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Abstract To determine whether stable isotopes can beeir winter areas, for quantifying the degree of mixing
used for identifying the geographic origins of migratorgf breeding populations on migratory and wintering
bird populations, we examined the isotopic compositieites, and for documenting other aspects of the popula-
of hydrogen (deuteriumdD), carbon §13C), and stron- tion structure migratory animals — information needed
tium (887Sr) in tissues of a migratory passerine, tHer studies of year-round ecology of these species as well
black-throated blue warbleDéndroica caerulescefs as for their conservation. Combining information from
throughout its breeding range in eastern North Americ®veral stable isotopes will help to increase the resolu-
oD and&!3C values in feathers, which are grown in thtion for determining the geographic origins of individu-
breeding area, varied systematically along a latitudireds in such highly vagile populations.

gradient, being highest in samples from the southern end

of the species’ breeding range in Georgia and lowestkKay words Stable isotopes - Deuterium - Strontium -
southern Canada. In additiodl) decreased from east taCarbon Dendroica caerulesce:s

west across the northern part of the breeding range, from

New Brunswick to Michigand8’Sr ratios were highest
in the Appalachian Mountains, and decreased towatdtroduction

the west. These patterns are consistent with geographical

variation in the isotopic composition of the natural enviknimals that move long distances during their annual cy-
ronment, i.e., with that of precipitation, plants, and soitfes, such as many migratory vertebrates, are inherently
for dD, d13C, andd8’Sr, respectively. Preliminary analysdifficult to track on a seasonal basis. This is especially
es of thedD andd13C composition of feathers collectedrue for species such as migratory songbirds, which may
from warblers in their Caribbean winter grounds indicabe too small to carry powerful radio transmitters, which
that these individuals were mostly from northern breeake marked or recovered too infrequently for standard
ing populations. Furthermore, variances in isotope ratiagging techniques to be useful (Holmes and Sherry
in samples from local areas in winter tended to be lard®92), or which lack morphological or molecular varia-
than those in summer, suggesting that individuals frdion that could serve as markers for identifying geo-
different breeding localities may mix in winter habitatgraphic subpopulations (Ball et al. 1988; Wenink et al.
These isotope markers, therefore, have the potential ¥804). For migratory birds in particular, this absence of
locating the breeding origins of migratory species anarkers with which to link breeding and wintering popu-
lations impedes understanding of their year-round popu-
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lation dynamics (Sherry and Holmes 1995), and thus
hinders development of appropriate conservation strate-
gies (Myers et al. 1987).

Previous investigations have shown that natural varia-
tions in the isotopic composition of animal tissues (e.g.,
bone, muscle, egg shell, feathers) reflect the isotopes in
the local environment, e.g., in precipitation, soil type,
vegetation and diet (e.g., DeNiro and Epstein 1978; Luz
et al. 1990; Mizutani and Wada 1989; Schaffner and
Swart 1991; Hobson and Clark 1992). This has led to a
number of studies which have used natural variations of
isotopic ratios in mammal (van der Merwe et al. 1990;
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Vogel et al. 1990; but see Koch et al. 1995), fish (Nelspn
et al. 1989; Meyer-Rochow et al. 1992), and arthropod
(Fry 1984) tissues to determine their geographical origjn.
For birds, however, isotopic studies have concentrated
mostly on determining feeding habitats and trophic rela-  Party Sound, Ontario
tions rather than on tracing geographic origin (e.g., Mi- ) ;
zutani et al. 1990; Hobson and Clark 1992). An excep- £
tion is a study by Alisauskas and Hobson (1993) which ~
showed that different subpopulations of wintering geegin Co-Michigan
could be identified with carbon isotopes. To our know-
edge, isotopes have not been examined systematically to N1
identify subpopulation structure of migratory birds on ja
large geographic scale.

The objective of this study was to test the potential
use of stable isotope ratios as regional markers of ggo- 500 km
graphically-widespread, migratory bird populations. In
most species of birds, feathers are renewed at least annu-
ally, and thus their isotopic composition should reflegt
that of the foods and water consumed at the time |of
feather growth (Hobson and Clark 1992; Mizutani et al.
1990, 1992). In our primary study species, the bladk-
throated blue warbleDendroica caerulescenEmber-
izidae, Parulinae), as in many passerine birds, there is a
complete molt of all feathers in late summer, on or ngar
their breeding site (Holmes 1994). The breeding range| of
this North American species extends from Georgia (in
the Appalachian Mouniains) norihward (0 the mariinieg: ot SmeeTae reetno e opes werg engee o
E(r)%\;m:ris C())r];tlezlﬁzt.eé?ng:r:f?icsjaé:ggdr;vpehsié t&rli/(‘l;gnsepsa?rfg iy which samples were obtained for isotopic determin tion
ural gradients in both carbon and hydrogen isotopes in

plant§ (Korner et al. 1991) and surface W"’?tef (Dansga (ggectable difference in the isotopic composition between tail and
1964; Sheppard et al. 1969), we hypothesized that hyqligsiour feathers. Feathers were washed in detergent and water to
gen and carbon isotope ratios in feathers of this spegigfove any oils or contaminants and dried @C5fbr 8 h to re-
should vary geographically, and should be evident subggve absorbed wated!3C values were determined on C@ro-
quently in feathers obtained from individuals in their C&uced by combusting the feather in CuO and cryogenically clean-

