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Abstract.—We combined radiotelemetry, plasma metabolite analyses, and 
macro-invertebrate prey sampling to investigate variation in putative fatt ening rates 
(estimated as plasma triglyceride levels) at the fl yway scale in Western Sandpipers 
(Calidris mauri) migrating between Punta Banda, Mexico (31°N), and Hartney Bay, 
Alaska (60°N), a distance of 4,240 km. Birds were caught at a wintering site (San 
Francisco Bay) and eight stopover sites along this Pacifi c Flyway. Body mass was 
higher in females than in males at six sites, but variation was not correlated with lati-
tude for either sex, and the relationship of change in mass by date within sites was 
uninformative with regard to possible latitudinal variation in fatt ening rates. At San 
Francisco Bay, triglyceride levels were higher in the spring than in the winter. Mean 
plasma triglyceride varied among stopover sites, and there was a signifi cant linear 
trend of increasing triglyceride levels with latitude as birds migrated north. At San 
Francisco Bay, length of stay was negatively related to triglyceride levels. However, 
plasma triglyceride levels at wintering or initial stopover sites (San Francisco and 
Punta Banda) did not predict individual variation in subsequent rates of travel dur-
ing migration. We found no signifi cant relationship between triglyceride levels and 
prey biomass at diff erent stopover sites, which suggests that the latitudinal patt ern 
is not explained by latitudinal changes in food availability. Rather, we suggest that 
diff erences in physiology of migratory birds at southern versus northern stopover 
sites or behavioral diff erences may allow birds to sustain higher fatt ening rates 
closer to the breeding grounds. Received 24 February 2006, accepted 22 July 2006.

Key words: Calidris mauri, migration, plasma triglycerides, radiotelemetry, 
stopover, Western Sandpiper.

Variación a la Escala de Corredores de Vuelo en los Niveles de Triglicéridos Plasmáticos 
como un Índice de la Tasa de Reabastecimiento durante la Migración de Primavera en 

Calidris mauri

ResѢmen.—Combinamos radiotelemetría, análisis de metabolitos del plasma 
y muestreos de macroinvertebrados utilizados como presas, para investigar la 
variación en las tasas aparentes de engorde (medidas como niveles de triglicéridos 
en el plasma) a la escala de corredores de vuelo en individuos de la especie Calidris 
mauri que se encontraban migrando entre Punta Banda, México (31°N) y la bahía de 
Hartney, Alaska (60°N), una distancia de 4240 km. Las aves fueron capturadas en un 
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As a group, shorebirds in North America have 
experienced declines in populations over the 
past several decades (Morrison 2001, Morrison 
and Hicklin 2001). Most migratory bird spe-
cies use intermediate resting and feeding sites 
between wintering and breeding areas, and 
understanding the stopover ecology of shore-
birds at these sites is critical in determining 
the eff ects of factors such as habitat change on 
population dynamics (Skagen 1997, Warnock 
and Bishop 1998). Advances in radiotransmitt er 
and stable-isotope technologies have resulted 
in considerable information being obtained for 
timing of migration, links between wintering 
and breeding areas, migration routes, and length 
of stay (LOS) at stopover sites (e.g., Davis et al. 
1996, Marra et al. 1998, Farmer and Wiens 1999). 
One of the best-studied examples for shorebirds 
in North America is the Western Sandpiper 
(Calidris mauri; hereaft er “sandpiper”), for 
which migratory patt erns have been described 
in detail for the region between San Francisco, 
California, and western Alaska (Iverson et al. 
1996, Bishop and Warnock 1998, Warnock and 
Bishop 1998, Bishop et al. 2005). Despite this 
work, factors that determine site use and LOS 
and the potential benefi t that birds obtain at spe-
cifi c sites (e.g., in terms of fatt ening rates) remain 
poorly understood. As an example, simple mea-
sures of body condition (e.g., body mass or size-
corrected body mass) are poor predictors of LOS 

at a stopover site or migration times among sites 
(e.g., Holmgren et al. 1993, Skagen and Knopf 
1993, Warnock and Bishop 1998).

