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Abstract. Understanding movements of individual birds between breeding sites (breeding 
dispersal) or between natal sites and the site of first breeding (natal dispersal) is crucial to 
the modeling of population dynamics. Unfortunately, these aspects of demography are poorly 
understood for avian species in general, and for migratory songbirds in particular. This is 
because it is often impossible to sample broadly enough to relocate marked birds that have 
moved. We used stable-hydrogen (8D) and carbon (613C) isotope analyses of the feathers of 
139 American Redstarts (Setophaga ruticilla) and 193 Ovenbirds (Seiurus aurocapillus) to 
evaluate evidence for individuals molting feathers at locations other than their breeding sites 
from the previous year. We sampled outer rectrices from breeding populations at three 
extensive boreal forest sites (Prince Albert National Park and Duck Mountain, Saskatche- 
wan, and Lac La Biche, Alberta) and at three isolated forest tracts (Cypress Hills, and Moose 
Mountain, Saskatchewan, and Turtle Mountain, Manitoba) in western Canada. Based on 
outlier analysis of 6D measurements, we found evidence for long-distance dispersal ranging 
from 0-29% of individuals. For both species, second-year birds had higher variance in 6D 
values suggesting they had a higher probability of originating from elsewhere compared to 
after-second-year birds. 

Key words: carbon-13, deuterium, dispersal, feathers, philopatry, source-sink popula- 
tions, stable isotopes. 

Utilizaci6n de la Variaci6n Isot6pica para Detectar Dispersi6n de Larga Distancia y Filopatria en 
las Aves: Un ejemplo con Seiurus aurocapillus y Setophaga ruticilla 

Resumen. Entender los movimientos de aves individuales entre sitios de crfa (dispersi6n 
reproductiva) o entre el sitio de nacimiento y el sitio del primer evento reproductivo (dis- 
persi6n natal) es crucial para modelar la dinnimica de poblaciones. Desafortunadamente, estos 
aspectos demograficos estin poco entendidos para las especies de aves en general y para 
las aves canoras migratorias en particular. Esto se debe a que es usualmente imposible 
realizar muestreos lo suficientemente amplios como para relocalizar a las aves marcadas que 
se desplazaron. Usamos andilisis de is6topos estables de hidr6geno (6D) y carbono (6'3C) de 
las plumas de 139 individuos de Setophaga ruticilla y de 193 individuos de Seiurus auro- 
capillus para evaluar la presencia de individuos que han mudado sus plumas en localidades 
distintas a las de sus sitios reproductivos del afio anterior. Muestreamos las rectrices externas 
en poblaciones reproductivas de tres sitios extensos de bosque boreal (Parque Nacional 
Prince Albert y Duck Mountain, Saskatchewan, y Lago La Biche, Alberta) y de tres parches 
de bosque aislados (Cypress Hills y Moose Mountain, Saskatchewan, y Turtle Mountain, 
Manitoba) en el oeste de Canada. Basados en analisis de datos extremos (outliers) de me- 
didas de 6D, encontramos evidencia de dispersi6n de larga distancia que comprendi6 entre 
el 0-29% de los individuos. Para ambas especies, las aves del segundo afio de vida presen- 
taron mayor varianza en los valores de 6D, sugiriendo que poseen una mayor probabilidad 
de haberse originado en alguin otro lugar comparado con aves de mais de dos afios de vida. 

INTRODUCTION 

The dispersal of birds from natal and breeding 
locations has long been a subject of great inter- 

est among avian ecologists (Greenwood and 

Harvey 1982, Walters 2000). More recently, ap- 
proaches to the conservation and management of 

migratory birds, and particularly Neotropical 
migrants, have emphasized the importance of 

knowing whether birds move between breeding 
sites and how they disperse from natal sites. This 
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fundamental information is required in order that 
habitats can be protected and managed more ef- 

fectively (Holmes and Sherry 1992, Hobson et 
al. 2001, Webster et al. 2001). Unfortunately, it 
is tremendously difficult to follow marked indi- 
vidual birds between years, and to document the 
movement of birds that may never return to ar- 
eas where they can be recovered. This is less of 
a problem for movements on the order of several 
territories (Lemon et al. 1996) or for birds with 
severely restricted distributions (Daniels and 
Walters 2000). However, mark-recapture ap- 
proaches are less suitable when attempting to 
understand large-scale geographical movements, 
information that is crucial to evaluating source- 
sink and metapopulation dynamics (Donovan, 
Thompson, et al. 1995, Donovan, Lamberson, et 
al. 1995). 