: . : . the CQ on a vacuum extraction line. Analysis was then made
ribbean wintering grounds. We also examined geograiiy; Finnigan delta E mass spectrometer in the Dartmouth Labora-

ic variation in the isotopes of strontium (Sr), measuredttiy for Isotope Tracers in the Environment (D-LITBP values
bone tissue, to test the prediction that ratios of this elere determined by collecting the water from the CuO experi-
ment would correspond with those found in regional s@jents on zinc, and then converting the water Jgas by reaction
parent materials at 500C (Venneman and O’Neil 1993). Replicate analyses of dif-

) ferent feathers from one individual indicated variability of £5.0 for
oD (n=5) and ford13C +0.2 (1 SDnh = 9). Feather samples were
analyzed for approximately 20 individuals at each of the nine

i breeding localities. Variation (I SD) a3D and 613C values of
Materials and methods feathers from different birds within one locality was +10.03br
) ) ) . and +0.5 ford13C.
To test the hypothesis that the isotopic composition of H and C in Sr isotopic measurements were made on 2-25 mg samples of
black-throated blue warbler feathers vary systematically with laione material. Trace levels of Sr substitute for Ca in the bone hy-
tude, we 0bta|ned fef_ithers_fr_om_ 154 individuals of .thls Specmxyapaﬂte [Cé(POA)a(OH)] structure yielding a Sr concentra-
collected from nine sites within its temperate breeding rangetjgn of approximately 5Qug/g. Clean bone fragments were placed
eastern North America (Fig. 1). We also sampled feathers fromja¢b Teflon beakers and repeatedly ultrasonically cleaned in deion-
black-throated blue warblers from single localities on three CariBed water, dried and weighed.” The bones were dissolved in
bean islands in the central portions of their Neotropical winterig@artz-distilled concentrated HNOdried and taken into solution
range: Jamaica, Dominican Republic, and Puerto Rico. To testih@ 5 M HCI. Sr was separated from the solution using standard
generality of these findings, we include preliminary data on tlgtion exchange procedures (Blum et al. 1994). The Sr isotopic
isotope ratios in tissues of another north temperate-breeding Bdimpositions were measured on ~250 ng of Sr using the D-LITE
gratory passerine, the American redstaBetpphaga ruticilly vG-Sector thermal ionization mass spectrometer. For locations
from several localities in North America. where two Sr isotope ratios are given, measurements were made
on two individuals. Procedural blanks measured during the course
of this study were less than 76 pg Sr, and thus had no detectable
Feather and bone analyses influence the Sr isotope measurements. Reported isotope ratios
were normalized t86SrB8Sr = 0.1194. Analyses of NBS-987 dur-
Isotopic determinations were made on two or three contour (flainly this study yielded®’SrBéSr = 0.710274 + 0.000016 (2 SD,
or breast) feathers, and in some cases tail feathers. There was 540).

Frederickton, New Brunswick

Round Lake, Ontario

HBEF, New Hampshire

Catskills, New York

Blackwater Falls, West Virginia

Wise Co, Virginia

Cooper Creek, Georgia

. :‘ Dominican Republic

D
Puerto Rico
Jamaica
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Table 1 3D analyses of feathers for equilibration experimants L
Day 3D analysis 3D analysis 0 % +320 >
Water:  +320 -58 -320  Water vapor: +243 -397 -20 R
4 -51 -71  -99 -64 40 3
4 -51 -89 -92 ) 3
4 -36 -68 -106 © wb s I A 1. 3
8 -42  -56 -100 -74  -74 wboe== 1 o ‘}
8 -36 -66 -97 3
8 22 -T2 It T i S ;
16 -1 -58 -85 -23 -99 ]
16 -4 -55 -94 -120 . i h
16 -19 -75 0 5 10 15 20 25
24 -15 -71 -90 -25 -83

24 -58

Fig. 2 Rate of hydrogen exchange between feather keratin and
—320, +320, and +58%0 water at 25°C. Also shown are exchange
We report isotopic values in “delta” notation (e.g., Fau@(periments for water vapors of —397 and +243%. at 25°C.Shown
1986), wheredD, 313C, andd87Sr represent the deviation in theare the meadD feather values and 1 Séror bars
2H/1H, 13C/12C, and87SreSr ratios in parts per mil (%o) from ref-
erence standards Pee Dee belemnite (PDB) carbonate, standard
mean ocean water (V-SMOW), and present-day ocean water
(0.70918, Hodell et al. 1989), respectively.
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8 A
Hydrogen isotopic exchange in feather keratin -20

