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Abstract Our ability to link the breeding locations of
individual passerines to migration stopover sites and
wintering locations is limited. Stable isotopes of hydro-
gen contained in bird feathers have recently shown po-
tential in this regard. We measured hydrogen stable-iso-
tope ratios (0D) of feathers from breeding, migrating,
and wintering Wilson's Warblers. Analyses of feathers
from museum specimens collected throughout the west-
ern portion of the breeding range indicate that 8D values
are significantly negatively related to latitude of collec-
tion (R2=0.52), which is an indication that 8D values are
agood descriptor of breeding latitude. Analyses of feath-
ers collected from birds migrating through the Bosque
del Apache National Wildlife Refuge, New Mexico
(USA), revealed a significantly positive relationship be-
tween 8D values and the timing of autumn migration
(R2=0.34), but not the timing of spring migration. This
pattern indicates that Wilson's Warblers that bred fur-
thest north migrated earliest in the autumn. Finally, anal-
ysis of feathers collected on the wintering grounds indi-
cate that the hydrogen isotope ratio is significantly posi-
tively related to wintering latitude (R?=0.80), which indi-
cates that birds that bred furthest north wintered furthest
south. In combination, these patterns suggest that in the
western portion of their range, Wilson's Warblers have a
leapfrog migration system in which the northern-most
breeding birds pass through New Mexico early in the au-
tumn to arrive on the wintering grounds in southern Cen-
tral America, the southern edge of the Wilson's Warblers
winter range. We know of no other literature document-
ing or suggesting that Wilson's Warbler engage in |eap-
frog migration. We think the novelty of these resultsis a
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reflection of the potential for stable-isotope techniques to
revise our understanding of bird migration.
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Introduction

Recent field studies have improved our understanding of
Nearctic-Neotropic songbird migration (Parrish 1997;
Woodrey and Moore 1997; Yong et a. 1998). Despite
these advances, large gaps remain in our knowledge of
how birds migrate. In particular, our ability to under-
stand migration is limited by our scant knowledge of the
origin and destination of migrating individuals. Passive
tracking of individuals (e.g., banding) has produced no-
toriously little data in this regard and active tracking
(e.g., radio telemetry) still has severe limitations when
applied to small birds traveling large distances.

Filling this void is recent evidence that the ratio of
stable isotopes of hydrogen (2H/1H) can be used to iden-
tify the latitude at which feathers were grown (Chamber-
lain et al. 1997, 2000; Hobson and Wassenaar 1997;
Hobson et al. 2000; Kelly and Finch 1998; Meehan et al.
2001). The majority of passerines, including Wilson's
Warblers (WlIsonia pusilla), undergo a post-breeding
molt in the vicinity of their breeding territory prior to fall
migration. Since feathers grown during this molt are re-
tained throughout the year (Pyle 1997), they are useful in
tracing the breeding latitude of migrating and wintering
birds (Chamberlain et al. 1997; Hobson and Wassenaar
1997).

The utility of hydrogen isotopes in this regard relies
on two patterns. First, hydrogen isotope ratios of feathers
reflect closely those of the growing-season (monthly av-
erage temperatures >0°C) precipitation of the locality
where they were grown (Chamberlain et al. 1997; Hobson
and Wassenaar 1997). Second, fractionation of hydrogen
isotopes in rainfall creates a gradient in the hydrogen iso-
toperatio (D) in growing-season precipitation associated



primarily with latitude, but also with continental (distance
from the coast) and altitudinal effects (Cormie et al. 1994;
Rozanski et al. 1993). This gradient is characterized by
precipitation at southern latitudes being more enriched in
deuterium than that at northern latitudes.

In the western United States the breeding distribution
of the Wilson’s Warbler ranges from 35° to 70° north lat-
itude. The species breeds in riparian vegetation and is re-
stricted to high elevation in the southern portions of its
range. Wilson's Warbler is the most abundant wood war-
bler during autumn migration in the middle Rio Grande
Valley, New Mexico (Kelly et al. 1999, 2000), and indi-
vidual Wilson's Warblers can differ in the timing of their
migration by months (Yong et al. 1998). One potential
explanation for the large variation in the timing of mi-
gration is that birds from different breeding latitudes mi-
grate at different times.

