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ABSTRACT. Understanding turnover rates of stable isotopes in metabolically active tissues is critical for
making spatial connections for migratory birds because samples provide information about pre-migratory location
only until the tissue turns over to reflect local values. We calculated stable-hydrogen isotope (�2H) turnover rate in
the red blood cells of two long-distance migratory songbirds, Bicknell’s Thrushes (Catharus bicknelli) and Swainson’s
Thrushes (Catharus ustulatus), using samples collected at a breeding site in New Brunswick, Canada. Blood from
both species captured early in the breeding site was more positive in �2H than blood sampled later in the summer,
but did not match blood values for wintering Bicknell’s Thrushes. An asymptotic exponential model was used
to estimate turnover of red blood cell �2H and yielded a half-life estimate of 21 days and 14 days for Bicknell’s
and Swainson’s thrushes, respectively. Red blood cells of both species approached the local breeding site value one
month after the first individuals were detected at the site. For Bicknell’s Thrushes, estimated �2H in blood at
arrival (−72�) was closer to blood collected at wintering sites (mean −61�) than to expected breeding site �2H
(−120�). Discrimination values calculated for red blood cells collected at the breeding site for both species were
greater than expected based on studies using keratin. Turnover during migration currently limits the use of blood
sampled early in the breeding season for connectivity/carry-over effect studies. However, direct tracking technology
such as geolocators can provide information about migration duration, timing, and stopovers that can be used to
improve isotopic turnover equations for metabolically active tissues.

RESUMEN. La renovación del isótopo estable de hidrógeno en los glóbulos rojos de dos
zorzales migratorios: la aplicación a estudios de conectividad y efecto de arrastre

Entender las tasas de renovación de los isótopos estables en tejidos metabólicamente activos es fundamental para
conocer las conexiones espaciales de las aves migratorias, ya que esas muestras proporcionan información acerca del
sitio pre-migratorio hasta que el tejido se renueva y refleja los valores locales. Se calculó la tasa de renovación del
isótopo estable de hidrógeno (�2H) en los glóbulos rojos de dos zorzales migratorios de larga distancia, Catharus
bicknelli y C. ustulatus, utilizando muestras colectadas en un sitio de reproducción en New Brunswick, Canadá.
La sangre de ambas especies capturadas a principios de la época reproductiva fueron más positivos en �2H que
las muestras de sangre colectadas mas tarde en el verano, pero no coincidieron con los valores de sangre de C.
bicknelli colectadas en el invierno. Se utilizó un modelo exponencial asintótica para estimar la renovación de �2H
en los glóbulos rojos, lo cual produjo una estimación de vida media de 21 dı́as y de 14 dı́as para C. bicknelli y C.
ustulatus, respectivamente. Los glóbulos rojos de ambas especies fueron mas similares a los valores del sitio local
de reproducción un mes después de que los primeros individuos fueron detectados en el sitio. Para C. bicknelli, la
�2H estimada en la sangre a su llegada (−72�) fue más similar al de la sangre colectada en los sitios de invernada
(promedio de −61�) en comparación a los valores esperados de �2H (−120�) del sitio de reproducción. Los

6Current address: Department of Biology, York University, 4700 Keele Street, Toronto, Ontario M3J 1P3,
Canada.

7Corresponding author. Email: emilymck@yorku.ca

C©2012 The Authors. Journal of Field Ornithology C©2012 Association of Field Ornithologists

