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Abstract Stable isotope analysis of feathers may help
track populations of migratory birds throughout their
annual cycle. We use deuterium isotope ratios in feathers
(dD



location (Hobson 1999



Lakes Reservoir (49.088 N, 115.678 W, elevation 435-
442 m).

Feather sampling

We collected feather samples from territorial birds cap-
tured in May through July of 2005 and 2006. Males were
lured into mistnets using call playback shortly after their
arrival at the study site, while females were typically
captured passively moving to and from their nests. Any
unbanded birds captured were marked with a Canadian
Wildlife Service aluminium band and a unique combina-
tion of three color bands. We determined the gender and
age (SY: second-year; or ASY: after-second-year) of all
birds using morphological and plumage characteristics.
Males and females can be distinguished based on plumage
coloration and the presence of an enlarged cloacal protu-
berance or a brood patch. SY and ASY birds can be dis-
tinguished based on feather wear and color of the primary
coverts, the presence of secondary molt limits, and tail
feather shape (Pyle 1997). We collected feathers from four
feather blocks: sampling the third outer right tail feather
(R4) and the innermost primary covert (PC1) which are
thought to be replaced on the breeding grounds during the
prebasic molt, and 5-6 crown feathers and one greater
covert that are thought to be replaced on the wintering
grounds during the prealternate molt between December
and April (Pyle 1997). We ensured that the greater covert
feather collected had broad, uniform yellow edging, and
avoided sampling greater coverts with dull olive edges that
may not have been replaced during the pre-alternate molt.
Feathers were placed in individually labelled paper enve-
lopes and stored in a freezer prior to being transported to a
laboratory for cleaning and analysis. The numbers of
feather blocks sampled per individual varied because
greater coverts were not sampled at the start of the 2005
breeding season and a few birds were released before
sampling was complete because they showed signs of
stress. We subsequently monitored the breeding of all pairs
at our study site (ca. 30 pairs per year) and restricted
analysis to feather samples collected from birds known to
breed in the area.

Laboratory methods and stable isotope analysis

Feather samples were soaked in 2:1 chloroform:methanol
solution for 24 h, drained and air-dried in a fume hood for
an additional 24 h to remove excess solvent. Prior to iso-
tope analysis, we cut and weighed 350 + 10 1g of feather
material into 3.5 9 5-mm elemental analyzer silver cap-
sules. We ensured that the sample was cut from the distal
tip of the feather to minimize bias related to intra-feather
(vane vs. rachis) variation in dD composition (Wassenaar

and Hobson 2006). Samples collected from the 2005 and
2006 field seasons were analyzed at the National Water
Research Institute in Saskatoon, Canada, in May and
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only areas west of the continental divide, and areas below
1,450 m elevation where breeding birds are concentrated
(Campbell et al. 1990). We employed a 400-km buffer
because latitudinal gradients in dDp across North America
impose limits on the ability to accurately assign individual
samples to their origins (Farmer et al. 2008), and studies
are unlikely to attempt to assign individuals to sites sepa-
rated by less than 7 of latitude. We defined the wintering
range based on the distribution map of Ridgely et al.
(2003), but constrained the region to elevations below
600 m that are occupied by wintering Yellow Warblers.
We subsequently derived expected mean and 95% CI
values of dDp for three areas within the potential winter
range; mainland areas of Mexico, Central America, and
northern South America. We compared the observed dDy
with the expected dDp for the breeding and wintering
regions assuming a discrimination factor of —19% to
account for isotopic fractionation of deuterium when it is
transferred and propagated from precipitation into animal
tissues (Hobson and Wassenaar 1997; Langin et al. 2007,
Mazerolle et al. 2005).