The successful demonstration that naturally 
occurring deuterium in the feathers of birds can 
be used to infer geographical origin of molt in 
North America raises the prospect that isotope 
approaches may shed new light on the move- 
ment of individuals, particularly across zones of 
latitude (Hobson and Wassenaar 1997, Hobson 
1999a, Hobson et al. 2001, Graves et al. 2002). 
Additionally, the measurement of other naturally 
occurring stable isotopes (e.g., "3C, '"N) in bird 
feathers shows promise as a means of delineat- 

ing biome characteristics in which the feathers 
were grown. These factors may include the pho- 
tosynthetic pathway of dominant vegetation, am- 
bient growing conditions (e.g., mesic vs. xeric) 
and land-use practices (Marra et al. 1998, Hob- 
son 1999b, Chamberlain et al. 2000, Hebert and 
Wassenaar 2001). It is difficult to make a priori 
expectations of geographical pattern of 813C in 
feathers. However, several studies have shown 
this isotope to manifest geographical and alti- 
tudinal structure in food webs in North America 
(Graves et al. 2002, Hobson et al. 2003, Ru- 
benstein et al. 2002), and variance in feather 
8~"C values at the population level could still 

provide minimum estimates of dispersal. 
In North America, hydrogen isotope ratios in 

rainfall change in a predictable fashion with lat- 
itude. These hydrogen isotope patterns are there- 
after reflected in local food webs and ultimately 
in the feathers grown by birds at those locations 
(see figure in Hobson and Wassenaar 1997, Was- 
senaar and Hobson 2001). Since most adult 
songbirds in North America molt flight feathers 
on or about their breeding sites prior to fall mi- 

gration, and hatch-year (HY) birds maintain the 
flight feathers they grew on natal sites until their 
second year (SY), the hydrogen isotope values 
of flight feathers the following spring should 
provide information on (1) the latitude of natal 
origin (in the case of 1-year old birds) or (2) 
previous breeding latitude in the case of birds 
over 1 year in age (Wassenaar and Hobson 
2001). Thus, it should be possible to determine 
north-south dispersal of birds using hydrogen 
isotope measurements of feathers at least to the 
order of 1 to 1.5 degrees of latitude (Meehan et 
al. 2001, Hobson 2004). 

We investigated this possibility by examining 
the stable-isotope values of the outer rectrices of 
territorial male Ovenbirds (Seiurus aurocapillus) 
and American Redstarts (Setophaga ruticilla) in 
isolated forest areas and continuous boreal forest 
at sites across the western Canadian Prairie 
provinces. Both species molt their flight feathers 
on the breeding ground before migrating south 
and retain these feathers until the following year 
(Van Horn and Donovan 1994, Sherry and 
Holmes 1997). We analyzed feathers from after- 

second-year (ASY) males possibly breeding for 
at least the second time and SY males breeding 
for the first time. We hypothesized that ASY 
birds would show lower hydrogen isotope vari- 

ability consistent with higher breeding philo- 
patry over younger birds that may have dis- 

persed long distances from their natal sites. In 
addition, we expected higher isotope variance 

among birds using isolated forest patches com- 

pared with continuous forest as we assumed iso- 
lated forest patches represented more of a hab- 
itat sink than the continuous forest habitat (An- 
dr6n 1995, Bayne and Hobson 1997, 2002a, 
2002b), although Weatherhead and Forbes 
(1994) concluded that natal philopatry was high- 
er in birds raised in fragmented habitats. Our 

goal was to provide minimum estimates of the 

proportion of male birds returning to the sam- 

pling area to breed and to determine whether 
there was evidence for greater natal dispersal 
than breeding dispersal. 

METHODS 

FIELD COLLECTIONS 

We obtained feathers from male Ovenbirds and 
American Redstarts that responded to song play- 
back. During June 2000 and 2001, birds were 
mist-netted on their territories in the aspen (Po- 
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FIGURE 1. Location of Ovenbird and American 
Redstart study sites in deciduous mixedwood forest of 
Canada. Dark shading represents water bodies, light 
shading is forest, and no shading is agriculture or tun- 
dra. 

pulus tremuloides)-dominated forests of Sas- 
katchewan, Manitoba, and Alberta, Canada. 
However, our data for Prince Albert National 
Park were based on collections made during 
June 1997. 

The continuous-forest sampling sites (sites 
consisting of at least 1000 km2) were located in 
Prince Albert National Park, Saskatchewan 
(53057'N, 106022'W; elevation 500-750 m), 
Duck Mountain Provincial Park (51038'N, 
101038'W; 655 m), Saskatchewan, and near Lac 
La Biche, Alberta (54046'N, 111058'W, 660 m). 
The Prince Albert National Park site is a long- 
term study site for Ovenbird research (Bayne 
and Hobson 2002a, 2002b) and several of these 
Ovenbirds were previously banded, allowing for 
an independent test of philopatry information 
obtained from isotope data (Wassenaar and Hob- 
son 2001). 