Numerous studies have shown that changes 
in certain plasma metabolites, especially 
triglycerides, can be used to estimate physi-
ological state and rates of mass change in 
birds (e.g., Jenni-Eiermann and Jenni 1994, 
Jenni-Eiermann and Jenni 1996, Williams 
et al. 1999, Acevedo Seaman et al. 2006). 
During fat deposition, triglycerides increase 
in the plasma, owing to transport of lipids to 
peripheral adipose tissue (Ramenofsky 1990). 
Thus, evaluating plasma triglyceride levels 
allows for an estimate of the dynamics of mass 
change, or fatt ening, in free-living migratory 
birds caught only once, an approach that is 
superior to static estimates of “condition” 
based on single body-mass measurements at 
time of capture (Williams et al. 1999, Schaub 
and Jenni 2001, Guglielmo et al. 2005). More 
recently, several studies have suggested that 
this approach could also be used to compare 
rates of mass change or fatt ening among dif-
ferent populations or diff erent migratory sites 
(Schaub and Jenni 2001, Ydenberg et al. 2002), 
though mainly at relatively small geographic 
scales (Guglielmo et al. 2005, Acevedo Seaman 
et al. 2006). Only one previous study has inves-
tigated site diff erences in metabolite levels at a 
broad geographic or latitudinal scale: Schaub 

sitio de invernada (la bahía de San Francisco) y en ocho sitios de escala migratoria 
a lo largo de este corredor de vuelo del Pacífi co. La masa corporal fue mayor en las 
hembras que en los machos en seis sitios, pero la variación no se correlacionó con la 
latitud en ningún sexo, y la relación de cambio en la masa con el tiempo dentro de los 
sitios no fue informativa con respecto a una posible variación latitudinal en las tasas 
de engorde. En la bahía de San Francisco, los niveles de triglicéridos fueron mayores 
en la primavera que en el invierno. El promedio de triglicéridos en el plasma varió 
entre sitios de escala migratoria, y existió una tendencia lineal signifi cativa de 
incrementos en los niveles de triglicéridos con la latitud conforme las aves migraban 
hacia el norte. En la bahía de San Francisco, la extensión del tiempo de permanencia 
se relacionó negativamente con los niveles de triglicéridos. Sin embargo, los niveles 
de triglicéridos en el plasma en los sitios de invernada o durante las primeras escalas 
migratorias (San Francisco y Punta Banda) no permitieron predecir la variación 
individual en las tasas subsecuentes de viaje durante la migración. No encontramos 
una relación signifi cativa entre los niveles de triglicéridos y la biomasa de presas en 
los distintos sitios de escala, lo que sugiere que el patrón latitudinal no se explica por 
cambios latitudinales en la abundancia de alimento. En cambio, sugerimos que las 
diferencias en fi siología de las aves migratorias entre los sitios de escala migratoria 
ubicados al norte y al sur, o diferencias en el comportamiento, podrían permitir que 
las aves presenten tasas de engorde mayores cuando se acercan a las áreas de cría.
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and Jenni (2001) compared an index of fatt en-
ing rate, based on plasma metabolite analysis, 
in migratory passerines at 14 stopover sites 
from northern Europe to sub-Saharan Africa. 
They found no eff ect of latitude, and only a 
weak eff ect of distance to major ecological bar-
riers, on variation in fatt ening rates.

We combined radiotelemetry, plasma metab-
olite analyses, and macroinvertebrate prey 
sampling to investigate variation in putative 
fatt ening rates (estimated as plasma triglycer-
ide levels) at the fl yway scale in sandpipers. 
Specifi cally, we compared plasma triglyceride 
and glycerol levels in sandpipers wintering 
at San Francisco Bay, California, with those in 
birds caught at eight migratory Pacifi c Flyway 
stopover sites between Punta Banda, Baja 
California, Mexico (31°N), and Hartney Bay, 
Alaska (60°N, western Copper River Delta). 
In addition, we investigated the relationships 
of plasma triglyceride levels to (1) migratory 
behavior—LOS at the initial banding site and 
duration and rate of migration, determined 
from radiomarked birds; and (2) macrofaunal 
prey biomass, a measure of habitat quality.

Methods

Radiotelemetry.—We captured sandpipers 
during daylight hours at Punta Banda and 
San Francisco Bay by mist nett ing at shal-
low, open-ponded areas using taped alarm 

calls to lure birds. For each bird, we recorded 
body mass (±0.05 g) and exposed culmen 
(±0.1 mm). Individuals were sexed as males 
if their exposed culmen was ≤24.2 mm and as 
females if their exposed culmen was ≥24.8 mm 
(Page and Fearis 1971), and we aged fi rst-year 
birds on the basis of extensive wear of the 
inner wing coverts as compared with adults 
(illustrated in Warnock and Warnock 2001). 
All birds were marked with federal bands. 
A sample of 88 birds was marked at Punta 
Banda (n = 47) and San Francisco Bay (n = 
41), with 1.0-g radiotransmitt ers (lifespan six 
weeks; Holohil Systems, Woodlawn, Ontario) 
glued to their lower backs (see Warnock and 
Warnock 1993), and we obtained blood from a 
subsample (Mexico: n = 33; California: n = 34) 
of these birds. Radiotransmitt er weight was 
~3% of body mass, and we affi  xed transmitt ers 
to the birds with cyanoacrylate glue (QuickTite 
Super Glue, Loctite, Rocky Hill, Connecticut).