=

In this paper, we present hydrogen isotopes values of feathe_@. 40
Feathers are composed of feather keratin, and the hydrogen agd
carbon isotopes are incorporated into the keratin structure duri
growth (Hobson and Clark 1992; Mizutani et al. 1990, 1992). 60 |
However, 60% of hydrogen in feather keratin is nonexchangabf@ i
(e.g., C-H bonded hydrogen), whereas the remaining 40% of tHe -go |
hydrogen (that bonded to oxygen and nitrogen) may potentially L
exchange with the ambient water after growth. To determine what 1 AT T
possible effects the exchangeable hydrogen might have on the hy- 400 -300 -200 -100 O 100 200 300 400
drogen isotope composition of feathers we performed exchange
experiments on feather keratin. D W

For the hydrogen exchange experiments we used tail feathers ater
from an American redstart (210692 Analysis of these feathers | ) .
yield adD of —92+10%. (1 SDn = 10) which is statistically indis- Fig- 3 3D in feathers versusD in waters (-320, +320, and
tinguishable from thedD values of breast feathers measured fa58%.) equilibrated in the laboratory for 16 and 24 days. The
this bird D = —92.2 + 5%, 1 SDn = 5). Tail feathers were Slopeof the line gives the percent of exchangeable hydrogen in
sealed into quartz tubes with 0.5 ml of water of known isotopigather keratin. Values for these experiments are given in T=ble 1
composition §D = —-320, 320, and —68%.), 500 mg of CuO and
90 mg of granular Cu. These quartz tubes were placed into a water

bﬁth kep;t a;r %cggtenhtzegwgeratulrze Or‘: 2f5°t? and allowed 1o BXiyeen feather keratin and water is relatively fast (about 2
Change Ior 4, 5, 16 an ays. Each of these experiments Welgys) although considerably slower than for many other bio-
run in triplicate. After exchange, the quartz tubes were broken oo compounds (Feng et ai. 1993; Schimmelmann et al. 1993:
a vacuum line a“dhthe feathle[js were d“eg U”dd% yacuum- Climie et al. 1994 a, b). In addition, it is shown in Fig. 2 that the
quartz tubes were then resealed, combusted and,e@htl CQ 416 of hydrogen exchange is independent of the physical state
were extracted usmg_the procedures outlined above. The resultaia id versus vapor) of the environmental water. With the excep-
these analyses are given in Table 1. tion of the day 8 experiments, tB® of feathers exchanged with

To evaluate how fast exchangeable hydrogen of feather ker:ﬁ%id water D = 320% or —320%) and water vapor

k

PRERR TN B

would excr;ang_e with ?tmospheric mOitS“érfe’ we con?ucted Sev = 273% or —397%0) are statistically indistinguishable. In
experiments using water vapor generated from a water reservo ; hi
known isotopic compositiorD = ~320 and 320%). For these exy] h cases, the maximum hydrogen exchange occurred within 16

. : ays.
periments, we placed 1.5 mg of feather into the head space 0¥The percent of hydrogen exchange can also be calculated from

quartz tubes that contained water at the lower end. As befqfg.ce experiments. The hydrogen isotopic values of feathers can
these tubes were sealed and allowed to exchange for 4, 8, 16 ivided into two components: an exchangeable and non ex-
24 days. The results of these experiments are also presented in, &ngeable fraction. If exchangeable hydrogen consistsfifc-

ble 1. : ; ;
. . tion of the total hydrogen, we obtain the following mass balance
These experiments allow us to to determine the rate of hydgy,ation: ydrogen, 9

gen exchange between feather keratin and water/water vapor. }-or

the experiments using waters wlib values of —320 and 320%. 9Dr = X3D; + (1-X) 8D, 1)
relatively large changes idD values of feathers occurred in thevheredDyg, is thedD value of total hydrogen at the time of for-
first 8 days but relatively little change occurred after 16 daysation,dD; is thedD value of the first reservoir which does not
These experiments suggest that the rate of hydrogen exchamg#ergo further isotopic exchange after feather growm, is



E

the 8D value of the exchangeable hydrogen. If &g, is thedD
value of the equilibration water, addis the isotopic discrimina-

winteri@g sites

tion between exchangeable hydrogen of feather and water s@:h

that:

oD, =8Dy, + A
Eqg. 1 becomes:
ODg = X3Dyy + [(1-X) dD; + XA] 3)
Thus, once the feather has fully exchanged with water (after-

)

exica and in thr
[e)]

days) we can calculate the percent of hydrogens exchanged using

Eg. 3. The slope of the line on a plotaid versusdD,, will give <
the percent of exchange (Fig. 3). For these experiments we flndEan
equation ofdDg = 0.1284%D,, + 53.339 (2 = 0.967,P = 0.001).

Thus, the percent of hydrogen exchange is approximately 1
which is considerably lower than the percent of total exchangea e
hydrogen in feathers (~40%). This indicates that about threg-
fourths to two-thirds of exchangeable hydrogen is not readily @'
cessible by environmental water.