Results

We analyzed the stable hydrogen isotope ratio of 222
feathers sampled from 71 individuals breeding near Rev-
elstoke, BC, in 2005 and/or 2006. Fourteen individuals were
sampled in both years. The 85 sets of feather samples
included 39 where the bird had been banded and known to
breed in the area in the previous year and 46 birds whose
breeding or natal origin in the previous year were unknown.
The sample included feathers from 38 females (SY = 11,
ASY = 27) and 47 males (SY = 12, ASY = 35). How-
ever, we only obtained dDs values for primary coverts and
tail feathers from ASY birds.

Variation in dDs across feather blocks

There were large differences in the dDs of Yellow Warbler
feathers collected from different feather blocks (v3 = 1,877,
P\.0.001), with tail and primary covert feathers having
depleted values compared to crown and greater coverts
(Fig. 1). Two (5%) of the 42 tail feathers analyzed were
highly enriched compared to the rest of the sample, sug-
gesting that some tail feathers may be molted on migration.
Three (4%) of the 81 crown feather samples had extremely
depleted values (Fig. 1). The dDjs of the two feathers thought
to be replaced on the breeding grounds were only weakly
correlated (r, = 0.32, n = 40, P = 0.04), and the correla-
tion did not improve if the one extreme tail value included in
this analysis was removed (r, = 0.25, n = 39, P = 0.11).
The dDs of the two feathers thought to be replaced on the
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Fig. 1 Box plot (median, interquartile range, values within 10th and
90th percentile and outliers) comparing dDs of feather blocks
collected from Yellow Warblers Dendroica petechia captured at a
breeding site near Revelstoke, British Columbia, Canada, during the
spring of 2005 and 2006

wintering grounds were more strongly correlated (r, = 0.46,
n = 58, P\.0.001), and this correlation improved if the
three extreme crown values included in this analysis were
removed (r, = 0.56, n = 55, P\.0.001).

Variation in dDs within feather blocks

Analyses were performed after excluding the two tail
feather and three crown feather samples with extreme dDs
values. The dDj of the primary coverts did not vary between
years (Table 1). There was also no difference in the dDs
of primary coverts sampled from males and females (model
predictions = SE, males = —132.4 + 1.4%, females =
—131.4 + 1.8%, v = 0.2, P = 0.68). In contrast, the dDs
of the tail feathers did vary between years (Table 1), but
again dDs did not vary with gender (model predictions +
SE after controlling for year, males = —134.8 + 1.1%,
females = —135.9 + 1.5%, v = 0.3, P = 0.57).

As predicted, if El Nifio conditions result in more pre-
cipitation and lower dDp, the dDys of the greater coverts and
the crown were significantly more depleted in 2005 than
2006 (Table 1). This pattern was also observed in all 14
individuals where crown feathers were sampled in both
2005 and 2006 [mean (deZOOS_deZOOG) +SD = -236 =
6.7%, paired t;3 = —13.6, P\.0.001]. Deuterium isotope
values of the greater coverts did not vary with either the
gender or age of the individual sampled (model predic-
tions &+ SE after controlling for year; males = —21.1 +
2.8%, females = —27.4 +2.9%, v2 =21, P =0.16;
SY = —26.9 + 3.2%, ASY = —315 + 2.7%, v’ = 1.7,
P = 0.20). The dDs of crown feathers also did not vary
with gender (model predictions = SE controlling for
significant terms, males = —37.0 = 2.3%, females =
—34.5 + 2.5%, vZ = 0.6, P = 0.44), but crown feathers
from SY birds were more depleted than those from ASY



birds (model predictions = SE controlling for significant
terms, SY = —40.3 +£3.1%, ASY = —-31.3 £+ 1.9%,
v = 6.2, P = 0.02).

Relationship between long term averaged dDp
and predicted and observed dDs

The long-term growing season dDp for the area surround-
ing our study population in Revelstoke, southeast British
Columbia, based on an interpolated base maps for North
and South America (Bowen et al. 2005) was —114 + 9.4
%. Assuming a fixed discrimination factor of —19%, flight
feathers grown in the Revelstoke region or southeast
British Columbia would be expected to have mean dDs
of —133.4%. The observed mean dD; for both primary
coverts and tail feathers was —132.0%, and all primary
coverts and 91% of tail feathers fell within the 95%
confidence intervals of the expected dDs (Table 2).