306

Journal of Field Ornithology



Vol. 83, No. 3 Turnover of �2H in Red Blood Cells of Thrushes 307

valores de discriminación calculados para los glóbulos rojos colectados en el sitio reproductivo de ambas especies
fueron mayores de lo esperado en base a estudios que utilizan la queratina. La renovación durante la migración
actualmente limita la utilidad de usar muestras de sangre colectadas tempranamente en la temporada de reproducción
para estudios de conectividad/arrastre. Sin embargo, la tecnologı́a de seguimiento directo como geolocalizadores
puede proporcionar información sobre la duración de la migración, la fenologı́a de la migración, y las paradas
durante la migración útil para mejorar las ecuaciones de la renovación de isótopos en los tejidos metabólicamente
activos.
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Determining the degree to which breeding
and wintering populations of long-distance mi-
gratory songbirds are connected is critical for
determining the fitness consequences of carry-
over effects (i.e., the impact of events and pro-
cesses during one season on events in another;
Harrison et al. 2011), the evolutionary history
of migration behavior (Webster et al. 2002),
and for the conservation of migratory species
(Faaborg et al. 2010). Migratory connections
can be made using extrinsic markers, such
as satellite transmitters, or intrinsic biochem-
ical markers, such as stable isotopes. Stable-
hydrogen isotope ratios (�2H) are often applied
to the study of migratory origins and connectiv-
ity (Hobson 2008). �2H in precipitation varies
predictably by latitude and altitude (Bowen
and West 2008), and bird tissues generally
reflect precipitation �2H values of the geographic
area where they were synthesized (Hobson and
Wassenaar 1997, Hobson 2008). Birds captured
during migration or at wintering sites can often
be assigned to breeding sites by examining �2H
of feathers (e.g., Hobson et al. 2007), provided
that a species is known to molt on the breeding
grounds. This technique is less applicable to
assignment of breeding birds to wintering sites
because most North American songbirds do not
undergo a winter molt (Pyle 1997).

Analysis of stable-hydrogen isotopes in
metabolically active tissues, such as blood, has
been applied less commonly to the study of
bird migration (but see Mazerolle and Hobson
2005), but could provide a useful assignment
tool. Metabolically active tissues have not been
commonly analyzed for �2H in this context
because turnover rates for �2H in these tis-
sues are not known for most species. Half-
lives of stable-carbon (�13C) and stable-nitrogen
(�15N) isotopes in metabolically active tissues
have been calculated in laboratory settings using
diet-switch experiments (Tieszen et al. 1983,
Hobson and Clark 1992, Hobson and Clark
1993, Pearson et al. 2003, Evans Ogden et al.

2004, Dalerum and Angerbjorn 2005, Podlesak
et al. 2005). It is not known if the half-life of
�2H in blood is similar to that of �13C or �15N,
but some studies suggest comparable turnover
rates (Mazerolle and Hobson 2005, Betini et al.
2009). Experimental studies of �2H turnover in
blood have not been conducted and there have
been no field-based studies of isotopic turnover.

Instead of directly calculating turnover using
a diet-switch experiment, some investigators
have inferred turnover patterns from blood col-
lected soon after birds arrive at breeding sites.
Norris et al. (2005) compared �13C of red
blood cells of American Redstarts (Setophaga
ruticilla) sampled within seven days of arrival
at breeding sites to �13C of blood from the
same individuals sampled one month later, and
found that samples from early-arriving birds
were significantly higher in �13C than those
sampled later (and more similar to winter than
local breeding site values). These results suggest
that blood collected from redstarts within seven
days of arrival at the breeding site retains a winter
�13C signature. Mazerolle and Hobson (2005)
found that �2H of red blood cells collected from
White-throated Sparrows (Zonotrichia albicollis)
during spring migration did not correlate with
values of feathers or claws tips assumed to have
grown at the winter site, but did correlate with
more recently synthesized material from the base
of the claw.

We estimated turnover rate of �2H in blood
from a migratory songbird, Bicknell’s Thrush
(Catharus bicknelli), captured at a breeding site
to determine: (1) if red blood cells collected
early in the breeding season retain a winter
�2H signature, and (2) when blood reflects a
local �2H value. We sampled Bicknell’s Thrushes
at wintering sites in the Dominican Republic
(DR) to estimate values of �2H in blood prior
to spring migration. Precipitation in the DR
is more positive in �2H than in northeastern
North America where Bicknell’s Thrushes breed
(Bowen and West 2008). If Bicknell’s Thrushes
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incorporate local values into their blood through
their diet (which reflects precipitation �2H), we
predicted that the blood of Bicknell’s Thrushes
in winter would have a more positive �2H
value than blood at equilibrium with a northern
breeding site in New Brunswick, Canada, and
blood would gradually turnover from higher
�2H values to lower local �2H values during the
breeding season. If Bicknell’s Thrushes migrate
as fast as Wood Thrushes (Hylocichla mustelina,
∼2 weeks; Stutchbury et al. 2009) and little to
no turnover of blood occurs during migration,
we predicted that blood collected early in the
breeding season would retain a winter signature.
Mean annual rainfall in the DR where Bicknell’s
Thrushes overwinter is enriched by ∼50� in
�2H relative to our study area in New Brunswick
where they breed (Bowen 2009). We therefore
expected �2H in blood of Bicknell’s Thrushes at
wintering sites to be at least 50� higher than
blood at equilibrium with the breeding site.