Populations sampled in isolated forest tracts 
were located at Cypress Hills, Saskatchewan 
(49040'N, 109030'W; 1200-1350 m; 288 km2 of 
forest), Moose Mountain, Saskatchewan 
(49013'N, 102012'W; 730-800 m; 532 km2 of 
forest) and Turtle Mountain, Manitoba (49000'N, 
100014'W; 180-245 m; 196 km2 of forest; Fig. 
1). Both species of birds were present at all sites 
with the exception of the Cypress Hills, where 
only Ovenbirds were found. Insufficient num- 
bers of American Redstarts were captured in Lac 
La Biche to include in this study. Ovenbirds 
were classed as ASY if they were banded one 
year before as SY or older, or aged as SY or 
ASY based on outer rectrix wear patterns (Don- 

ovan and Stanley 1995). American Redstart 
males were aged as SY or ASY based on their 
plumage coloration (Pyle 1997). 

ISOTOPIC METHODS 

Feathers were cleaned in a 2:1 chloroform:meth- 
anol solvent rinse and prepared for stable-hydro- 
gen and carbon isotope analysis at the National 
Water Research Institute in Saskatoon, Canada. 
Stable-hydrogen isotope analyses of feathers are 
complicated compared to 813C measurements 
due to the problem of uncontrolled isotopic ex- 
change between samples and ambient water va- 
por (Wassenaar and Hobson 2000). Elsewhere 
we describe how we use keratin standards as a 
means of correcting for this effect so that the 
values reported here are equivalent to nonex- 
changeable feather hydrogen (Wassenaar and 
Hobson 2003). Briefly, the process involves the 
simultaneous measurement of unknowns with 
several replicates of three different keratin stan- 
dards whose nonexchangeable 8D values are 
known and which span the range of expected 
feather values. Algorithms generated from each 
run that relate 8D values of unknowns to their 
expected nonexchangeable values are then used 
on a run-by-run basis. 

Stable-hydrogen isotope measurements on 
feathers and keratin standards were performed 
on H2 derived from high-temperature flash py- 
rolysis of feathers and continuous-flow isotope- 
ratio mass spectrometry (CF-IRMS). Pure H2 
was used as the sample analysis gas and the iso- 
topic reference gas. A Eurovector 3000N (Mi- 
lan, Italy) high temperature elemental analyzer 
(EA) with autosampler was used to automatical- 
ly pyrolyze feather samples to a single pulse of 
H2 gas (and N2 and CO gas). The resolved H2 
sample pulse was then introduced to the isotope 
ratio mass spectrometer (Micromass Isoprime• 
with electrostatic analyzer, Micromass, Man- 
chester, UK) via an open split capillary. All 8D 
results are expressed in the typical delta nota- 
tion, in units of per mil (%o), and normalized on 
the Vienna Standard Mean Ocean Water-Stan- 
dard Light Antarctic Precipitation (VSMOW- 
SLAP) standard scale. Repeated analyses of hy- 
drogen isotope intercomparison material IAEA- 
CH-7 (-100%o), routinely included as a check, 
yielded an external repeatability of better than 
+1.0%o. This method eliminates variation due to 
isotope exchange with ambient water vapor, but 
because not all laboratories follow this recom- 
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mended standardization technique, our 8D val- 
ues may not be comparable to those reported by 
others. Our 813C analyses were made using a Mi- 
cromass Optima@ dual-inlet isotope-ratio mass 
spectrometer interfaced with a Carlo Erba (Mi- 
lan, Italy) elemental analyzer. Stable-isotope re- 
sults were compared with the Vienna Pee Dee 
Belemnite (VPDB) Standard for 813C. Based on 
long-term measurements of intercomparison ma- 
terial, we estimate our laboratory error to be 

?+1.5%o for 8D and ? 0.2%o for 813C analyses, 
respectively. 

STATISTICAL ANALYSES 

To determine whether there were significant dif- 
ferences in the average isotopic values between 
species, region, and age classes, we used a three- 
way ANOVA. All two-way interactions were 
considered. Tukey's test was used for post-hoc 
multiple comparisons among groups. 

Although we tested for differences in the 
mean, our main interest was in the variance be- 
tween age classes. Our a priori expectation was 
that SY birds would be more likely to disperse 
over large distances than ASY birds. Thus, we 
predicted variance in deuterium signatures 
would be greater for SY than ASY birds. To test 
for these differences we used one-tailed F-tests 
for homogeneity of variance (i.e., variance-ratio 
test, Zar 1984). We first compared whether SY 
American Redstarts from all regions combined 
showed greater variation in isotope signature 
than ASY birds. To determine if the patterns we 
observed were consistent among regions, we re- 
peated our variance-ratio testing for each region 
separately. We then used a meta-analytical ap- 
proach to combine the probabilities from each 
regional test to create an omnibus test of signif- 
icance (Sokal and Rohlf 1997). Separate tests 
were done for Ovenbirds. Box and whisker plots 
were used to quantify those individuals outside 
the whisker limit (defined as 1.5 times the length 
of the box defining the 25% and 75% quartiles). 
This approach assumes that most of the birds in 
the population are not from elsewhere and that 
the mean feather 8D value for the population is 
close to that expected for that location (Wasse- 
naar and Hobson 2001). All results are ex- 
pressed as means ? SD. The degrees of freedom 
in our statistical tests differ between carbon and 
hydrogen isotopes because of missing values for 
some feather samples. 