The long-term growing season dDp for the area cov-
ering the known wintering distribution of Yellow Warblers
was —29 + 6.3 %, and there was relatively little differ-
ence between the dDp expected for Mexico, Central and

South America (Table 2). Assuming a fixed discrimination
factor of —19%, winter-grown feathers would be expected
to have a mean dDs of —48.1%. The observed mean dDs
for the greater covert and crown feathers sampled was
more enriched than expected, being —23.1% for greater
coverts and —33% for crown feathers. Furthermore, only
28% of greater coverts and 33% of the crown feathers
sampled fell within the 95% confidence intervals of the
expected dDs for feathers grown anywhere in the winter
distribution (Table 2). However, since the observed values
were more enriched than expected, and dDp values



Variation in dDs across feather blocks

Stable isotope analysis of dD values in feathers has become
a widely applied tool to link birds captured on the win-
tering grounds (or en route during migration) to their pre-
vious breeding origins (Hobson and Wassenaar 2008). The
success of this approach has been supported by isotope
base maps created to represent the known latitudinal gra-
dient of spatially distinct dD patterns expressed in precip-
itation (Bowen et al. 2005) and confirmed for feathers
grown in these regions (Hobson and Wassenaar 1997).
More recently, studies have begun to examine the utility of
using winter-grown feathers sampled from birds captured
on breeding grounds to identify their wintering grounds
(e.g., Jones et al. 2008; Kelly et al. 2008). Kelly et al.
(2008) found that discriminant functions based on hydro-
gen, nitrogen and carbon isotope ratios in feathers were
only able to accurately assign 30-50% of Willow Fly-
catchers (Empidomax traillii) to five regions within their
winter range. Our study confirms that deuterium isotope
analysis of summer-grown feathers sampled from Yellow
Warblers provides information about their breeding ori-
gins. We found that the dDs of the vast majority of primary
coverts and tail feathers fell within the range expected from
the long-term average dDp for the area surrounding Rev-
elstoke. However, despite showing that Yellow Warblers
also undergo a prealternate molt on their wintering
grounds, we found that deuterium isotope analysis of
winter-grown feathers provided little information about
their wintering location. Winter-grown feathers had more
enriched dDs signatures than expected, and only 30% of
crown and greater coverts fell within the range expected
given the long-term average dDp for their winter
distribution.

There are several possible explanations for why the dDs
of most crown and greater covert feathers fall outside the
expected range based on long-term average growing season
dDp. First, the isotope base map for Central and South
America is based on data on rainfall over the entire
growing season from relatively few fixed points interpo-
lated over a large geographic area that may not reflect finer
scale temporal or geographic variation in dDp. This
explanation is supported by dDp data from single sites in
Vera Cruz, Mexico, and the Panama Canal, Panama
(available on the GNIP/ISOHIS database, IAEA 2007),
where dDp values for the wintering period (October—
March) align more closely with the observed dDs values in
winter grown feathers (Vera Cruz = 0.9 = 20%; Panama
Canal = —17.9 %+ 15.2%). This highlights the need for a
greater understanding of the timeframe over which dDp is
incorporated into the diet and then feather tissue (see
Coulton et al. 2009). Second, El Nifio events that are
associated with increased winter rainfall in Mexico would

be expected to result in more depleted dDs values than
those predicted using isoscapes based on long-term aver-
aged dDp. This would explain the interannual variation in
dDs (see below) but does not explain why dDs values are
more enriched than expected in both 2005 and 2006. Third,
dDs values may be more enriched than expected because
diet-tissue discrimination factors vary with latitude, with
habitats used at different times of the year, or with the
season tissues are produced. Lott and Smith (2006), for
example, found that the relationship between estimates of
dDp and dDs in raptor feathers varied across regions of
North America.