We also measured turnover of �2H in red
blood cells from Swainson’s Thrushes (Catharus
ustulatus) captured at the same breeding site to
determine if the half-life of �2H in blood is
similar for these two related species. Swainson’s
Thrushes are similar in morphology to Bicknell’s
Thrushes and breed in the same sites in New
Brunswick, but they have a longer migration
(to Central and South America; Mack and Yong
2000). We hypothesized that, despite migration
differences, Swainson’s and Bicknell’s thrushes
would exhibit comparable turnover rates because
turnover of other isotopes is correlated to body
size across species (Hobson 2008).

METHODS

Field work: New Brunswick (NB).
Known breeding areas in New Brunswick
(47.23◦N 66.59◦W) were surveyed daily for
Bicknell’s and Swainson’s thrushes starting
17 May 2008, using playback to increase de-
tections (Atwood et al. 1996). Upon detection,
adult thrushes were captured using passive mist-
net (36-mm mesh) arrays or target netting with
playback of conspecific songs. Capture sites were
600–700 m asl, with vegetation characterized by
10- to 15-year-old balsam fir (Abies balsamea)
and white birch (Betula papyrifera). The first
Swainson’s Thrush was detected on 22 May and
the first Bicknell’s Thrush on 25 May. Bicknell’s
and Swainson’s thrushes were captured between

26 May and 30 July (N = 25 and 40 birds,
respectively). Seven individuals were re-sampled
more than two weeks after the initial sampling
(total samples N = 28 Bicknell’s Thrushes, N =
44 Swainson’s Thrushes).

Blood samples were collected from each cap-
tured bird by brachial venipuncture using hep-
arinized capillary tubes and stored in a cooler
(<4◦C) until centrifuged. Blood was separated
into plasma and cellular components within 5 h
of collection using a microhematocrit centrifuge
(Zipocrit, LW Scientific, Lawrenceville, GA).
The cellular component of blood (red blood
cells) was extracted and stored in plastic micro-
centrifuge tubes in a sealed, plastic container in
a freezer at −20◦C for ∼6 months until stable-
isotope analysis.

Field work: Dominican Republic (DR).
We captured 13 Bicknell’s Thrushes at both a
high and a mid-elevation site on the Greater
Antillean island of Hispaniola in the DR be-
tween 8 February and 11 March 2008 using
conspecific playback or passive net arrays. Sites
were ∼180 km apart, one in mid-elevation
(500 m asl) rainforest (Loma Quita Espuela
Scientific Reserve) and the other in high-
elevation (1800 m asl) cloud forest (Sierra de
Bahoruco National Park) (see site descriptions
in Townsend et al. 2010). We grouped sam-
ples from both wintering sites (hereafter DR
samples) to encompass a range of winter �2H
for the blood of Bicknell’s Thrushes. Bicknell’s
Thrushes have a restricted winter range, with
most of the global population wintering on
the island of Hispaniola (DR and Haiti), and
>60% of birds wintering at or above 1000
m (Rimmer et al. 2001, IBCTG 2010). Small
populations of Bicknell’s Thrushes winter on
neighboring Greater Antillean islands of Jamaica
and Cuba. A connectivity study using stable-
hydrogen isotopes determined that Bicknell’s
Thrushes wintering on Hispaniola came from
across their breeding range, including our study
sites in New Brunswick (Hobson et al. 2001).
Although we have no direct evidence (i.e.,
band recoveries) that birds that breed in New
Brunswick winter in the DR, expected values
of in �2H in precipitation at our winter study
sites (−43 to −24�) were also similar to
expected values for known Bicknell’s Thrush
habitat in Cuba (−46 to −27�) and Jamaica
(−48 to −37�) (Bowen 2009). Patterns of
�D in precipitation are driven by both latitude
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and altitude, but, because the winter range
of Bicknell’s Thrushes falls within 18–19◦N,
variation in stable hydrogen in precipitation is
driven primarily by patterns in elevation (Bowen
and West 2008). Given the restricted winter
range of the species and the restricted isotopic
range in precipitation on Hispaniola, we believe
our winter samples are representative of �2H in
blood of Bicknell’s Thrushes throughout their
range.