The trends that we observe betw@&nof black-throated blue c
warbler feathers andD of surface waters are not likely to be sig
nificantly affected by later post-molt hydrogen exchange for t
reasons. First, all of the feathers were analyzed after they ware
stored in the laboratory for several months. Since the rate of
drogen exchange is relatively fast, on the order of 2 weeks,
feathers would have equilibrated with laboratory water vapor bg-
fore they were analyzed. In addition, to further reduce error caused
by later hydrogen exchange all hydrogen isotopic analyses were
done between February and April of 1994, during which time t
water vapor in our laboratory remained relatively constant at ag-
proximately —159%. + 5.2 (1 SIN = 19).

Second, the error introduced by hydrogen exchange betwaen
laboratory waters and feathers from birds collected in this studySs
relatively small. This error can be assessed by taking the deriva@/e
of Eq. 3, which gives: o
ddDp = XddD,y 4 =
where ddDg. is the change in the hydrogen isotope value of tfg
feather that occurs after the feather has equilibrated with laborato-
ry water andddD,, is the difference between the hydrogen isoto=
pic values of the breeding site and laboratory waters. For example,
feathers grown in Georgi®dD water = —31%o), at the extreme™s
southern breeding range, hadM@ values of approximately —68%o.. 5
When these feathers equilibrate with waters at Dartmough
(8D = —81%o0) thedD of the feathers change by 6.5%., a change.
that is less than the analytical uncertainty in the method (apprggi-
mately +10%o). Thus, for species such as black-throated blue whar-
blers which have a limited geographic range, post-molt hydro%
isotope exchange is not likely to have a significant affect on t
analysis.

Results

Pattern of hydrogen isotopic ratios in breeding ground

erdfC, 3D) and bon
site locatinns

h

or

oD values of black-throated blue warbler feathers varlaj,_
geographically (Tables 2 and 3, Fig. 4), differing by ovgr\—|
30%0 from the southern end of the breeding range 31,_
northern Georgia (—68+10%o0) to the northern end in Pgm
ry Sound, Ontario (-=102+13%0). In additiod) values Véw

&
across the northern part of the breeding range, from N8vss
Brunswick (—80+10%.) to Michigan (—98+10%o). Thesz§<
patterns have the same general trend with published \%E
ues for the geographic distribution dD in surface or 2 o
rain waters, which decreases with increasing latitude, t%ﬂlg

&
oceans (Dansgaard 1964; Sheppard et al. 1969; Yurtséer

decreased (i.e., became more negative) east to

creasing elevation, and increasing distance from
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Puer
Rico

Dominican
Republic

Jamaica
21
19

-112

Michigan
10

2.6
15

-98

Ontario-
Parry S.
3.2
17

-102

Ontario-
Round L.
2.1

19

-91

2.3

19

New
Brunswick

-80
10

New
Hampshire
-97

11
3.2
12

New York
2.3
15

-69

2.2

17
0.71473 (4)

W. Virginia

-81

Virginia
-23.3
0.5
0.13
14
-78
14
3.7
14

0.14
18
2.6

15
0.71852 (&) 0.71659 (2)

0.71675 (2)

0.6
10

Location — Black-throated blue warblers

Georgia
-22.1
-68

o13C
SD
SE
n

oD
X
SE
n

0.71304 (3)

0.71145 (3)

3.74
3.34

0.71183 (5)
0.71155 (3)

3.55
3.74

0.71170 (4)
0.71183 (2)

5.19

0.71286 (2)
5.80

0.71329 (3)

0.7183 (2)
12.87

0.71340 (3)

7.

0.71725 (2)
10.45
11.38

87SrBeSy

5.44
3.20

5.9

13.17
10.67

887Sr

135

aThe 2 SD error of’SrB6Sr values in the last decimal place are given in paren heses
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1975). ThedD values of surface and rain water ranged black-throated blue warbler feathers (Fig. 1 in Miller
from a high of approximately —31%o in northern Georget al. 1988). In the breeding range of black-throated blue
to a low of —84%. in southern Ontario (Table 4). The relarblers, thédD of chitin in beetles varies from a high of
atively high 8D value in warbler feathers from New-55%o in Tennessee to a low of —89%o. in southern Ontar-
Brunswick (Fig. 4) are probably due to the close proxin®, and increases to —65%o in the New Brunswick area
ity of this site to the Atlantic Ocean and its maritime ifMiller et al. 1988). The similarity of geographic varia-
fluences, whereas the low&D values in Ontario andtion in dD values suggests that the black-throated blue
Michigan are consistent withD values in continental air warblers, which are insectivorous, are responding to the
masses. Overall, thd8D values in black-throated bluevariation indD of the insects.
warbler feathers were significantly correlated=(0.86, However, we point out that although it is clear that
P = 0.001, Fig. 5) with those in surface and rain watenydrogen isotopes in bird feathers carry information of
at the localities where they were collected. Finally, arifte source region, the presence of exchangeable hydro-
lyses of feathers from each of seven American redstayén in feather keratin can reduce the sensitivity of this
(Table 2) collected in central Alberta yielded a méBn technique. In addition, the calibration presented in this
value of —117+9%., which is much lower than values fgaper is only good for the feathers that are equilibrated
black-throated blue warblers farther east, and matchéth Hanover atmospheric moisture. This would signifi-
very closely the expected value from rainwater patteregntly limit the general applicability of the calibration
for that part of North America (Hitchon and Krousand interlaboratory comparisons. We are in the process
1972). of developing a better analytical technique that addresses
The correlation between thD feathers and surfacethese problems.
waters that we observe is consistent with other studies
which show that both thed80 (Longinelli 1984;
D’Angela and Longinelli 1990, 1993) and téB (Miller ; ; e ;
et al. 1988; Cormie et al. 1994) of animal tissue varies%%ttem of carbon isotopic ratios in breeding grounds
a function of the mead!80 and thedD of surface water.