Radiotelemetry monitoring methods and 
number and dates of surveys are given in Table 
1 (for sites for which we also obtained blood 
samples). Our ability to detect transmitt ers var-
ied by method and equipment: range was <2 km 
from the ground with a hand-held antenna, 
1–4 km from the ground with a truck-mounted 
antenna (3–7 km from a 120-m hill), and <10 km 
from an airplane (we used radiotransmitt ers at 
all major stopover areas to test aerial telemetry 
equipment). Trucks equipped with dual-Yagi, 

Table 1. Telemetry methods (A = aerial, G = ground) and number of surveys for monitoring of 
migratory Western Sandpipers, March–May 2004. Information is reported only for locations 
included in the present study.

General location Method Surveys Monitoring dates
Punta Banda, Mexico G 26 March 31; April 1–16, 18–25, 29; May 1
Elkhorn Slough, California A 14 April 7, 11, 13, 21, 23, 25, 27, 29, 30; May 1, 
   4, 5, 7, 10
 G 16 April 6, 8, 10, 11, 13, 14, 17, 18, 21–25; May 
   3, 4, 6
San Francisco, California A 14 April 7, 11, 13, 21, 23, 25, 27, 29, 30; May 1, 
   4, 5, 7, 10
 G 18 April 4–6, 8–10, 12, 13–22, 24, 26, 28; May 2, 
   3, 6, 11, 12
Bandon Marsh, Oregon G 10 April 22–26, 28, 29, 30; May 1, 4
Bott le Beach and Bowerman, 
 Washington A 12 April 19, 21, 23, 25, 27, 29; May 1, 3, 5, 7, 9, 11
 G 15 April 20, 22, 24, 26, 28, 30; May 2–8, 10
Boundary Bay, British Columbia G 10 April 26–30; May 1–3, 5, 6
Hartney Bay, Alaska A 25 April 29; May 1–2, 4–25
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null-peak telemetry systems were used at 
San Francisco Bay; hand-held, three-element 
Yagi antennas were used at remaining ground 
monitoring sites; and aerial monitoring was 
conducted from planes equipped with exte-
rior, dual-mounted antennas. Flights were 
conducted at altitudes of 300–1,500 m, with 
timing of fl ights varying by area. When a bird 
was located at a site, we monitored its presence 
until it had not been detected for at least two 
days or the bird had been relocated at another 
site. Monitoring at a site ended either when 
all radiomarked birds had departed or when 
minimal migratory activity was observed. For 
analysis of metabolite levels in relation to LOS, 
we used data from a subsample of radiomarked 
birds in San Francisco Bay (n = 33) and Punta 
Banda (n = 34) from which blood samples were 
taken. Length of stay was the number of days 
from capture and transmitt er att achment to 
the last detection at the initial banding site. We 
assumed that a detected bird remained on the 
site the entire day (i.e., LOS ≥ 1 day) and that it 
remained on site from the fi rst to last detection 
day. For birds arriving or departing on days 
when we were unable to monitor, we estimated 
the arrival or departure date by taking the mid-
point between dates we monitored. Although we 
know that there were diff erences in probability 
of detection between San Francisco and Punta 
Banda (N. Warnock unpubl. data), this will not 
bias the within-site analysis we report below. 
For analysis of metabolite levels in relation to 
migration schedule, we calculated the number 
of days and rate of travel (km day–1) for birds 
banded at San Francisco Bay and Punta Banda 
that were relocated either at a more northerly 
stopover site nearest the initial banding location 
(Mexico: n = 18; California: n = 18) or at Hartney 
Bay (Mexico: n = 8; California: n = 16).