Whole blood was separated into plasma and
red blood cell components using methods iden-
tical to those employed on the breeding grounds.
The cellular portion was kept frozen in capillary
tubes for ∼10 months and analyzed concur-
rently with blood samples from the breeding
ground.

Laboratory analyses. All isotope analy-
ses were conducted at the Stable Isotopes in
Nature Laboratory (SINLAB) at the University
of New Brunswick. Blood in plastic micro-
centrifuge tubes was freeze-dried over a 24-h
period, crushed, and weighed into silver cap-
sules at ∼0.2 mg. To account for potential
air-tissue H exchange, we used a comparative
equilibration technique with keratin standards
of known hydrogen isotope ratios (Wassenaar
and Hobson 2003). Samples, duplicate sam-
ples, and keratin standards were loaded into
a zero-blank autosampler, then combusted in
a NC2500 elemental analyzer. Resultant gases
were delivered via continuous flow to a Thermo
Finnigan Delta XP mass spectrometer. Values of
the keratin standards (BWB, CHS, CFS) were
both accurate and precise with mean ± SD of
−108 ± 1.21�, −187 ± 2.20�, and −147 ±
0.91�, respectively (N = 12 for all standards).
Two duplicate blood samples were analyzed
within each run. Duplicate blood samples (N =
4) differed on average by 1.28 ± 0.60�.

Turnover analysis. Blood turnover was
determined by fitting an asymptotic exponential
curve to �2H of blood collected throughout
the breeding season (Hobson and Clark 1992,
1993, Pearson et al. 2003, Evans Ogden et al.
2004, Podlesak et al. 2005). We used arrival
of Bicknell’s and Swainson’s thrushes at the
breeding ground to represent a switch of en-
vironmental isotopic values (from more positive
�2H, to local, more negative �2H). We assigned
the first detection of each species at the breeding
site as day = 0, and numbered each sample
according to the day of capture relative to the

first detection of each species at the site. We used
an exponential equation identical to that used in
laboratory studies of isotopic turnover in animal
tissues, y = a + be−ct , where y is the isotope value
of blood, a is the horizontal asymptote, b is the
slope of the curve (how fast y changes with time),
c is a constant that gives the shape of the curve,
and t is time in days. Parameters were calculated
by the software R by inputting estimates based
on a visual assessment of the data (Crawley
2007). Half life of �2H in blood was calculated
using the equation half life = −ln(0.5)/c. To
test the turnover model, we used blood samples
collected from recaptured birds and compared
recapture �2H with predicted values from the
model using a paired t-test.

We calculated a blood-precipitation discrim-
ination value for NB by taking the difference
between �2H of mean annual rainfall of the
site (−83�) and the estimated equilibrium
blood value for each species at the breeding
site (derived from the horizontal asymptote in
the turnover equations). To calculate a winter
discrimination value, we subtracted the mean
blood value from the mean annual �2H in
precipitation for DR winter sites (average of
both sites = −33�; Bowen 2009). Bicknell’s
Thrushes arrive in their winter territories by
early November (Rimmer et al. 2001), thus, by
our sampling period in February, individuals had
equilibrated with the local DR environment for
a minimum of 90 days. All statistical analyses
were performed using the software program R
(R Development Core Team 2011), statistical
significance was assessed at alpha = 0.05 and
means are reported ± SE.