The 3D of beetle chitin from eastern North Americémc in black-throated blue warbler feathers also varied

: o with latitude, from a high of —22.1+ 0.6%. in Georgia to
shows exactly the same geographic variation as;.%lfhea low of —24.4+0.6% in New Brunswick (Table 2,

Fig. 4). These values were consistent within each site, as
evidenced by the small standard deviations. A similar
Table 3 Isotopic composition of feather§fC, 3D) of American systematic decrease 83C with increasing latitude was
redstarts for three breeding s'ies evident in feathers of American redstarts (Table 3), with
those from Louisiana and Mississippi havdi§C values
of —22.4+ 0.6%0, whereas birds from New Hampshire

Location — American Redstarts

Mississippi/ New Alberta Alberta had &3C values of —23.8+ 0.7%.. Values for redstarts
Louisiana Hampshire from Alberta, however, do not fit this general trend; they
5150 5150 5150 5D had an unusually wide range @BC values from a high

e 221 —23.8 —22.6 —117  0of —=20.9%0 to a low of —24.5%0 with a mean (xSD) of

SD 05 0.7 1.2 9 —22.6+1.2%o (Table 3).

EE 3-15 60-24 70-45 73-4 The systematic decrease &3C values of black-

throated blue warbler feathers we observe is consistent

Fig. 4 MeandD andd!3C in
feathers an@87Sr in bones

of black-throated blue warblers
collected at the localities in
Fig. 1

......

6.0, 7.85'
10.5,11.4 &
e

10.7,13%




Table 4 8D values of surface water and precipita:ion
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Location oD water Description Location Source
Round Lake, ON -82.7 river water Ottawa River at mouth Yang et al. (1986)
~60 miles S.E. of site
-83 river water Ottawa River near Mattawa Friedman et al. (1964)
~40 miles N.W. of site
-87.1 rain water Ottawa IAEA data (1972-1982) Fritz et al. (1987)
~30 miles east of site
Parry Sound, ON =72 lake water Port Carling, Lake Muskoka Friedman et al. (1964)
~20 miles S.W. of site
=70 rain water Univ. of Waterloo isotope laboratory Miller et al. (1988)
~100 miles south of site
Smithfield Settlement -60 rain water IAEA data (weighted mean Miller et al. (1988)
New Brunswick precipitation >0° C) Prince Edward
Island. ~100 miles N.E. of site
-53.6+13.3 rain water IAEA data (weighted mean This study
precipitation >0° C, 1975-83)
Truro, Nova Scotia. ~175 east of site
Iron County, Ml -83 river water Ontonagon River Ontonagon, MI. Friedman et al. (1964)
~40 miles N.W. of site
-80 rain water IAEA data (weighted mean Miller et al. (1988)
precipitation >0° C) Sault Ste. Marie
~150 miles east of site
-70.7+18.4 rain water IAEA data (weighted mean
precipitation >0° C, 1975-1988)
Atikokan, ON. ~180 miles N.W. of site
Hubbard Brook -80.8+4.5 river water Connecticut River and tributaries in This study
Experimental St., NH Hanover, NH area July—Aug. 1995.
~80 miles S.W. of site
Catskill Park, NY -69 river water Hudson River, near Schuylerville, NY Friedman et al. (1964)
-62 stream water Saratoga, NY This study
both ~60 miles north of site
Wise Co., VA -51 river water Holston River, Bluff City, TN Friedman et al. (1964)
~20 miles east of site
-50 rain water Carryville, TN IAEA data Miller et al. (1988)
~40 miles S.W. of site
Blackwater Falls, WVA -56 river water Monongahela River Friedman et al. (1964)
-62 river water Morgantown, WVA
~30 miles NW of site
Blairsville, GA -30 lake water Lake Ocoee, TN Friedman et al. (1964)
-33 stream water Brook of Ocoee
-33 river water Toccoa River
all ~40 miles N.W. of site
-28 river water Chattanooga River Friedman et al. (1964)
Chattanooga, TN
Alberta -129+10 river water Stations 82—-86 S. McKenzie Basin Hitchon and Krouse (1972)

with other studies which have show#C to decrease nal variation ind!3C values of feathers may reflect nat-
with latitude in plants (Korner et al. 1991; Bird et alral variation ind13C within C3 plants which vary by
1994) and animals (van Klinken et al. 1994). For exampproximately 2%. over this latitudinal gradient (Ko-
ple, in the latter study)3C values in bone differed byrner et al. 1991; van Klinken et al. 1994). However, no
approximately 2%, over 20° latitude in northern Ewstudies have been made of the regional variation of C
rope. We observed a similar decrease (~2%. over 288topes in C3 plants across eastern North America to
latitude) in thed!3C values in black-throated blue warverify this possibility.