Blood sampling and metabolite analysis.—Blood 
samples were obtained from wintering sand-
pipers at San Francisco Bay between 12 January 
and 30 April (n = 58) and from 396 sandpipers 
at various migratory stopover sites between 
April and May (see Table 2). Distances between 
Punta Banda and each site were calculated 
using ARCVIEW, version 3.2a (ESRI, Redlands, 
California), with the azimuthal-equidistance, 
north-polar projection. We treated Elkhorn 
Slough, California, and San Francisco Bay 
(~88 km apart), and Bott le Beach and Bowerman, 
Washington (both in Grays Harbor, but ~10 km Ta
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apart) as separate sites, because we had (1) rela-
tively large numbers of plasma samples from 
each site and (2) invertebrate data for each site. 
At the time of capture, birds were actively feed-
ing or had recently been feeding, and most birds 
(>75%) were caught within 2 h before or aft er 
high tide. Blood (≤150 µL) was sampled via bra-
chial venipuncture, transported in coolers, and 
centrifuged at 5,000 rpm with portable centri-
fuges for 3 min within 2 h of sampling, and the 
plasma was stored at –20°C until assayed. 

We assayed plasma samples for free glycerol 
and triglyceride only (measured in the same 
assay), because several studies have shown 
that plasma triglyceride is the most informa-
tive metabolite for predicting fatt ening rate in 
free-living birds. Additionally, other metabo-
lites (e.g., uric acid, non-esterifi ed fatt y acids, 
beta-hydroxybutyrate) show litt le or no sys-
tematic variation with site or migratory stage 
in sandpipers (Guglielmo 1999; Guglielmo et al. 
2002, 2005; Seaman 2003; Landys et al. 2005; see 
Acevedo Seaman et al. [2006] for further discus-
sion). We used a sequential color endpoint assay 
(Sigma-Aldrich Canada, Oakville, Ontario), 
using 5 µL of plasma sample with 240 µL and 
60 µL of glycerol reagent and trigly ceride 
reagent, respectively, with a reading taken 
at 540 nm aft er 10 min of incubation at 37°C 
aft er the addition of each reagent. Triglyceride 
concentration (mmol L–1) was calculated by 
subtracting free glycerol from total triglyceride. 
Assays were run in 400-µL fl at-bott om, 96-well 
microplates (NUNC, Roskilde, Denmark) and 
read with a microplate reader (Biotek 340 EL; 
Biotek Instruments, Winooski, Vermont). Each 
plate was run with a standard curve based on a 
serial dilution of a 2.54-mmol glycerol standard 
(Sigma-Aldrich, St. Louis, Missouri), and a 19-
day-old hen plasma pool was used to calculate 
assay variation (CV%; intra-assay CV%: 3.3% 
and 3.6% (n = 10); inter-assay CV%: 5.2% and 
12.5% (n = 17); for triglyceride and glycerol, 
respectively).

Invertebrate prey sampling.—We sampled ben-
thic invertebrate biomass at migratory stopover 
sites as an index to habitat quality. Benthic 
samples were collected with a 10-cm-diameter 
clam gun, 10 cm deep. At each site, we quasi-
randomly selected three locations on mud fl ats 
close to the mist nets at low tide and midtide, 
and three cores were taken at each location. 
From these banding sites, cores were taken 

along a random direction and distance within 
25 m of the nets, or parallel to the tideline. Once 
collected, the samples were placed in a plastic 
bag labeled with the site name, date of collec-
tion, and tide stage. Samples were refrigerated 
and transported to a 0°C freezer for storage. The 
total number of samples (193) represented the 
following sites: Punta Banda (n = 25), Elkhorn 
Slough (n = 29), San Francisco (n = 44), Bandon 
Marsh, Oregon (n = 22), Bott le Beach (n = 28), 
Bowerman Basin (n = 30), and Hartney Bay 
(n = 15). All samples were washed with saltwater 
(tap water mixed to 20 ppt with Instant Ocean 
[Marineland, Moorpark, California]) onto a 0.5-
mm sieve. The contents of all remaining mate-
rial on the sieve were preserved with a solution 
of 70% ethanol with rose bengal. Invertebrates 
were sorted into taxonomic groups, enumer-
ated, weighed (±0.001 g), and measured (mm). 
Macro-invertebrates were identifi ed under 
stereoscopes with standard invertebrate keys 
(Kozloff  1996, Smith and Carlton 1975). For 
this analysis, larger clams (>6 mm) that likely 
were not consumable prey were excluded, and 
samples were grouped by site to determine 
mean biomass (m2).