RESULTS 

From 332 birds captured (193 Ovenbirds and 
139 American Redstarts), we obtained 323 deu- 
terium values and 332 carbon values (Table 1). 

HYDROGEN ISOTOPES 

Mean deuterium values differed among loca- 
tions (Fig. 2; F5,306 = 31.3, P < 0.001) but not 
between ASY (mean 8D = -112.7 ? 1.8%o) and 
SY birds (mean 8D = -114.4 ? 1.3%o; F1,306 = 
0.3, P = 0.57). American Redstarts (mean 8D = 
-120.3 ? 1.1%o) had lower deuterium values 
than Ovenbirds (mean 8D = -108.2 ? 1.5%o: 
F1,306 = 88.6, P < 0.001). However, the site X 
species interaction was significant (F3,306 = 14.3, 
P < 0.001). Ovenbirds from the Turtle Moun- 
tains and the Duck Mountains differed from all 
other locations (all P < 0.001). Turtle Mountain 
birds had the highest mean 8D values followed 
by the Duck Mountain sample. Ovenbirds from 
Prince Albert National Park were not signifi- 
cantly different from those sampled at Moose 
Mountain (P = 0.34) and Lac La Biche (P = 

0.52), but were lower than those at Cypress Hills 
(P = 0.02). Cypress Hills birds did not differ 
from those at Moose Mountain (P = 0.95) or 
Lac La Biche (P = 0.67). Feathers of American 
Redstarts from Turtle Mountain had significantly 
higher 8D values than those from birds at Moose 
Mountain or Prince Albert National Park (all P 
< 0.005). No other pairwise comparisons were 
significant. 

Although our global model provided a rea- 
sonable fit to the data (adjusted r2 = 0.43), the 
assumptions of ANOVA were violated. White's 
general test for heteroscedasticity was significant 
(X219 = 35.3, P = 0.01) while an interquartile 
range test on the residuals from this model in- 
dicated there were 15 severe outliers and 12 
mild outliers. 

Pooling data across regions, we observed 
greater variability for SY (SD = 14.9) than ASY 
(SD = 11.5) American Redstarts (F58,79 = 1.67, 
P = 0.02). Within each region, American Red- 
starts consistently had deuterium values that 
were more variable for SY birds than ASY birds. 
These differences were significant for the Moose 
Mountains (SD = 22.9 vs. 15.5: F14,28 = 2.1, P 
= 0.04) and Prince Albert National Park (SD = 
8.0 vs. 4.0: F12,11 = 4.0, P = 0.01). The com- 
bined probability test also demonstrated that the 
pattern of higher variance for SY American 



TABLE 1. Stable-hydrogen and carbon isotope values (mean %o t SD) measured in feathers of male American Redstarts and Ovenbirds sampled on breeding 
territories in Canada. Sample size corresponds to number of birds captured, but not every individual was tested for both isotopes. ASY = after second year; SY = 

second year. 

sD (%,) 613C (%C) 

Location Species (age) n Mean ? SD Range Outliers (%) Mean ? SD Range Outliers (%) 

Prince Albert National Park 
Ovenbird (ASY) 20 -122.5 + 16.5 -138.0 to -77.7 15.0 -23.3 ? 0.6 -24.4 to -22.1 0 
Ovenbird (SY) 20 -123.9 

+ 
12.7 -137.2 to -78.3s 10.0 -23.6 

_ 

0.6 -24.8 to -22.7 0 

American Redstart (ASY) 12 -128.1 + 4.0 -135.0 to -123.0 0 -22.8 + 0.9 -23.9 to -21.3 0 
American Redstart (SY) 13 -126.0 

_ 

8.3 - 140.0 to -112.0 0 -23.2 

_ 

0.7 -24.3 to -22.0 0 

Duck Mtn. 
Ovenbird (ASY) 23 -99.4 

_ 

6.8 -110.7 to -87.3 0 -23.6 

_ 

0.8 -26.2 to -22.5 4.5 
Ovenbird (SY) 16 -90.0 

_ 

28.1 -116.5 to -33.0 20.0 -23.5 

_ 

1.0 -24.6 to -20.3 6.6 
American Redstart (ASY) 11 -121.7 

_ 

3.9 -127.7 to -115.0 0 -23.8 + 0.9 -25.5 to -22.6 0 
American Redstart (SY) 14 -119.7 + 5.3 -127.1 to -106.7 7.1 -23.3 + 0.7 -24.4 to -21.3 7.1 

Lac La Biche 
Ovenbird (ASY) 17 -115.6 

_ 

13.1 -130.0 to -90.4 11.8 -22.9 
+ 

0.5 -23.7 to -22.3 0 
Ovenbird (SY) 16 -118.4 + 16.6 -136.5 to -70.5 12.5 -23.3 + 0.7 -24.5 to -21.9 0 