bler feathers. The underlying cause of this geographic

variation in d13C is not well understood. Although it

could be related to the proportions of C3:C4 plants Two-way analysis of hydrogen and carbon isotopes:

the environment, this seems unlikely to explain the pabmparisons of breeding and wintering areas

tern in black-throated blue warblers because this spe-

cies lives in relatively heavily forested habitats whichlotting 8D values in feathers against those &iC al-
contain few if any C4 plants. Alternatively, the latitudilows further resolution of geographical patterns in the
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50 77— ———T1—— 713 southern breeding populations (Fig. 6), with some overlap
£ 1 due mostly to individuals from maritime New Brunswick
with their relatively highdD values.

Figure 6 also includes data 6B andd'3C of feathers
collected from black-throated blue warblers in several
different wintering locations. The values for both iso-
topes in these wintering birds were relatively low (Table
2, Fig. 6), indicating that most individuals in these sam-
ples were from the northern parts of the species’ breed-
ing range and few, if any were from the more southerly
breeding areas. Furthermore, the variation in isotopic
values, as indicated by standard deviations, was general-
ly larger in winter than in breeding sites, especially for

SD Water 013C (Table 2). In all cases, the samples at each site in
both breeding and winter grounds were from warblers
Fig. 5 Mean and 1 SD3D values of feathers from 143 black-OCCupying very local areas. The wider variation in winter
throated blue warblers versa® in rain water. Values for waterssites probably reflects mixing of individuals from differ-
were either taken from Friedman et al. (1964), Miller et al. (1982@%“ breeding latitudes. Further sampling of black-throat-

Fritz et al. (1987), or calculated from the oxygen isotope data : : )
Yang et al. (1996) and Hitchon and Krouse (1972), or determin‘g blue warbler populations from throughout the winter

in the laboratory at Dartmouth College, or calculated from IAEKG range will be necessary for determining the degree of
tables. The value of —117%. was the mean for feathers collecraiXing of breeding populations that occurs for this par-
from American redstarts from Alberta (see Tables 1 a:d 2) ticular species, as well as to locate individuals from more

southerly breeding populations.
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Pattern of strontium isotopic ratios in breeding grounds

The two-way analysis of hydrogen and carbon consid-
ered above suggests the utility of multiple isotopic sys-

70 . 71 tems for separating subpopulations of black-throated
I 1 blue warblers. To determine if strontium might provide a
5D 90 4 suitable third axis, we analyzed the Sr isotopic composi-

tion of bone fragments from a subset=18) of black-
throated blue warblers collected from eight of the breed-

S U 71 ing localities (Table 2, Fig. 4). Bones from two or three
o* 1 individuals per site were analyzed, and the resulting

130 b . . | &%Sr values differed more between than within locali-
* ties, and varied significantly across the breeding range.
® | The &%7Sr values of bones from birds along the core of

-150 S — the Appalachian Mountains in Georgia, Virginia, West

27 26 25 24 23 22 21 20 Virginia, and New Hampshire were high (6.0 to 13.2%o),
contrasting with those from the Great Lakes region

8¢ (Michigan and Ontario) and New Brunswick which were

considerably lower (3.2-5.8%0). Although there are no

Fig. 6 dD ando!3C values in feathers of black-throated blue Wa?‘egional surveys o87Sr in soils or vegetation for com-
blers in breeding areasllipseg and in winter localitiesgoints. . limited d lable @A7ST | .
Breeding data are represented by 95% confidence ellipses caR@[ISON, limited data are available rin rvers