Statistical analysis.—Statistical analyses 
were performed using STATA (Computing 
Resource Center, Santa Monica, California) 
and SAS (SAS Institute, Cary, North Carolina). 
Signifi cance was set at P ≤ 0.05, unless other-
wise indicated. Triglyceride and glycerol data 
were transformed using log10(metabolite) + 1 
to normalize these data. In preliminary analy-
ses, we investigated the relationship between 
plasma metabolites and body mass, handling 
time, age, sex, time of day, and time in relation 
to the nearest high tide. Handling time was 
the time between birds hitt ing the nets and 
blood being drawn (median = 18 min, 95% < 
45 min; birds with handling time >60 min were 
excluded from analysis). We controlled for any 
signifi cant factors by including them as covari-
ates in the model to analyze site diff erences 
in relation to latitude. Given that we have 
documented signifi cant sex eff ects on stopover 
ecology in other studies (Warnock and Bishop 
1998, Bishop et al. 2005, 2006), we included 
sex as a variable in our triglyceride analyses 
of LOS of our radiomarked birds, though 
Guglielmo et al. (2002) and Acevedo Seaman et 
al. (2006) reported no sex or age diff erences in 
triglyceride levels (and see below).
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Results

Variation in body mass.—Body mass of sand-
pipers varied markedly among sites (F = 27.9, 
df = 8 and 439, P < 0.001) and with sex (F = 18.1, 
df = 1 and 439, P < 0.001, controlling for tarsus 
length because females are structurally larger 
than males; site*sex interaction not signifi cant, 
P > 0.80). In general, body mass was higher in 
females than in males, and this sex diff erence 
was signifi cant (P < 0.05, controlling for tarsus 
length) among birds caught at San Francisco 
during the winter and in Mexico, Oregon, Bott le 
Beach, and Alaska, but not at other sites (Fig. 1). 
Among stopover sites, variation in body mass 
was not explained by latitude for either males 
(F = 0.24, df = 1 and 7, P > 0.80) or females (F = 
0.09, df = 1 and 7, P > 0.90). We estimated the 
change in body mass with date (as a poten-
tial measure of fatt ening rate; but see below) 
for three stopover sites where we had robust 
sample sizes with sampling spread over >16 
days. Body mass varied signifi cantly with date 

in San Francisco during spring (F = 7.10, df = 1 
and 119, P < 0.001, b = 0.381 ± 0.054) and at the 
Washington sites (F = 2.10, df = 1 and 89, P < 
0.05, b = 0.090 ± 0.042), but not at Hartney Bay 
(P > 0.80, controlling for tarsus length in each 
case).

Eff ect of body mass, handling time, age, sex, time 
of day, and date on metabolite levels.—Plasma 
triglyceride levels were positively related to 
body mass (F = 8.58, df = 1 and 453, P < 0.001, 
b = 0.024) and negatively related to handling 
time between capture and blood sampling 
(F = 4.17, df = 1 and 453, P < 0.001, b = –0.004). 
By contrast, plasma glycerol levels were inde-
pendent of both mass and handling time (P > 
0.25). There was no eff ect of age or sex on either 
metabolite for all data pooled or by site (P > 
0.05 in all cases). Mean time of blood sampling 
varied with latitude (F = 33.2, df = 7 and 395, 
P < 0.001);  birds were caught relatively late in 
the day in Oregon and Alaska (mean = 1603 and 
1427 hours PST, respectively), whereas birds at 
Bott le Beach and in British Columbia were 
caught relatively early (0821 and 0819 hours 
PST, respectively); other sites were sampled 
between 1000 and 1400 hours PST. Univariate 
analysis of pooled data for stopover sites 
showed that residual plasma triglyceride, con-
trolling for body mass and handling time, was 
positively related to capture hour (b = 0.004, 
P < 0.005), whereas glycerol was independent 
of time of day (b = –0.001, P > 0.10). By contrast, 
plasma triglyceride levels were independent of 
the time at which birds were caught in relation 
to nearest high tide (F = 0.07, df = 1 and 453, P > 
0.70, controlling for body mass and handling 
time). We therefore pooled data by age and sex 
(including 13 birds of unknown sex) and con-
trolled for body mass, handling time, and time 
of day in subsequent analyses.

Controlling for mass, handling time, and 
time of day, we investigated whether plasma 
metabolite levels were related to date within 
sites where blood samples were collected over 
a period of >16 days. Residual plasma triglyc-
eride was positively related to date for San 
Francisco in the winter (F = 17.5, df = 1 and 58, 
P < 0.001; Fig. 2A), San Francisco in the spring 
(F = 14.99, df = 1 and 120, P = 0.001; Fig. 2B), and 
Washington (F = 7.44, df = 1 and 89, P = 0.01, 
pooling the two sites that were sampled over 
the same period; Fig. 2C), but not for Alaska 
(P > 0.90).

