plasma metabolites also suggest different strategies for
early and late migrants based on our season-long sampling at
YWC. Early migrants had the highest levels of triglycerides,
indicating substantial weight gains, whereas late migrants
had lower levels of triglyceride (Fig. 1). f-OH-butyrate, an
indication of fasting, showed the opposite temporal pattern:
f-OH-butyrate levels were low among early migrants and
highest among the late arrivals. Taken together, these two
metabolites indicate that early and late migrants may use
two different refueling strategies on the South Atlantic
Coastal Plain. Early migrants appear to be gaining weight
at stopover sites in the region as they move northward. Late
migrants, on the other hand, appear to travel with higher
fuel loads and may use the region primarily for resting
and to maintain fuel levels, rather than for additional
weight gain. Furthermore, male semipalmated sandpipers
precede females in the southeast during spring passage
(Lyons 1994), and these results suggest that males and
females have different spring migration strategies, which
may affect their body condition and timing of arrival on the
breeding grounds. Schaub and Jenni (2001) did not find a
temporal trend in refueling rate within a season, but they
sampled only near the peak of migration, rather than across
the season, and therefore did not include early and late-
migrating individuals.

Our results are consistent with previous studies for some
metabolites and inconsistent for others. Among the metabo-
lites we examined, triglyceride and -OH butyrate appear
to be the most useful for studies of migration physiology
(Guglielmo et al. 2005; Seaman et al. 2006). Triglyceride
concentrations were consistent with prior independent
information about habitat quality and refueling perfor-
mance at our study sites. Guglielmo et al. (2005) also found
triglyceride to be a useful indicator of refueling perfor-
mance of wild birds, and of habitat quality for sites of
known quality. Phospholipids may be less useful in studies
of migration physiology (but see Cerasale and Guglielmo
2006b). Phospholipids were low at Lago Enriquillo and
provided corroborating evidence that birds were not refuel-
ing rapidly, if at all, at this site, but similar information
was provided by triglyceride and f-OH-butyrate. Phos-
pholipids were not useful as a measure of refueling rate
over time because mean phospholipid concentration did not
change substantially over time in South Carolina, whereas
triglycerides and fS-OH-butyrate indicated substantial

variation in refueling performance. Furthermore, variation
about the mean phospholipid concentration was substantial,
reducing power to detect changes over time or among
habitats. Guglielmo et al. (2005) found that phospholipid
concentrations, when examined alone, did not vary among
habitats of different quality, yet when used in a principle
components analysis with other metabolites, phospholipids
helped distinguish habitats of low and high quality.
Glycerol may be particularly unsuited for use in investi-
gations of migration physiology. Glycerol has been corre-
lated with mass loss and poor body condition in captive
studies (Williams et al. 1999), and we initially predicted it
might decrease along the migration route as birds moved to
the major staging area at Fortescue Beach. Contrary to pre-
dictions, however, glycerol levels were high at Fortescue
Beach as well as Lago Enriquillo in the Dominican Repub-
lic (Fig. 2). This pattern could result from two mechanisms.
First, glycerol is produced by lipolysis of triglycerides in
adipose tissue and muscle during periods of negative
energy balance and exercise (Stevens 1996). Elevated glyc-
erol levels at Laqo Enriquillo and Delaware Bay may have
been the result of strenuous exercise at each site, although
for different reasons. We observed several American kes-
trels (Falco sparverius) and merlins (Falco columbarius)
hunting shorebirds at Lago Enriquillo; these predators
made multiple attacks on shorebirds in the area. Migrants at
Fortescue Beach were likely preparing for non-stop flight to
the breeding grounds, and were observed to repeatedly
make pre-migratory flights, circling overhead and returning
to the beach again and again. Furthermore, these birds may
have exercised as we moved them to the target area for the
cannon net. A second mechanism for the U-shaped pattern
of glycerol we observed was suggested by Guglielmo et al.
(2005). They reported that glycerol concentrations
increased at very high plasma triglyceride concentrations,
such as we measured at Fortescue Beach, possibly because
of very high rates of hydrolysis of plasma triglycerides dur-
ing fatty acid uptake by adipocytes. Our findings reinforce
the assertion that plasma glycerol on its own is not suitable
for evaluating refueling performance in field studies.
Future field studies should strive to minimize handling
time. In this study, triglyceride and phospholipids tended to
decrease with handling time, whereas -OH-butyrate and
glycerol tended to increase. We were able to account for
effects of handling time in our study of spatial variation in
metabolites along the latitudinal gradient because we col-
lected data on this effect and included it as a covariate in the
candidate model set. We were not able to include handling
time in the candidate model set for temporal variation in
metabolites (season-long sampling) because we did not col-
lect data on time between capture and blood sampling in
2001. While we believe that we were able to minimize var-
iation in handling time among days because all sampling
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was conducted at the same site with identical field proce-
dures on each sampling day in 2001, our results for tempo-
ral variation in metabolites should be interpreted with
caution. Future observational studies of refueling perfor-
mance should strive to collect blood samples immediately
after capture if possible to ensure accurate estimates of
plasma metabolite concentrations.

This study provides further evidence that plasma metab-
olites, especially triglycerides and -OH-butyrate, provide
information on refueling performance useful for conserva-
tion and management of migratory shorebirds (Guglielmo
et al. 2002a; Seaman et al. 2006). In fact, plasma metabolite
analysis may be the only viable option for studying refuel-
ing in many shorebird species. Analysis of recapture data is
unlikely to be fruitful because daily recaptures of shore-
birds are extremely rare at most sites. Regression of mass
against time of day is not suitable because many shorebirds
feed in response to tidal cycle rather than time of day, they
may not be accessible for capture at all times, or may even
feed day and night.

Shorebird populations around the world are in decline,
and long-distance migratory populations are more likely to
decline than short-distance migratory or resident popula-
tions (Wetlands International 2002; Zockler etal. 2003;
Thomas et al. 2006). The potential causes of population
declines include habitat loss and degradation along the
migration route, which may impact the ability of migrants to
acquire sufficient energy reserves for successful migration
(Baker etal. 2004; Skagen 2006). Given the association
between long-distance migration and population status, a
better understanding of migration physiology and stopover
behavior may help identify causes and effects of change in
migratory shorebird populations. Plasma lipid metabolites
provide a model system for testing hypotheses about popula-
tion dynamics and monitoring stopover habitat quality to
help maintain viable populations and migration systems.
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