lated from the isotopic analyses of feathers from breeding birdsiiich reflect regional trends in sa¥’Sr values. The
the northern part of the breeding range (Ontario, Michigan, N&usquehanna River predominantly drains the core of the
Hampetire i \ew Spunswiclg and o he souter breedAppalachian Mountains, and has a higiSt vlue of
wintering localities were ?n the Grgeate’r Antilles: tghe Dominic;f'l%o at its ,mOUth (Fisher and Stueber 1976). The St.
Republic 6quare, Puerto Ricodiamond$, and Jamaicadpt9 Lawrence River has &7Sr value of 0.4%0 and the St.
John River has &7Sr value of 0.8%., reflecting the low-
er soil 887Sr values of the Great Lakes and New Bruns-
black-throated blue warbler breeding range (Fig. 6). Indiick regions, respectively (Wadleigh et al. 1985). The
viduals from areas north of the Catskills in New York typrarked contrast in regiond®’Sr values between the
ically had lower values in feathers for b@h and3'3C Great Lakes/New Brunswick regions and the Appala-
than individuals breeding to the south (Fig. 4, Table 2hians reflects the higher proportion of geologically old
The 95% confidence ellipses calculated for these taystalline rock in the Appalachians (e.g., Lathrop et al.
groups of sites provide good separation of northern a4, > 8.6%.d%7Sr) relative to lowd®’Sr limestone
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(Burke et al. 1982; 0 to —3.4%0) present in the Greadts is approximately —28%. (C.P. Chamberlain, unpub-
Lakes and New Brunswick regions. The relatively ndished work; Garten and Taylor 1992) the values for in-
row range oB®87Sr values at each locality and the generséctivorous black-throated blue warblers should be ap-
similarity betweend®’Sr values of bone material and reproximately —23 to 24%., which are similar to those we
gional geology suggest that tRe7Sr of bird bones are obtained in our analyses.
largely influenced by the ambient values of their natal There are relatively few studies of hydrogen isotope
sites, although we recognize that b@fér values prob- fractionation associated with changes in trophic levels.
ably represent a mixture betweé#'Sr values of natal Those studies that have been done suggest that there is
and winter sites. no measurable hydrogen isotope fractionation between
Based on these data, we suggest that strontium ig@ hydrogen in an animal diet and its tissues (Estep and
topes have the potential for separating black-throatedbrowski 1980). Experimental studies of bird feathers
blue warbler individuals that nest along the Appalachi&mom red-winged blackbirdsAgelaius phoeniceyigHob-
Mountain belt §87Sr values of 6.0-13.2%0) from those irson et al., in press) further demonstrate thatibeval-
the Great Lakes or New Brunswick regions (values oés of feather keratin are similar to #i2 values of their
3.2-5.8%0).887Sr samples from more individuals withindiet. Experimental studies of flour beetl@ertebrio mol-
a site and from more sites will be needed to verify titer) and American cockroacheBgriplaneta americana
utility of this isotopic system in separating individual@iller 1984) show a 20—-30%. decreasedd of whole
across their breeding range. body values with respect to their food source. However,
in contrast to carbon isotopes, the hydrogen isotopic
- - compositions of tree leaves is much more variable. Fur-
Discussion ther complications also result from the fact that when in-
. i L sets feed on tree leaves, they uptake hydrogen both from
Causes of variation between isotope ratios in birds  |eaye water and from plant tissues (e.g., cellulose). It is
and the environment. well known that leaf water is more enriched in deuterium
. . than the source water (soil or stem water) because of iso-
We found that carbon and hydrogen isotope ratios ?é‘)ic fractionation during transpiration (e.g., Epstein et

isotope ratios, however, differed substantially from thoEE'm et al. 1993: Terwilliger and DeNiro 1995). The de-

. . gree of deuterium enrichment in leaves is a sensitive
ers were approximately 10-30%. lower than 8eval-  fnction of the relative humidity of the air and can vary

ues of local surface waters; ab¥C values of feathers fom 159, or less in humid air to 50%o or greater is dry

were 3—4%o higher than th&3C values of C3 plants in 4 | eaf cellulose is usually depleted in deuterium com-
northern forests. These differences probably reflect figeq with the source soil water (Epstein and Yapp 1977;
carbon and hydrogen isotopic fractionation that ocCYfgite et al. 1994), but can be more enriched (although
through the food chain. It is well known that carbon andye iy natural forest) than leaf water if reserved carbo-

nitrogen isotopes become increasingly enriched in rates are used for cellulose synthesis (Terwilliger and

isotopic values of the black-throated blue warblers. 544 for the insets that in turn serve as food for birds we
Black-throated blue warblers breed mainly in relatives, qied. At this point we do not know what has caused

ly undisturbed, continuous tracts of mixed deciduous/GRs 10-20%, decrease &b values of feather keratin rel-
niferous forests in Eastern North America (Holmes; e to the local surface water.

1994). During the breeding season these warblers are

predominantly insectivorous, feeding on Lepidoptera lar-

vae and adults, adult Diptera, spiders, and other arth&btope ratios as population markers.