RESULTS

The blood of Bicknell’s and Swainson’s
thrushes sampled from 26 May to 20 June
reflected non-local �2H values (all more positive
than −120�; Fig. 1). After 20 June (day 171 in
Fig. 1), �2H in blood for both species was similar
and closer to the expected local value. Turnover
of �2H in red blood cells of Bicknell’s Thrushes
(N = 28) was estimated by the equation:

y= − 120 + 48e−0.03t

Turnover of �2H in red blood cells of
Swainson’s Thrushes (N = 44) was estimated
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Fig. 1. �2H in blood of Bicknell’s and Swainson’s thrushes sampled during the breeding season described by
two exponential asymptotic curves, and in blood sampled from Bicknell’s Thrushes during the non-breeding
season in the DR. Lines of fit drawn through the data for Bicknell’s and Swainson’s thrushes extend from
the first observation of each species at the study site (25 May) to the end of the summer sampling period
(20 August).

by the equation:

y= − 118 + 39e−0.05t

Coefficients of equations for both species were
significant (non-linear regression, P < 0.05).
Half-life of �2H in blood was 21 days for
Bicknell’s Thrushes and 14 days for Swainson’s
Thrushes.

Samples collected in the DR (N = 13) ranged
from −64� to −56�, with an average of
−61 ± 1� (Fig. 1), which differed from mean
annual �2H in precipitation by −27�. We used
the date of first detection of each species at
the study sites to estimate an arrival value of
−72� for Bicknell’s Thrushes and −79� for
Swainson’s Thrushes using our turnover equa-
tion. The arrival estimate (derived by inputting
t = 0 into the equation) for Bicknell’s Thrushes
(−72�) was closer to the mean winter
value (−61�) than to the breeding-site es-
timate (−120�). Blood turnover equations
indicated that red blood cell values would
be at equilibrium with the local environment
(∼ −120�) by the end of September. Esti-
mated value of red blood cells at equilibrium
with the NB site differed from mean annual �2H
in precipitation from the breeding site by −37�
(Bicknell’s Thrushes) and −35� (Swainson’s
Thrushes). Individual Bicknell’s (N = 3) and
Swainson’s (N = 4) thrushes sampled more than

Table 1. Blood �2H values from initial and repeat
samples (>2 weeks later) of individual Bicknell’s
(BITH) and Swainson’s (SWTH) thrushes, compared
with predicted values based on exponential asymp-
totic turnover models.

�2H �2H (�)
(�) first second �2H (�)

Model sample (daya) sample (day) model

BITH −89 (14) −106 (54) −112
BITH −95 (17) −113 (34) −104
BITH −90 (13) −111 (46) −109
SWTH −96 (10) −111 (25) −106
SWTH −84 (4) −111 (25) −106
SWTH −86 (13) −111 (46) −113
SWTH −101 (25) −127 (46) −113
aNumbers in brackets indicate the number of days
since first arrival at the breeding site.

once also showed a negative change in red blood
cell �2H (Fig. 2), and these values did not differ
significantly from the model predictions (t =
−1.5, P = 0.18; Table 1).

DISCUSSION

Our results show that �2H in red blood cells
of Bicknell’s and Swainson’s thrushes sampled
early in the breeding season represents a mixture
of synthesis at non-breeding sites (winter and
spring migration sites) and breeding sites. As
we predicted, non-breeding signal persisted in
the blood of both species until ∼20 June, after
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Fig. 2. �2H in blood from initial captures and re-captures of the same individual Bicknell’s and Swainson’s
thrushes during the breeding season in New Brunswick.