Fig. 1. Variation in size-corrected body mass 
(least square means ± SE, controlling for tar-
sus length) for male (filled circles) and female 
(open squares) Western Sandpipers at different 
sites along the Pacific Flyway and in relation 
to latitude; significant sex differences in mass 
within site are indicated as * P < 0.05, ** P < 0.01. 
Sites are at Punta Banda, Mexico (MX); Elkhorn 
Slough, California (ELK); San Francisco Bay, 
California in winter (SFW) and spring (SF); 
Bandon Marsh, Oregon (OR); Bottle Beach, 
Washington (BB); Bowerman Basin, Washington 
(BW); Boundary Bay, British Columbia (BC); 
and Hartney Bay, Alaska (AK).
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Variation in plasma metabolite levels with lati-
tude.—Using data from all birds, we found a 
highly signifi cant eff ect of site on mean plasma 
triglyceride levels (F = 18.9, df = 8 and 453, 
P < 0.001, controlling for body mass, handling 
time, and time of day; time relative to nearest 
high tide was not signifi cant in this model, P > 
0.05). Plasma triglyceride levels were higher in 
the spring at San Francisco than in the winter 
(F = 7.50, df = 1 and 178, P < 0.01). In spring-
migrating birds, there was a signifi cant linear 
trend for increasing residual triglyceride levels 
with latitude at stopover sites as birds migrated 
north (F = 2.77, df = 1 and 7, P = 0.035; Fig. 3). The 
lowest mean plasma triglyceride levels occurred 
in Punta Banda (the earliest spring stopover 
site), the second lowest in San Francisco, and 
plasma triglyceride levels then increased 

through Oregon, Washington, British Columbia, 
and Alaska. Glycerol levels also varied with site 
(F = 3.59, df = 8 and 453, P < 0.001), but only 1 of 
the 36 pairwise comparisons between sites was 
signifi cant (based on Bonferroni-adjusted P val-
ues), and this variation was not systematically 
related to latitude.

Variation in metabolite levels and migra-
tory behavior.—We analyzed the relationship 
between LOS and plasma metabolite levels for 
birds that were blood-sampled at the time when 
transmitt ers were att ached at San Francisco Bay 
(n = 33) and Punta Banda (n = 34). Initially, we 
included body mass, handling time, and time 
of day as covariates in the model, but these 
variables were not signifi cant (P > 0.20), so 
they were eliminated from the model. With the 
reduced model for birds at San Francisco, both 
plasma triglyceride level (F = 4.13, df = 1 and 32, 
P = 0.05) and sex (F = 2.90, df = 2 and 32, P = 0.07) 
explained a signifi cant amount of the variation 
in LOS (the interaction term sex*triglyceride 
level was not signifi cant, P > 0.70). In other 
words, LOS was negatively related to plasma 
triglyceride level, but for a given triglyceride 
level, females had a greater LOS than males 
(Fig. 4). Including capture date in the model, 
the relationship between LOS and triglyceride 
level was still marginally signifi cant (F = 3.59, 
df = 1 and 32, P = 0.069), but the eff ect of sex 
was not signifi cant (P > 0.20). Using this same 
model with birds radiomarked at Punta Banda, 
there was no signifi cant relationship between 

Fig. 2. Variation in residual plasma triglyc-
eride in Western Sandpipers in relation to 
2004 capture date for (A) San Francisco winter 
sample, (B) San Francisco spring sample, and 
(C) Washington spring sample.

Fig. 3. Relationship between plasma triglyc-
eride levels and latitude in Western Sandpipers 
for 2004 spring stopover sites. The fitted line 
excludes San Francisco (winter). See Figure 1 
caption for explanation of abbreviations.
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LOS and any of the measured variables for this 
site (P > 0.20 in all cases). Plasma triglyceride 
levels in birds at Punta Banda or San Francisco 
did not explain variation in the number of days 
of travel (P > 0.50), or rate of travel (km day–1, 
P > 0.30), between these initial banding sites and 
either the fi rst stopover site where birds were 
relocated or between the initial banding site 
and Hartney Bay (body mass, handling time, 
and time of day were not signifi cant; P > 0.20 in 
these analyses).

Variation in metabolite levels and prey abun-
dance.—We found no signifi cant relationship 
between plasma triglyceride levels and mean 
total prey biomass for the seven stopover sites 
for which we had data (F = 0.84, df = 1 and 6, 
P > 0.40; Fig. 5). However, it is noticeable that 
Elkhorn Slough, which has a high residual 
plasma triglyceride value for its latitude (see 
Fig. 3), also had a very high prey biomass.