In the study presented here we used recently devel-
oped techniques for measuring stable isotope ratios of
hydrogen in bird feathers to further our understanding of
the relationships among breeding latitudes, timing of mi-
gration, and wintering locations of Wilson's Warblers.
Specifically, we sought to: (1) verify that breeding lati-
tude was related to stable hydrogen isotope ratio in
Wilson's Warbler feathers, (2) determine if feathers col-
lected during migration could be used to assess the
breeding latitude of migrants, (3) determine if stable hy-
drogen isotope ratios indicated a relationship between
breeding location and migration timing, and (4) deter-
mine if a relationship exists between breeding and win-
tering latitudes.

Materials and methods

The ratio of stable hydrogen isotopes (2H/1H) is expressed in delta
notation (8D), where dD=[(hydrogen isotope ratiogmy/hydrogen
isotope ratiogngaq) — 1] x 1,000. Consequently, 8D is parts per
thousand (%o0) deviation from the standard, that is, standard mean
ocean water (vSMOW).

Feathers were washed in detergent and thoroughly rinsed to re-
move oil, dirt, and residual detergent. To address problems with
exchangeable hydrogen in feather keratin (Chamberlain et al.
1997), feathers were stored in sealed vials with water of known
isotopic composition (—95.5%. vs vSMOW) for at least 10 days
prior to isotopic measurements. Feathers were oven dried at 100°C
prior to analysis to remove water. A small piece (0.1-0.2 mg) of
the distal end of a feather was removed and wrapped in a silver
capsule. The feather was then dropped into a high-temperature re-
duction furnace (Finnigan TC/EA) interfaced through an open
split (Finnigan MAT Conflo 1) with a mass spectrometer
(Finnigan MAT Delta plus XL). The reduction furnace was used to
pyrolize feather samples at 1,450°C. Hereafter this technique isre-
ferred to as on-line pyrolysis. We verified that on-line pyrolysis
techniques provide accurate values for international isotopic water
standards with a standard deviation of +2%o (Sharp et a. 2001) as
well as for feathers. Comparisons of on-line and off-line analyses
(i.e., methods of Chamberlain et al. 1997) of the same Western
Gull (Larus occidentalis) feather indicate close agreement be-
tween these techniques (on-line mean+SD=-25.8+3.8%o0, n=4; off-
line=—28.4+2.5%0, n=4). Repeated on-line pyrolysis of the same
European Starling (Sturnus vulgaris) feather indicated that the
precision of the technique was +4%. (meantSD=-78.8+3.7%o,
range —84.9 to —74.5%., n=10).
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To test the ability of stable isotopes of hydrogen to detect lati-
tudinal differences between breeding locations of birds captured
during migration, we compared 8D values of feathers from ten
birds for each of two subspecies of White-crowned Sparrows
(Zonotrichia leucophrys) collected during autumn migration. Be-
cause Gambel’s White-crowned Sparrows (Z. |. gambelii) breed
nearly entirely north of Mountain White-crowned Sparrows (Z. |.
leucophrys; Pyle 1997), feathers of Gambel’s White-crowned
Sparrows should have lower 8D values than the Mountain subspe-
cies. We collected feathers from these two subspecies, which can
be distinguished by plumage differences in the field, during au-
tumn migration 1998 at the Bosque del Apache National Wildlife
Refuge (NWR), New Mexico, USA (33° 48'N, 106° 52'W).

While the plumage characters of White-crowned Sparrow sub-
species made them useful for testing the efficacy of hydrogen iso-
tope ratios in distinguishing breeding latitudes, they would not be
useful for examining the relationship between breeding latitude
and the timing of migration in New Mexico. Because White-
crowned Sparrows of both subspecies (primarily gambelii) winter
in the study area, comparing capture dates for the subspecies could
be very misleading. That is, the date on which a White-crowned
Sparrow is captured may have little to do with when it arrived.
Moreover, the range of dates over which we captured these sub-
species overlap nearly entirely in both spring and fall, which pre-
cludes the use of range of capture dates as an indication of migra-
tion timing.