Cypress Hills 
Ovenbird (ASY) 20 -108.8 

_ 

17.2 -132.0 to -72.0 0 -22.5 

_ 

1.0 -24.0 to -20.9 5.0 
Ovenbird (SY) 8 -116.8 

_ 

21.5 -139.0 to -87.0 0 -22.5 

_ 

0.6 -23.1 to -21.2 12.5 

Moose Mtn. 
Ovenbird (ASY) 16 -114.0 + 17.0 -144.0 to -76.0 15.0 -23.0 

_ 

0.6 -24.0 to -22.0 0 
Ovenbird (SY) 9 -116.7 1 3.0 -120.0 to -111.0 14.3 -23.0 1 0.5 -23.5 to -22.4 0 

American Redstart (ASY) 29 -121.3 

_ 

15.5 -139.0 to -69.0 11.5 -23.6 

_ 

1.0 -25.6 to -21.3 0 
American Redstart (SY) 15 -125.9 

_ 

229.0 -145.0 to -87.0 28.6 -22.6 

_ 

0.6 -23.8 to -21.6 21.4 

Turtle Mtn. 
Ovenbird (ASY) 17 -81.3 

_ 

6.6 -132.0 to -72.0 0 -23.5 

_ 

0.6 -24.8 to -22.3 0 

Ovenbird (SY) 11 -82.9 + 10.3 -139.0 to -87.0 0 -23.7 + 0.7 -25.3 to -23.1 22.2 
American Redstart (ASY) 28 -115.5 

_ 

8.6 -122.7 to -116.6 7.1 -24.3 

_ 

1.0 -26.2 to -22.0 0 
American Redstart (SY) 17 -111.2 ? 11.1 -125.2 to -83.5 11.8 -23.4 

_ 

1.2 -24.9 to -19.6 5.9 

H 

0 

O 
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FIGURE 2. Distribution of feather deuterium values 
for male (a) Ovenbirds and (b) American Redstarts 
sampled on their breeding territories in Canada. Out- 
liers more than 1.5 box-lengths from the lower and 
upper box limits (25th and 75th percentiles, respective- 
ly) are depicted with unfilled circles; those more than 
3 box-lengths from these limits are depicted with as- 
terisks. Dark-gray boxes indicate after-second-year 
birds (ASY); light gray indicates second-year birds 
(SY). 

Redstarts was significant (X28 = 23.4, P = 

0.003). 
For Ovenbirds, we found that SY birds (SD 

= 23.1) had significantly greater variability in 
deuterium values than ASY birds (SD = 18.7: 

F74,108 = 1.5, P = 0.02) when all data were 

pooled. However, increased variability in SY 
birds was driven by birds from the Duck Moun- 
tains (SD = 27.5 vs. 6.8: F14,21= 16.2, P < 0.001) 
and Turtle Mountains (SD = 10.3 vs. 6.6: F8,15 
= 2.4, P = 0.07). Contrary to expectation, ASY 
Ovenbirds in Prince Albert Park and Moose 
Mountain had significantly greater variability 
than SY birds. This made a summed probability 
test invalid for this species. 

-70 
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FIGURE 3. Relationship between deuterium isotope 
values measured in feathers (8D,) of male (a) Oven- 
birds and (b) American Redstarts, and values expected 
based on the continental relationship shown in Was- 
senaar and Hobson (2001). 

We compared the mean feather deuterium val- 
ues for each age class of American Redstart and 
Ovenbird at each location with that expected 
from latitudinal position according to the conti- 
nentwide relationship depicted in Wassenaar and 
Hobson (2001, Fig. 3). Here we interpolated kri- 

ged mean feather deuterium values for our sites 
based on growing-season average values. For 
Ovenbirds, populations at Lac La Biche and 
Duck and Turtle Mountains showed higher than 

expected mean feather 8D values. In contrast, 
the smaller set of sites available for redstarts 
showed more depleted isotope values only for 
Moose Mountain. For deuterium, we detected 
Ovenbird outliers at Prince Albert National Park, 
Duck Mountain, Lac La Biche, and Moose 
Mountain. Among these sites, the highest per- 
centage (25%) of outliers was recorded for SY 
individuals at Moose Mountain. All but one out- 
lier showed higher than average 8D values sug- 
gesting they grew their feathers south of the 
sites. 



738 KEITH A. HOBSON ET AL. 

ASY 

SSY 

(a) Ovenbird 
-20 

-21 

-22 

-23 

-24 

25 
O0 

-26 

E -27 
L- 
a) -18 

(b) Redstart 

20 *W 

-22 

-26, 

Cypress Duck La Moose Prince Turtle 
Hills Mtn. Biche Mtn. Albert Mtn. 

FIGURE 4. Distribution of feather 6'1C values for 
male (a) Ovenbirds and (b) American Redstarts sam- 
pled on their breeding territories in Canada. Outliers 
more than 1.5 box-lengths from the lower and upper 
box limits (25th and 75th percentiles, respectively) are 
depicted with unfilled circles; those more than 3 box- 
lengths from these limits are depicted with asterisks. 
Dark gray boxes indicate after-second-year birds 
(ASY); light gray indicates second-year birds (SY). 