pods. Thus, the carbon and hydrogen isotopes of the

birds feathers should reflect a three-tiered trophic-levdthough a large amount of work remains to be done in
structure that begins with C3 plants at the base (level dider to understand all of the sources of variation in iso-
continues with insects (level 2), and ends with the ins¢gpe ratios, the findings of this study show that stable
tivorous birds (level 3). Our carbon isotope data @&fotope ratios of hydrogen, carbon, and strontium ex-
black-throated blue warblers are consistent with isotopiected from bird feathers and bones vary systematically
fractionation with trophic level. It has been shown (Mwith geography within eastern North America. More-
zutani et al. 1990; Hobson and Clark 1992) 8#&€ val- over, these geographic isotopic patterns are consistent
ues of feathers are approximately 3—4%. higher than thigh the natural variations of these isotope ratios in sur-
013C value of the bhird’s diet. Since there is no measudace waters and plants, presumably because of water and
able carbon isotopic fractionation between insects diodd consumption by birds at the time these tissues were
their diet (Fry et al. 1978; Miller 1984), and if we asproduced. These isotopic ratios thus have the potential
sume that the mead#3C value in leaves of northern forfor serving as population markers. In our attempt to de-
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termining the breeding origins of black-throated blugrd MI, Haberle SG, Chivas AR (1994) Effect of altitude on the
warblers in winter using H and C isotope ratios, we carbon-isotope composition of forest and grassland soils from

S . Papua, New Guinea. Global Biogeochem Cycles 8:13-22
found that individuals in samples from three Greater A, j)D’ Erel Y, Brown K (1994§759,%Sr e i Sictra Ne-

tilles islands were from northern breeding populations. vada stream waters. Geochim Cosmochim Acta 57:5019—
Although we lacked material from warblers in the winter 5025

ground for analysis of Sr ratios, the addition of such iRurke WH, Denison RE, Hetherington EA, Koepnick RB, Nelson

; ; P HF Otto JB (1982) Variation of seawaf&6rBeSr throughout
formation would help improve our ability to separate Phanerozoic time. Geology 10:516-519

sub-populations, particularly species whose breediggrmie AB, Schwartz HP, Gray J (1994 a) Relationship between
range straddles major geographic areas differing in soilthe hydrogen isotopic ratio of bone collagen and rain. Geoc-

parent material®’Sr values (e.g., the Appalachian him Cosmochim Acta 58:377-391 o
mountains versus surrounding regions). Combining jrormie AB, Schwartz HP, Gray J (1994 b) Determination of the

- - ; 3 hydrogen isotopic composition of bone collagen and correction
formation from these isotopes, and possibly additional ¢, hydrogen isotopic exchange. Geochim Cosmochim Acta

isotopic systems (e.g., S, O, Nd, Pb), should provide thess:365-375

greatest potential for identifying regional population®’Angela D, Longinelli A (1990) Oxygen isotopes in living mam-
Finally, we point out that one of the benefits of this tec%; ':]1;;% bé)"foﬂg?ﬁgﬂa;t\e(fgétg)egxeysg”éf'is%rt'gg?ciﬁﬁi ggsirtﬁ)—n%
nique is that, at least for the light stable isotope analys fossil mammal bones of Holocene age: palaeoclimatic consid-
only feathers need to be sampled. Thus, the use of C, Herations. Chem Geol 103:171-179

and S isotopes as tracers (all of which are found in featlansgaard W (1964) Stable isotopes in precipitation. Tellus 16:
er keratin) require nondestructive sampling and the bird 436-468

; Niro MJ, Epstein S (1978) Influence of diet on the distribution
can be captured and released after a feather is remov&)e. of carbon isotopes in animals. Geochim Cosmochim Acta 42:

These isotope data suggest a level of resolution thatsgs_506
would allow categorization of most breeding individuatseNiro MJ, Epstein S (1981) Influence of diet on the distribution
in a species with a relatively restricted breeding range, of nitrogen isotopes in animals. Geochim Cosmochim Acta

Suc_h as the black-throated blue warbler, .mto one O.f thf?(ﬁésa[r?‘lF:}M?SSlutherland WJ (1994) The response of bird popula-
regional groups (southern, northern, midwestern/interfi- ons to habitat loss. Ibis 137:S38-S46

or), and for a more geographically widespread specigstein S, Yapp CJ (1977) Isotope tree thermometers. Nature
like the American redstart, into at least four regional 266:477-478

groups (same as above, with the addition of a far westER§tein S, Thompson P, Yapp CJ (1977) Oxygen and hydrogen

. . ___Isotopic ratios in plant cellulose. Science 198:1209-1215
group). Even these levels of resolution would be a ma ep MF, Dabrowski H (1980) Tracing food webs with stable hy-

advance in our knowledge of the linkage between breed-grogen isotopes. Science 209:1537-1538
ing and wintering populations in migratory species. Thaure G (1986) Principles of isotope geology, 2nd edn. Wiley, New

data would be useful for determining whether individuals York

; ; ; ; sEeng X, Krishnamurthy RV, Epstein S (1993) Determination of
from local breeding areas remain together in Wmte”ﬁﬁ D/H ratios of nonexchangeable hydrogen in cellulose: A meth-

areas or disperse widely, information needed for evaluat-oq based on the cellulose-water exchange reaction. Geochim
ing the causes of recent population declines in some ofCosmochim Acta 57:4249-4256 _
these migratory bird species (Robbins et al. 1989; Délsher RS, Stueber AM (1976) Strontium isotopes in selected

man and Sutherland 1994; Sherry and Holmes 1995). géialrg?lgg'lﬂ_“lgéz Susquehanna river basin. Water Resources
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