Wilson's Warblers occur at our study site only as migrants and
are therefore useful for examining the relationship between breed-
ing latitude and timing of migration. Because Wilson's Warblers
replace their flight and body feathers only once during the year im-
mediately post-breeding on the breeding grounds (Pyle 1997),
these feathers carry the isotope signature from the breeding site
throughout the year. A primary feather and body feathers were re-
moved from Wilson's Warblers caught during migration through
the Bosque del Apache NWR in spring and autumn 1998. Pairs of
flight and body feathers were analyzed to confirm that these types
of feathers contained similar stable hydrogen isotope ratios. To de-

Fig. 1 Map of collection locations of Wilson's Warbler feathers.
Solid circles indicate feathers collected between June 3 and
August 3 and open circles indicate feathers collected between
November and February
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termine the relationship between hydrogen isotope ratio and breed-
ing latitude, body feathers from adult Wilson’s Warblers provided
by the Museum of Vertebrate Zoology and the Nationa
Museum of Natural History were analyzed. These specimens had
been collected on the breeding grounds between 3 June and
3 August (Fig. 1). Similarly, body feathers of Wilson's Warblers
that had been collected between November and February in
Mexico and Central America were used to evaluate patterns in hy-
drogen isotope ratios on the wintering grounds (Fig. 1). The signif-
icance of all statistical tests was evaluated with a critical value of
0.05 and data are reported as means+SD unless noted otherwise.

Results

Analyses of pairs of body and primary feathers from mi-
grating Wilson's Warblers indicate that there is a linear
correspondence between the hydrogen isotope ratios in
body feathers and flight feathers (Fig. 2). There was also a
consistent depletion in the hydrogen isotope ratio of flight
feathers relative to body feathers (difference=9.6+7.6%o,
t=4.3, P=0.002). Because the difference between flight
and body feathers was consistent across the range of val-
ues, we concluded that the hydrogen isotope ratio of body
feathers would be as useful as those of flight feathers in
assessing the geographic location feather growth.
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Fig. 2 Hydrogen isotope ratios (6D) of pairs of body and flight
feathers from 11 Wilson's Warblers. Feathers were collected dur-
ing migration
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Fig. 3 Hydrogen isotope ratios of Wilson's Warbler feathers from
the breeding season plotted against the latitude at which the feath-
ers were collected. The slope of the regression line (mean+SE) is
—1.84+0.24 and the intercept is 0.1+11.9

Isotopic analysis of body feathers from 63 Wilson's
Warblers (21 female, 42 male) collected during the
breeding season indicated that there was a strong nega-
tive relationship between the latitude of the collection
site and hydrogen isotope ratio that explained 52% of the
variation in hydrogen isotope ratios (Fig. 3). The latitu-
dinal pattern was evident in both females (R?=0.59,
F119=27.1, P<0.0001) and males (R?=0.46, F; ,,=17.6,
P<0.0001). The relationship between hydrogen isotope
ratio and latitude did not differ between the sexes (analy-
sis of covariance, F; 5,=0.2, P=0.6)

The ability to predict breeding latitude of an individual
from a hydrogen isotope measurement is still limited. For
instance, by using inverse 95% prediction intervals we
predict that an individual with a 8D value of —120%o
probably did not breed south of 46°N latitude. Converse-
ly, an individual with a 6D value of — 70%. probably did
not breed north of 60°N latitude. An individua with adD
value of —100%., however, could have bred anywhere in
the range. At the population level the prediction intervals
are considerably smaller; 36-42 N latitude, 52—60°N |ati-
tude and 63—71°N latitude for individuals with 8D values
of —=70%o, —100%0 and — 120%o, respectively.