CARBON ISOTOPES 

Similar to our deuterium results, 813C values dif- 
fered among locations (Fig. 4; F5,315 = 10.5, P 
< 0.001) but not between species (F1,315 

= 0.01, 
P = 0.94). There was a significant difference 
between ASY and SY birds (F1,315 = 4.9, P = 

0.03). However, the age X species interaction 
was also significant (F1,315 

= 8.0, P = 0.005) 
with no difference between ages for Ovenbirds 
but lower values for ASY (mean 613C = -23.8 
? 0.9%c) than for SY American Redstarts (mean 
813C = -23.1 + 1.1%o). Ovenbirds from Cy- 
press Hills had higher 813C values than birds 
from all other locations except Moose Mountain 
(P = 0.06). Birds from Turtle Mountain, Duck 
Mountain, and Prince Albert National Park did 
not differ (all P > 0.2). Moose Mountain birds 
differed from Duck Mountain and Turtle Moun- 

tain (P < 0.03), an effect driven by lower feather 
813C values from Turtle Mountain compared 
with Moose Mountain (P < 0.001) or Prince Al- 
bert National Park (P = 0.003). No other pair- 
wise comparisons were significant. 

The variance explained by our model for 813C 
values (adjusted r2 = 0.21) was considerably 
lower than the model for deuterium. However, 
the carbon model met the assumptions of ANO- 
VA as White's general test for heteroscedasticity 
was not significant (X219 = 15.7, P = 0.68) and 
an interquartile range test on the residuals from 
this model indicated there was only one severe 
outlier and nine mild outliers. Controlling for 
site and species differences, we found no differ- 
ence in the variance for SY birds (SD = 0.79%0) 
relative to ASY birds (SD = 0.83%o; P = 0.47). 

Distributions of 613C values indicated outliers 
for Ovenbirds at Duck Mountain, Cypress Hills, 
and Turtle Mountain. Of these sites, the highest 
levels (22.2%0) were found for SY individuals at 
Turtle Mountain, which contrasted notably with 
our deuterium results that showed no outliers for 
this species at that location. American Redstarts 
showed outliers at all sites except Prince Albert 
National Park with the highest level for SY birds 
at Moose Mountain, a result consistent with our 
deuterium results. 

DISCUSSION 

USING ISOTOPIC VARIANCE AND OUTLIERS 

An analysis of the distributions of stable-isotope 
values in feathers of migratory passerines re- 
vealed considerable variation, which suggests 
that many individuals grew their feathers at lo- 
cations outside the isotopic range of the local 

breeding site. Based on the assumption that in- 
dividuals grew their flight feathers at or near 
their previous breeding or natal site, our method 

provides a new means of estimating minimum 
levels of dispersal. The use of 8D in particular 
provides a useful means of detecting such move- 
ment patterns since this isotope is a robust in- 
dicator of latitudinal origins of molt in North 
America. Our results provide the first quantifi- 
cation of this phenomenon in migratory birds, 
and indicate that dispersal varies among age 
classes. 

Although data are sparse, it has been gener- 
ally assumed that philopatry among adult migra- 
tory passerines is high (Greenwood and Harvey 
1982, Holmes and Sherry 1992), despite a va- 



ISOTOPES, DISPERSAL, AND PHILOPATRY 739 

riety of individual and population-level factors 
such as previous reproductive success, sex, and 
density (Porneluzi and Faaborg 1999, Bayne and 
Hobson 2002a, 2002b). Our isotopic analysis 
and interpretation supports this general notion, 
although many adult birds showed evidence of 
long-distance dispersal. Based on banding, Bay- 
ne and Hobson (2002b) found that 30% of the 
Ovenbirds recruited into the breeding population 
in Prince Albert National Park were ASY males 
that presumably had attempted to breed else- 
where in the previous year. By contrast, virtually 
nothing is known about natal dispersal or re- 
cruitment of locally produced individuals into 
other populations, because conventional ap- 
proaches to estimating such parameters typically 
would involve the mark and recapture of an im- 
possibly large number of HY birds (Weather- 
head and Dufour 2000). Our 8D results generally 
showed that higher proportions of SY than ASY 
birds had dispersed from elsewhere. This trend 
was also evident in distributions of 613C values, 
but both isotopes were not always concordant. 
Such decoupling of the two isotopes was ex- 
pected since there is no a priori reason to expect 
food web 6'3C and 8D values to be correlated. 