Discussion

We have shown, fi rst, that plasma triglyceride 
levels in sandpipers increased between winter 
and migration at San Francisco Bay, which indi-
cates an increase in fatt ening rates, as would be 
predicted if birds are switching from a nonmi-
gratory to a premigratory or migratory hyper-
phagic state (Ramenofsky 1990, Zwarts 1990). 
Second, we found that there was a strong posi-
tive relationship between plasma triglyceride 
levels and latitude through the spring as birds 

moved from Mexico to Alaska. We interpret 
this as evidence that birds are fatt ening more 
rapidly at stopover sites as they move farther 
north and get closer to the breeding grounds. 
Third, we have shown a systematic relationship 
between plasma triglyceride levels and, thus, 
putative fatt ening rate, and LOS, a behavioral 
component of migration in individual birds. 
However, plasma triglyceride levels at winter-
ing or initial stopover sites (San Francisco and 
Punta Banda) did not predict individual varia-
tion in subsequent rates of travel during migra-
tion. Finally, we found no relationship between 
plasma triglyceride levels and prey biomass (cf. 
Acevedo Seaman et al. 2006), which suggests 
that the latitudinal change in fatt ening rates 
may not be driven by changes in food avail-
ability per se.

Body mass itself was highly variable at dif-
ferent stopover sites, but this variation was not 
systematically related to latitude, and analysis 
of mass by capture date was also not useful in 
elucidating patt erns of fatt ening with latitude 
(see also Williams et al. 1999, Schaub and Jenni 
2001, Guglielmo et al. 2005). Slopes of mass 
by capture date indicated a putative high rate 
of fatt ening at San Francisco Bay (0.4 g day–1) 
but low (0.09 g day–1) or no increase in mass at 
more northerly sites (Washington and Alaska). 
However, these analyses are clearly confounded 
in terms of predicting actual fatt ening rates, by 
the short LOS and rapid turnover of birds at 
stopover sites. If birds arrived, fatt ened rapidly, 

Fig. 4. Relationship between length of stay 
and plasma triglyceride levels for male (closed 
circles, solid line) and female (open circles, 
dashed line) Western Sandpipers caught at San 
Francisco, April 2004.

Fig. 5. Relationship between mean site-
specific plasma triglyceride levels in Western 
Sandpipers and prey biomass (m2) at spring 
stopover sites in 2004. See Figure 1 caption for 
explanation of abbreviations.
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departed, and then were replaced by newly 
arriving birds of lower body mass, body mass 
would not change with capture date at the pop-
ulation level, even though individual birds were 
fatt ening. Interestingly, the slope of mass with 
date for San Francisco in the present study was 
very similar to that reported for the same site 
by Warnock and Bishop (1998; 0.4 g day–1). It is 
possible that the greater mean LOS of birds at 
San Francisco (7.8 ± 7.1 days; N. Warnock et al. 
unpubl. data) compared with other sites (mean: 
1–3 days) means that the method of analysis of 
mass by date provides a more accurate estimate 
of actual fatt ening rate at this site.

Body mass of sandpipers was higher at San 
Francisco Bay than at any of the stopover sites 
farther north. Higher body mass, combined 
with the greater LOS, confi rms previous sug-
gestions (e.g., Warnock and Bishop 1998) that 
San Francisco Bay is a staging area for sandpip-
ers (sensu Skagen and Knopf 1993). By contrast, 
most other sites where LOS is generally short 
(<3 days) are bett er classifi ed as true stopover 
sites (Warnock and Bishop 1998). Interestingly, 
the second-highest mean body masses in 2004 
were recorded at Hartney Bay, the site sampled 
closest to the breeding grounds in the present 
study. It is possible that this refl ects the advan-
tages of arriving on the breeding grounds 
with higher body mass or nutrient reserves 
(e.g., Smith and Moore 2003). However, once 
sandpipers depart Hartney Bay, they still have 
a 1,000-km journey to their breeding grounds 
west of the Copper River Delta, where there 
appears to be fewer coastal stopover sites 
available for subsequent refueling (Bishop and 
Warnock 1998) and where the probability of 
encountering frozen landscape and scarce food 
resources increases. Thus, the higher departure 
masses at this site—achieved via high fatt ening 
rates (see below)—may be essential to allow 
birds to complete this fi nal stage of migration 
successfully and in good condition to com-
mence breeding.