0D values segregated subspecies of White-crowned
Sparrows (Fig. 4b). Specificaly, Mountain White-
crowned Sparrows (Zonotrichia leucophrys oriantha),
which breed primarily in the western continental United
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Fig. 4 Map of the breeding ranges of two subspecies of White-
crowned Sparrows (A) and hydrogen isotope ratios of feathers
from these two subspecies (B). Note that the subspecies have dis-
junct breeding ranges and have little overlap in stable isotope ratios



R2=0.34
P=0.
75 OOOQZ .
*
~ -100- big o
© ° 2 ¢ AHY-M
-1254 Q -
< s ¢ HY-M
-150] ee9 O AHY-F
* ‘%‘2 ® HY-F
-175

1 1 1 1 1
230 250 270 290 310
Julian Date (Autumn)

Fig. 5 Hydrogen isotope ratios of feathers collected from
Wilson's Warblers migrating through the Bosque del Apache
National Wildlife Refuge in autumn. Symbols refer to the age and
sex classes of the birds. (AHY After-hatch-year, HY hatch year, M
male, F female)
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Fig. 6 Stable hydrogen isotope ratios of Wilson's Warbler feathers
collected between November and February plotted against | atitude
of the collection site. The slope of the regression line (mean+SE)
i53.4+0.6 and the intercept is—161+11.5

States had higher 0D values, as predicted, than Gambel’s
White-crowned Sparrows (Z. |. gambelii), which breed in
Alaska and northern Canada (Fig. 4a; Pyle 1997).

There was a positive relationship between the 8D val-
ues of 50 Wilson's Warblers captured in autumn migra-
tion though the Bosgue del Apache NWR and capture
date (Fig. 5). Thus, birds breeding at high latitudes mi-
grated through the Middle Rio Grande Valley prior to
birds that grew their feathers at lower latitudes. This pat-
tern was evident in after-hatch-year males (R2=0.29,
F1 1,=5.0, P<0.05), hatch-year males (R?=0.31, F; 15=6.7,
P<0.03) and hatch-year females (R°=0.67, F, ,=22.7,
P<0.001). The number of after-hatch-year females sam-
pled (n=6) was probably too small to detect any pattern.
The 8D values of 20 birds (10 female and 10 male)
showed no relationship with the timing of their migra-
tion in spring (R?=0.06, F; 1g=1.2, P=0.3), nor was there
any relationship when sexes were analyzed separately.
Finally, there was a positive relationship between the lat-
itude of winter collection sites and stable hydrogen iso-
tope ratio (Fig. 6), indicating that birds that bred at the
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northern edge of the breeding range wintered at the
southern end of the winter range.

Discussion

Our analyses of paired flight and body feathers demon-
strated that body feathers and flight feathers contain sim-
ilar hydrogen isotope information. This evidence justi-
fies, at least in the Wilson's Warbler, the use of stable
hydrogen isotope ratios from the body feathers of muse-
um specimens to examine relationships among breeding
latitude, migration timing and wintering latitude. Our
analysis of body feathers from throughout the western
breeding range of the Wilson's Warbler support the
findings of Chamberlain et al. (1997) and Hobson and
Wassenaar (1997) that hydrogen isotope ratio alone pro-
vides a good description of breeding latitude.

The strong relationship we found between hydrogen
isotope ratio and latitude is also important because it
demonstrates that potential confounding factors, particu-
larly continental and altitudinal effects, are not large
enough to obscure the latitudinal pattern. There are well-
known and relatively strong negative relationships be-
tween distance from the coast, altitude and hydrogen iso-
tope ratios of precipitation. For this reason, it is likely
that bird feathers collected in a small geographic area
across an atitudina gradient would vary systematically
in their hydrogen isotope ratios. It is also possible for
birds from low latitudes and high elevations (e.g., south-
ern Rocky Mountains) to have hydrogen stable-isotope
ratios that are similar to those from high latitudes and
low elevations (e.g., the arctic tundra). In our data, how-
ever, these effects did not override the relationship be-
tween latitude and hydrogen isotope ratio. Moreover,
analysis of 18 samples for which the elevation of the col-
lection site was known indicated no correlation between
hydrogen isotope ratio and altitude. Similarly, adding
distance from the west coast to our analyses did not ex-
plain more of the variation in hydrogen isotope ratios.
Despite these findings, we still suspect that the scatter of
points in Fig. 3 is impacted by these factors. For in-
stance, the northern samples that fall well below the re-
gression line in Fig. 5 were collected in the continental
interior (east of the Rocky Mountains). It is likely that
the relatively depleted hydrogen isotope ratios of these
samples are aresult of the continental effect.