which blood approached a local value. This sug-
gests that birds arrived at the breeding site before
blood could completely turnover. Our turnover
equation estimated that complete equilibrium
with the study site would not be reached until
the end of September, after our sampling period
and possibly beyond tenure of the birds at the
site. These results indicate that interpretation
of �2H values in the blood of migratory birds
sampled at breeding sites is challenging because
red blood cells reflect a mixture of non-breeding
and breeding site �2H. We predicted that Bick-
nell’s Thrushes would retain a winter blood
isotope value early in the season at breeding sites.
Although we were not able to determine arrival
dates for individual birds, we used our turnover
equation to estimate that Bicknell’s Thrushes
sampled when they arrived at the site (at first de-
tection on 25 May) would have a blood value of
∼ −72�, which is slightly more depleted than
our winter value (−61�). Early season blood
was much more positive than the breeding
site estimate (−120�). Similarly, Norris et al.
(2005) found that stable-carbon isotope values
in red blood cells of American Redstarts sampled
within 7 d of arrival were more similar to winter
�13C than breeding site �13C. However, even
our estimated arrival value (−72�) was slightly
more negative than winter �2H, suggesting that
some turnover of blood may have occurred dur-
ing spring migration. This highlights the need
to understand migration duration for correct
interpretation of �2H in blood.

In some species, migration may be too long
and half-life too short for metabolically ac-
tive tissues, such as blood, to reflect anything
other than migration (Mazerolle and Hobson
2005, Graves and Romanek 2009). However,
Stutchbury et al. (2009) found that spring
migration by Wood Thrushes (Hylocichla
mustelina) can be as short as two weeks. Bick-
nell’s and Swainson’s thrushes had �2H half-lives
of 14–21 days for red blood cells. The dura-
tion of migration by Bicknell’s and Swainson’s
thrushes is unknown, but, if it was as rapid
as two weeks, we would expect little turnover
of red blood cells during migration. However,
our results suggest at least some turnover occurs
during migration. Knowing the duration of
migration and the location and duration of
stopovers would allow for a precise estimate of
red blood cell turnover for Bicknell’s Thrushes.
Geolocators provide information about migra-
tory timing, and the location and duration of
stopovers for small birds, and would help elu-
cidate the amount of �2H turnover that occurs
during migration and approximately where this
turnover would occur. This would improve our
ability to infer non-breeding origins or habitat
quality using �2H from samples collected at
breeding sites.

Our �2H analyses indicate that red blood cells
collected at the breeding site from arrival up
until 20 June are not representative of winter
sites early in the breeding season; neither do
they reflect breeding sites. This suggests that red



312 E. A. McKinnon et al. J. Field Ornithol.

blood cells collected early in the season may
not be useful for studies of within-breeding-
season factors. The persistence of non-local
�2H values in red blood cells indicates that
non-breeding values are retained for two to
three weeks after arrival; this could indicate
that other isotopes measured from red blood
cells sampled early in the breeding season, such
as stable-carbon and stable-nitrogen isotopes,
are influenced by migration/winter synthesis.
Investigators using red blood cells sampled early
in the breeding season to obtain information
about breeding sites should first control for per-
sistence of winter/migration-synthesized tissue
well into the breeding period. Plotting �2H over
time for birds sampled at a given site would
help determine when blood was representative of
local synthesis and not a mixture of pre-breeding
and local synthesis, in essence using �2H as a
tracer of non-local tissue.

We used samples from multiple individuals
to calculate a turnover equation for �2H in
red blood cells of Bicknell’s and Swainson’s
thrushes. This approach assumes that arrival
dates are relatively consistent across individuals,
and that patterns of turnover are similar within
individuals. Differences in migration timing,
metabolism, or wintering sites add error to
our turnover estimate that could be eliminated
with controlled laboratory experimentation, and
turnover rates presented here lack the reliability
of turnover rates established using the classic
diet-switch experiment method (Hobson and
Clort 1992, 1993). The results of other stud-
ies suggest that diet (Langin et al. 2007) and
temperature (Betini et al. 2009) can affect �2H
in bird tissues. Laboratory experiments with
stable-hydrogen isotopes would provide valuable
information about turnover in blood and other
metabolically active tissues, such as claws (Fraser
et al. 2008), particularly if wind-tunnel tech-
nology (sensu Hobson and Yohannes 2007) was
used to replicate metabolic and environmental
conditions during migration.