We anticipated higher levels of dispersal to be 
evident in populations of birds occupying iso- 
lated tracts of forest in the southern regions 
compared to those from the northern continuous 
forest sites. We reasoned that isolated patches 
might represent population sinks, and so be 
maintained through higher levels of immigration 
than in "better" continuous boreal forest habi- 
tats (Bayne and Hobson 2000, Hoover 2003). 
No such pattern was evident for either species. 
We suspect that our isolated forest patches were 
of sufficient size (all >195 km2) to escape such 
fragmentation effects. In addition, as isolated 
forest tracts, such sites may be less likely to be 
discovered by dispersing birds. Further research 
designed to evaluate whether these sites are pop- 
ulation sources or sinks would be invaluable. In- 
terestingly, as indicated by higher 6D values, 
birds identified as outliers were generally from 
south of the sites where they were captured. This 
suggests that recruits into our study populations 
may well have been from birds dispersing from 
more fragmented forests in the continental Unit- 
ed States. Considering the breeding range of Ov- 
enbirds, corresponding feather 6D values could 
be associated with latitudes as far south as the 
southern Great Lakes in the East, or the Midwest 

regions of Iowa and Missouri (Wassenaar and 
Hobson 2001). The only situation where recruit- 
ment from the north was not expected was the 
case of Ovenbirds breeding in the Cypress Hills. 
This population is the cinereus subspecies, and 
that location represents the northernmost limit of 
its range in our area. All other ovenbirds were 
the aurocapillus subspecies. For the particular 
situation of natal philopatry, Weatherhead and 
Forbes (1994) reviewed the literature for pas- 
serine birds and found that individuals from iso- 
lated habitat patches generally had higher natal 
philopatry than those from less isolated patches. 
Our results tended to support their finding but 
again, further isotopic studies designed to dis- 
criminate between patch size and patch isolation 
effects are now required. 

For American Redstarts, feather deuterium 
values identified outliers at all sites except the 
continuous forest site of Prince Albert National 
Park. As with Ovenbirds, the highest degree of 
dispersal (29%) was recorded for the SY age 
category at Moose Mountain. Of 12 redstart out- 
liers, 9 had higher than expected 8D values in- 
dicating again that the majority originated from 
sites to the south of their respective capture sites. 
Among these outliers, and considering the 
breeding range of redstarts to the south and east 
of our study sites, individuals could have origi- 
nated as far south as the precipitation contour 
extending from Maryland through Missouri 
(Wassenaar and Hobson 2001). 

Stable-carbon isotope values are expected to 
be a poor indicator of movement patterns since 
there is little a priori reason to suggest spatial 
patterns across the landscape, which typically 
tends to be C-3 dominated forests for these in- 
sectivorous passerines. Hobson et al. (2003) re- 
cently showed that large changes in altitude can 
cause changes in both 813C and 8D values in 
feathers; however, with the exception of Cypress 
Hills, our study sites were elevationally similar. 
The more enriched 683C values at Cypress Hills 
compared to other sites were consistent with the 
pattern found by Hobson et al. (2003). It is also 
possible that dietary differences among individ- 
uals during molt could result in corresponding 
variation in feather 613C values. Insect prey may 
differ trophically (e.g., Lepidoptera vs. predato- 
ry beetles) and this can change feather 613C val- 
ues (Bennett and Hobson, unpubl. data). The dif- 
ference in 8'3C values between ASY and SY 
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redstarts in this study may also reflect different 
prey selection or habitat differences. 

Because feather 8D values are strongly linked 
to latitude of origin in North America, we sug- 
gest focusing on 8D measurements as an indi- 
cator of dispersal. Although the feather 8D val- 
ues we measured departed from the values we 
expected based on the latitude of our sites (es- 
pecially for Ovenbirds at Lac La Biche, Duck 
Mountain, and Turtle Mountain), this may be 
due to the fact that our study area generally ex- 
perienced drought conditions during our study 
(Environment Canada, unpubl. data) and local 
food web 8D values were more likely to be in- 
fluenced by synoptic weather events than by 
long-term average patterns as depicted in Hob- 
son and Wassenaar (1997). 

The Cypress Hills site was considerably high- 
er in elevation than the other sites. Based on 
altitudinal effects alone, we expected Cypress 
Hills and Moose Mountain to be 9%o and 1.5%o, 
respectively, depleted, and Turtle Mountain to be 

6%0 more enriched in feather deuterium content 
relative to Lac La Biche, Prince Albert National 
Park, and Duck Mountain (see relationships in 
Poage and Chamberlain 2001, Bowen and Wil- 
kinson 2002). These are relatively negligible ef- 
fects compared to the latitudinal effects on 
feather 8D depicted in Figure 3. In general, birds 
occupying sites in regions of high elevational 
change represent specific cases where dispersal 
of individuals from various altitudes can be es- 
timated (Graves et al. 2002, Hobson et al. 2003). 
Regardless, we used the stable-isotope approach 
only to examine patterns within sites in order to 
identify potential individuals recruited into each 
local breeding population and were not con- 
cerned with possible annual departures from the 
long-term growing-season average 8D precipi- 
tation relationship per se. 