We found a negative relationship between 
plasma triglyceride levels (and therefore puta-
tive fatt ening rate) and LOS at San Francisco 
Bay, but not with other measures of the bird’s 
subsequent migration schedule. This suggests 
that birds fatt en more slowly if they remain at 
this site longer and that they fatt en more rapidly 
when they are closer to departure. Landys et al. 
(2005) reported a similar result in migrating 

Bar-tailed Godwits (Limosa lapponica); plasma 
triglyceride levels were higher in advanced-
refueling birds than in initial-refueling birds, 
which suggests that mass gains were especially 
pronounced during the later stages of stop-
over (again with no diff erences for glycerol 
or beta-hydroxybutyrate). Landys et al. (2005) 
suggested that fatt ening rates early in stopover 
might be constrained by reduced or atrophied 
digestive system in newly arriving birds (e.g., 
Landys-Ciannelli et al. 2003, Karasov et al. 
2004). However, this patt ern could also be 
explained by a behaviorally mediated strategy 
whereby birds maintain a lower body or fat 
mass to reduce predation risk (Kullberg et al. 
2000, Gentle and Gosler 2001) until just before 
departure. At the Delaware Bay stopover, 
later-arriving Red Knots (C. canutus) also gain 
weight more rapidly than earlier-arriving birds 
(Robinson et al. 2003).

Numerous theoretical studies of optimal 
migration have included predictions about fat-
tening rates and fuel loads (e.g., Alerstam and 
Lindström 1990, Lindström 1991, Houston 1998), 
including some components of site-specifi c 
variation (e.g., Gudmundsson et al. 1991), but 
these studies do not appear to have addressed 
systematic variation in fatt ening rate in rela-
tion to latitude or distance from the breeding 
grounds. With time-selected migration, stop-
over decisions should be aff ected by actual fat 
status and the prospects for rapid fatt ening at 
future potential sites (Alerstam and Lindström 
1990, Lindström 1991). Therefore, if an increase 
in fatt ening rate with latitude is predictable, as 
suggested by the present study, this could have 
important consequences for various aspects of 
migration, such as departure fuel loads and 
“giving up” densities during foraging. For 
example, higher refueling rates are predicted 
to decrease stopover duration and departure 
fat load, and our data support the idea of a 
reduction of stopover duration. By contrast, 
with energy-selected migration, stopover deci-
sions should be independent of fatt ening rate 
(Alerstam and Lindström 1990). Although we 
obtained data for only one year, the latitudinal 
cline in plasma triglyceride is similar to that 
reported by Guglielmo et al. (2002) for birds 
sampled in Panama and British Columbia. The 
cause of this relationship is unknown, though 
our data suggest that this does not simply 
refl ect a latitudinal increase in prey availability 



Flyway-scale Variation in Plasma Triglyceride LevelsJuly 2007] 895

at stopover sites. Jenni and Schaub (2003) also 
suggested that migrant passerines show a large 
behavioral fl exibility in foraging, such that fat-
tening rate may not be tightly coupled to food 
availability.

Similarly, because fatt ening represents a rate 
per unit of time, higher fatt ening rates cannot 
simply be att ributable to birds having more time 
to feed per day (e.g., more hours of daylight at 
northern sites: ~13 h at San Francisco vs. ~17 h 
in Alaska) or having a greater LOS. In any case, 
there is no evidence for signifi cant diff erences 
in LOS for stopover sites at diff erent latitudes; 
LOS averages 2–3 days at all sites between 
northern California and Alaska (Iverson et al. 
1996, Warnock and Bishop 1998), as was the 
case in 2004 (N. Warnock et al. unpubl. data). 
Higher fatt ening rates could be achieved by 
either behavioral or physiological mechanisms. 
Behaviorally, birds could feed more intensively 
per unit of time (e.g., they could spend more 
time actively feeding and spend less time in 
vigilance behavior or in social interactions). 
Physiologically, comparing nonmigrating with 
migrating birds, it is known that there is a sig-
nifi cant up-regulation of the digestive system, 
morphologically (Guglielmo and Williams 
2003), as well as histologically and enzymati-
cally (Stein et al. 2005). In sandpipers, some 
of these physiological adjustments occur aft er 
the onset of migratory fl ight and may refl ect a 
“training eff ect” of migration itself (Guglielmo 
and Williams 2003). Thus, it is possible that 
within the migratory state there are diff erences 
in physiology of birds at southern versus north-
ern stopovers that allow birds to sustain higher 
fatt ening rates as they get closer to the breeding 
grounds.
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