We found that there was greater variation in the dDs of
some feather blocks than others, with extreme values being
more likely in tail and crown feathers. Tail feathers with
relatively enriched signatures could be evidence that a
small percentage of Yellow Warblers complete their molt
on migration (Norris et al. 2004b). Molt migration has been
argued to be more common in western populations of
Neotropical migrants than eastern populations (Rohwer
et al. 2005; Carlisle et al. 2005). Alternatively, it is possible
that enriched values result because tail feathers are occa-
sionally lost inadvertently and replaced during migration or



dD values of the diet and hence tissue synthesized in the
2 years. The former appears unlikely because year to year



zuzuordnen. Wir zeigen, dass die Handdecken und
Schwanzfedern dD¢Werte aufweisen, welche die langfristi-
gen durchschnittlichen Deuteriumisotop-Verhaltnisse im
Niederschlag (dDp) im Brutgebiet widerspiegeln. Die
meisten grofRen Decken und Kronenfedern haben jedoch
dDsWerte, die hoher sind als auf der Basis der dDp-Werte im
Uberwinterungsgebiet vorhergesagt. Wir fanden auRerdem
signifikante jahrliche Schwankungen in den dD¢Werten von
Schwanzfedern, grofien Decken und Kronenfedern. Jahrliche
Schwankungen der dDgWerte von im Winter gewachsenen
Federn konnten mit den El Nifio-/La Nifia-Bedingungen
erklart werden, welche die Niederschlagsmenge und daher
dDr beeinflussen; Federn hatten niedrigere dD¢-Werte nach
einem El Nifio-Jahr (2005) als nach einem La Nifia-Jahr
(2006). Das Geschlecht hatte keinerlei Einfluss auf die
dDy


http://www.climate.weatheroffice.ec.gc.ca/climateData/canada_e.html
http://www.climate.weatheroffice.ec.gc.ca/climateData/canada_e.html

using stable hydrogen isotope ratios in feathers. Auk 123:822-
835

Lowther PE, Celada C, Klein NK, Rimmer CC, Spector DA (1999)
Yellow Warbler (Dendroica petechia). In: Poole A (ed) The
Birds of North America Online, Cornell Lab of Ornithology,
Ithaca,


http://bna.birds.cornell.edu.proxy.lib.sfu.ca/bna/species/454
http://bna.birds.cornell.edu.proxy.lib.sfu.ca/bna/species/454
http://dx.doi.org/10.2173/bna.454

	Variation in deuterium ( delta D) signatures of Yellow Warbler Dendroica petechia feathers grown on breeding and wintering grounds
	Abstract
	Introduction
	Methods
	Study species and study area
	Feather sampling
	Laboratory methods and stable isotope analysis
	Data analysis
	Relationship between delta DP and delta Df

	Results
	Variation in delta Df across feather blocks
	Variation in delta Df within feather blocks
	Relationship between long term averaged delta DP and predicted and observed delta Df

	Discussion
	Variation in delta Df across feather blocks
	Interannual variation in delta D signatures
	Sex differences in delta Df of winter grown feathers

	Zusammenfassung
	Schwankungen in den Deuterium( delta D)signaturen von im Brutgebiet und im Überwinterungsgebiet gewachsenen Goldwaldsängerfedern Dendroica petechia

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <FEFF005400610074006f0020006e006100730074006100760065006e00ed00200070006f0075017e0069006a007400650020006b0020007600790074007600e101590065006e00ed00200064006f006b0075006d0065006e0074016f002000410064006f006200650020005000440046002c0020006b00740065007200e90020007300650020006e0065006a006c00e90070006500200068006f006400ed002000700072006f0020006b00760061006c00690074006e00ed0020007400690073006b00200061002000700072006500700072006500730073002e002000200072006f006204eOPIComments false
  /PreserveOverprintSettin2iK