Interestingly, at both Duck Mountain and Tur- 
tle Mountain, redstarts showed expected feather 
8D values for those latitudes, but Ovenbirds had 
higher 8D than expected. In general, where both 
species were sampled, Ovenbirds tended to have 
higher feather 8D values than redstarts. We have 
no explanation for this difference, since both 
species were sampled simultaneously at each 
site. It is unlikely that the entire Ovenbird pop- 
ulation moved into these sites from more south- 
ern (i.e., more deuterium-enriched) locations. 
Another possible explanation is that Ovenbirds 
delayed their molt until migrating south follow- 

ing the breeding season. Wassenaar and Hobson 
(2001) found isotopic evidence for molt migra- 
tion in Swainson's Thrush (Catharus ustulatus). 
If this is the case here, it would suggest the in- 
triguing possibility that molt patterns are popu- 
lation specific in some years (see also Hemborg 
et al. 2001). Alternatively, unexpected partition- 
ing of feather 8D values by microhabitat may be 
responsible for the interspecific differences we 
measured. Clearly, more research is required to 
decipher these possibilities. Again, we stress that 
the identification of outliers using an examina- 
tion of the distributions of stable-isotope pat- 
terns within sites and within species presents the 
most parsimonious means of detecting dispersal 
and philopatry in migratory birds. 

FUTURE WORK 

Our goal was to employ stable-hydrogen and 
carbon isotope measurements of redstarts and 
Ovenbirds to test the hypothesis that dispersal 
would differ between age classes. We recognize 
some of the inherent problems of the stable-iso- 
tope approach. First, without an isotopic bench- 
mark for feather values in a given year at a given 
site we could only detect outliers in each pop- 
ulation, and thereby only obtain minimum esti- 
mates of dispersal. Second, by using 8D mea- 
surements we were only able to obtain infor- 
mation on birds that moved over considerable 
latitudinal distance. Because feather 8D contours 
are largely parallel throughout most of North 
America (Hobson and Wassenaar 1997), birds 
moving eastward or westward typically cannot 
be distinguished. Currently, feather 8D measure- 
ments allow resolution of populations across the 
continental United States (i.e., corresponding to 
a 95% confidence interval) to about 3-5%o 

(Meehan et al. 2001). In our study area, this cor- 
responds to about 1 degree of latitude (Hobson 
2004). Third, this method assumes we accurately 
aged all birds. Differences in plumage coloration 
make this distinction absolute for male Ameri- 
can Redstarts. However, for Ovenbirds we relied 
on the degree of feather wear to identify the dif- 
ferent age classes. While this method has been 
shown to be accurate for individuals with rectrix 
tip angles <780 and >900 (Donovan and Stanley 
1995), individuals with intermediate tip angles 
could have been incorrectly classified and may 
explain some of the inconsistency in our results 
for this species. Finally, if an individual acci- 
dentally lost and regrew a flight feather on the 
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wintering grounds, or delayed its molt until the 

migration period, that individual would appear 
to be an outlier if sampled on the breeding 
grounds prior to molt the following year. Gen- 

erally, this should represent a relatively small 
source of error for species other than those 
known to delay their molt (Butler et al. 2002) 
but more information is required for these high- 
er-latitude breeding populations in North Amer- 
ica since birds may be faced with trade-offs re- 

garding timing of molt, breeding effort, and mi- 

gration (Hemborg et al. 2001). 
Long-term studies of specific populations of 

migratory birds may greatly benefit by coupling 
stable isotopes to measure philopatry and dis- 

persal. It would be straightforward to monitor 
the stable-isotope values of feathers from local 
birds at key sites in any given year. This would 

provide site-specific baseline isotopic distribu- 
tions for any subsequent year in question and so 
would be amenable to the kind of modeling sug- 
gested by Powell (2004). General populations of 
birds at a site could then be sampled and com- 

pared with the expected isotopic distributions for 
a particular year using data from the Canadian 
Network for Isotopes in Precipitation and the 
Global Network for Isotopes in Precipitation. 
Such an approach was used by Wassenaar and 
Hobson (1998) in a study of the natal origins of 
monarch butterflies (Danaus plexippus) winter- 

ing in Mexico. These authors created a North 
American 8D and 813C isotopic base map appro- 
priate for the birth year preceding the wintering 
year when migrant monarchs were sampled. 

Isotope studies of bird populations need not 
be limited to 8D and 683C measurements. Other 

isotopes show some promise in providing addi- 
tional geospatial information, including those of 
lead, strontium, and nitrogen (Hobson 1999a, 
Hebert and Wassenaar 2001, Hobson 2002, 
2004). In addition, the inclusion of trace-element 

analyses to describe bird study populations in a 
true multivariate sense has the potential to in- 
crease the resolution in identifying individuals 
from outside study areas. Sz6p et al. (2003) used 
trace-element approaches to identify different 
African wintering subpopulations of Sand Mar- 
tins (Riparia riparia) breeding at sites in Eu- 

rope. While they could not predict where birds 
wintered in Africa, they could identify different 
wintering sites based on different trace-element 
profiles. Finally, the approach we have demon- 
strated here is not specific to birds but can be 

applied to several taxa of migratory organisms 
moving across isotopic isoclines (Hobson 
1999a). 
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