The robustness of the relationship between latitude
and hydrogen isotope ratio was further evident in the 6D
values of White-crowned Sparrow feathers. These data
also demonstrate that feathers collected from migrants
and wintering birds will be useful for delineating their
breeding locations. Gambel’s White-crowned Sparrows
breed as far south as southern British Columbia, whereas
Mountain White-crowned Sparrows breed only as far
north as southern Alberta (Pyle 1997). As expected from
these breeding distributions, there was limited overlap in
the stable hydrogen isotope ratios of feathers between
these subspecies.
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Wilson's Warblers that grew feathers further north
(i.e., had lower 8D values) migrated through the Bosgque
Del Apache earlier in the autumn than those whose
feathers were grown further south. It is not clear why a
pattern that was so clear in autumn was non-existent in
the spring. This seasonal difference does not appear to be
the result of a restricted subset of birds migrating
through our banding site in either season, as the 8D val-
ues of birds in each season range from about —75%o to
—150%o. In our view it is more likely that different con-
straints on the timing and pace of migration between sea-
sons may account for these differences. For instance,
males migrate earlier than females in the spring and
stopover for shorter time periods, whereas in autumn
these sex-based differences are minimal and the differ-
ences among age classes are more pronounced (Yong et
al. 1998).

There was also a strong relationship between winter-
ing location and stable hydrogen isotope ratios in feath-
ers. This relationship suggests that migrants from the
northern portion of the breeding range leapfrog individ-
uals from the more southern portion of the species range
to winter in the southern portion of the winter range. To
our knowledge there is no previous indication in the lit-
erature that Wilson's Warblers are leapfrog migrants.
This interpretation is also bolstered by the autumn rela-
tionship between 8D values and the timing of migration.
In particular, it seems reasonable to speculate that birds
migrating from northern latitudes are arriving at the
Bosque del Apache first in the autumn because they
have the furthest to travel to arrive at their wintering
grounds.

These patterns are inconsistent with one of the com-
monly purported explanations for leapfrog migration.
That is, birds that have only short distances to migrate
get to the best (northern most) wintering grounds first
and later arrivals are forced through competition to mi-
grate further south (Alerstam 1990). This explanation
predicts a pattern of earlier passage of southern com-
pared to northern breeders in the autumn, which con-
trasts with our finding. Another common explanation for
leapfrog migration is that the timing of spring arrival is
more critical for southern breeding birds than northern
conspecifics, and therefore wintering in close proximity
to the breeding ground is of more value to birds that
breed at the southern edge of the range (Alerstam 1990).
Thus, these southern breeders are willing to endure heav-
ier costs to winter further north. Because it does not lead
to clear predictions about the timing of either spring or
fall migration, our results neither confirm nor conflict
with this explanation.

Leapfrog migration in Wilson's Warblers may have
broad implications for their migration patterns, breeding
ecology, and morphology. If birds that winter in Baa
Cdlifornia migrate only as far as California, Nevada,
Utah and Colorado to breed, then these individuals will
travel less than half the distance of birds that winter in
Panama and breed in the Arctic. Although the inverse
prediction intervals indicate that our ability to assign a

particular migrant exactly to its breeding latitude is till
quite limited, stable isotopes of hydrogen still appear to
be useful in advancing our understanding of migration.
For example, the affect of a bird’'s body condition (i.e.,
stored energy) and time of arrival at a stopover site on its
length of stay and behavior could be examined in light of
the distance already traveled during autumn migration or
the distance that remains to be traveled in spring. In ad-
dition, populations of Wilson's Warblers that migrate
from the Arctic to southern Central America might be
expected to differ predictably in morphology (e.g., have
longer wings) from those that migrate from Sonora to
Utah, as has been shown in both Old World and New
World Warblers (Gaston 1974; Wiedenfeld 1991).

These types of questions have been very difficult to
address, but the advances in stable-isotope technology
have made them practical to answer. Our results indicate
that stable isotopes of hydrogen can be a powerful tool
for furthering our understanding of the links between
breeding regions, migration timing and wintering loca-
tions of small songbirds.
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