We calculated discrimination values of
−37� and −27� between red blood cells
and mean annual precipitation (−83�) for
Bicknell’s Thrushes in NB and DR, respectively,
and −35� between red blood cells and mean
annual precipitation for Swainson’s Thrushes
in NB. We focused on mean annual �2H for
comparison between breeding and wintering site
discrimination factors. However, mean �2H of

amount-weighted growing season precipitation
is more commonly used in studies of north-
temperate breeding passerines and could po-
tentially provide a better measurement of �2H
for birds in our study area (Hobson 2011).
Growing-season precipitation estimates are not
applicable to tropical sites, where vegetation
can grow all year. In an experiment with cap-
tive House Sparrows (Passer domesticus), Wolf
et al. (2011) found that up to 14% of �2H in
blood is derived from drinking water. If this
is also the case for thrushes at breeding sites,
then growing-season precipitation could exert
a strong influence on blood �2H, in which
case a discrimination factor based on growing-
season precipitation could be more appropriate.
For comparison, the amount-weighted growing
season average (with the growing season defined
as months with average temperatures >0◦C;
Bowen et al. 2005) for NB is −72� and
results in a discrimination factor of −48� for
Bicknell’s Thrushes and −46� for Swainson’s
Thrushes. This estimate is more negative than
the discrimination factors calculated using the
mean annual precipitation values. However,
these discrimination factors are still more posi-
tive than the discrimination factor of ∼ −97�
between drinking water and blood calculated
by Wolf et al. (2011). This suggests that Bick-
nell’s Thrushes derive more of their body water
from their food (primarily arthropods) than do
granivorous House Sparrows.

Factors other than precipitation may also exert
an influence on �2H values of bird blood at
breeding sites. High temperatures can increase
evaporative water loss, thus increasing �2H tissue
values of nestlings, as suggested in studies of
Cooper’s Hawks (Accipiter cooperi; Meehan et al.
2003) and nestling Tree Swallows (Tachycineta
bicolor; Betini et al. 2009). If present, these
effects are unlikely to have had large influence on
the �2H blood values of Bicknell’s and Swainson’s
thrushes at their breeding sites. The seasonal
shift we observed, as temperatures increase at
the breeding area, was predominantly from
higher to lower values. Heat stress, or increasing
evaporative water loss, would result in isotope
values changing from lower to higher values as
temperatures increased.

Net discrimination factors are inherently vari-
able owing to the various pathways through
which precipitation �2H travels through an en-
vironment into animal tissues (Hobson 2008).
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However, use of a generalized discrimination
value is necessary for assigning birds to un-
known origins based on stable-hydrogen iso-
tope values in precipitation (e.g., Boulet et al.
2006). A preferred method for determining a
discrimination value would be to regress animal
tissues over a range of environmental �2H. Using
this method, the relationship between �2H in
Bicknell’s Thrush feathers and growing season-
precipitation was best described by the equation
y = −26� + 0.7 (�2H precipitation; Hobson
et al. 2001). This indicates that discrimination
factors for Bicknell’s Thrushes are not consistent
throughout their breeding range, and our data
suggest they are also different at wintering sites.
This underscores the need to collect samples
from multiple sites to calculate the most accurate
discrimination values for assigning bird tissues
to locations where they were grown. Discrim-
ination factors based on one site may not be
applicable to other sites, resulting in incorrect
assignments.

In summary, we show that red blood cells
collected at breeding sites from two species of
long-distance migrants reflect a mixture of non-
breeding site and migration synthesis. Half-
lives were 21 and 14 days, respectively, for �2H
in red blood cells of Bicknell’s and Swainson’s
thrushes, and blood values approached the local
equilibrium about one month after the first birds
arrived at the site (although total equilibrium
would not be reached until September). This
indicates that blood sampled early in the sea-
son may be difficult to interpret without more
information about migratory origins, duration,
timing, and locations of stopovers. Also, investi-
gators interested in using the blood of migratory
birds to obtain information about breeding sites
may need to sample later in the season to avoid
the influence of blood synthesized prior to the
birds’ arrival at the breeding site.
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