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INTRODUCTION

Species at risk represent a particularly daunting
challenge for conservationists and mangers, particu-
larly in the face of mounting anthropogenic pressures
(Hoffmann et al. 2010). Necessarily, many manage-
ment decisions regarding species at risk are made
despite substantial biological uncertainty (i.e. habitat
selection, feeding ecology, and migratory habits),
and managers are often forced to undertake conser-
vation actions without conclusive scientific evidence
(Gregory & Long 2009). Failure to acknowledge and

account for such uncertainty can lead to poor deci-
sion making (Regan et al. 2005). Incorporating scien-
tific uncertainty in the decision-making process can
therefore allow managers to employ management
approaches that incorporate risk assessment (Har-
wood 2000, Kriebel et al. 2001) and thus strike a bal-
ance between competing objectives.

Recognizing the importance of source−sink pop -
ulation dynamics in the effective conservation of
 species or populations has grown over the past 2
decades (Pulliam 1988, Watkinson & Sutherland 1995,
Dias 1996, Tittler et al. 2006). Knowing which habi-
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tats or regions produce individuals ultimately re -
cruited into breeding populations and which act as
ecological traps or sinks clearly is fundamental to any
species’ recovery plan (Van Houtan et al. 2010). With
limited fiscal resources for conservation, it is key that
resources be directed to maintaining source popula-
tions (self-sustaining populations with a finite rate of
increase >1) and their habitats, or to assisting sink
populations (populations maintained only via immi-
gration) in such a way to render them demographic
sources. Furthermore, efforts directed towards trans -
locations of endangered populations may be des-
tined to fail without a firm understanding of dispersal
dynamics (Van Houtan et al. 2010). However, such
knowledge on movements of individuals within breed-
ing populations among years (e.g. breeding and natal
dispersal) is typically extremely difficult to acquire.

As migratory birds have the capacity for large-
scale movements, techniques to infer their origins are
necessary to address key biological uncertainties
about the linkages of different populations via dis-
persal. The use of stable hydrogen isotope ratios (δD)
in animal tissues is now recognized as an important
tool for estimating the origins of migratory birds
at continental scales (Wassenaar & Hobson 2000,
Paxton et al. 2007, Hobson & Wassenaar 2008, Inger
& Bearhop 2008), and has also been applied in stud-
ies of long-distance dispersal (Hobson et al. 2004,
Hobson 2005). This approach takes advantage of
the isotopic (δD, δ18O) composition of precipitation
resulting from large-scale geographically predictable
patterns associated with climate, latitude, and alti-
tude (Dansgaard 1964). Stable isotope ratios in pre-
cipitation, averaged over time, are ultimately trans-
ferred to local foodwebs and subsequently reflected
in tissues of organisms feeding within those food-
webs (Hobson 1999, Webster et al. 2002). Numerous
studies have shown that the isotopic composition of a
particular animal tissue reflects those in local dietary
inputs, with some level of discrimination among
trophic  levels (see citations in Hobson & Wassenaar
2008). As organisms move between isotopically dis-
tinct foodwebs, they carry with them information on
the previous feeding location (Hobson et al. 2010). In
the case of migratory songbirds in North America,
most species grow their flight feathers on or near the
breeding grounds (Pyle 1997), and since such kerati-
nous materials are metabolically inert following syn-
thesis, the δD analysis of flight feathers allows the
approximate location of the breeding grounds to be
determined once the relationship between precipita-
tion δD (δDp) and feather δD (δDf) is established
(Hobson 2008).

In order for δDf analyses to be an effective tool for
studying the structure of bird populations, it is im -
portant that the technique reliably assign individuals
to the correct region of feather growth. This, in
turn, is based on a general knowledge of the spatial
 patterns of isotopes in precipitation or isoscapes
(Vachon et al. 2010, West et al. 2010). The accuracy of
geographically assigning molt origins based on δDf is
complicated by several factors, including sampling
and analytical error, inter-individual variation in
physiology, and uncertainty associated with the iso -
scapes to which samples are being assigned (Wunder
& Norris 2008).

Typically, birds of unknown provenance are assigned
to geographic origins by calibrating a δDf isoscape
from spatially explicit models of δDp using feather
samples of known origin (Hobson et al. 2009, Wunder
2010). Briefly, this process involves establishing δDp

values for locations with monthly δDp sampling sta-
tions such as the Global Network of Isotopes in Pre-
cipitation (GNIP). The δDp values derived for loca-
tions between sampling stations are predicted using
spatially explicit techniques (regression, kriging, or
some combination), creating a surface of predicted
δDp. These surfaces can subsequently be converted
to δDf isoscapes based upon regression of δDf from
samples where feather molt origin is known, against
the isoscape-predicted δDp value. Ideally, species-
specific isoscapes will be calibrated using  known-
origin tissues collected from across the full extent of
the geographic range and during the same years as
the samples of interest (Wunder & Norris 2008). How-
ever, in most cases, these data are unavailable. The
next best approach is to use published isoscapes and
regression coefficients that most closely correspond
to the species and geographic range of interest.

The δDp isoscape developed by Bowen et al. (2005)
has been successfully applied to assigning migratory
species to origin globally. Bowen et al. (2005) con-
structed both mean annual and growing-season pre -
cipitation isoscapes using precipitation isotope data
primarily from the GNIP database. Bowen et al. (2005)
created isoscapes of monthly mean deuterium (δDp)
and weighted the monthly δDp surfaces with interpo-
lated long-term monthly precipitation average to de-
rive a weighted growing-season (defined as all months
with an average temperature >0°C) δDp surface.

There are several important limitations to the use
of isoscapes derived largely from the GNIP database.
First, the spatial distribution of sampling locations is
variable and there are large areas of the North Amer-
ican continent with limited or no sampling (Welker
2000). Secondly, the GNIP database represents a
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compilation of data collected over almost 50 yr, but
data are not available for all years at all sampling
locations for all months, and in many localities data
are no longer collected. Importantly, because such
isoscapes have been derived using long-term (e.g.
many decades) averages of monthly δDp, they do not
account for short- or medium-term deviations in δDp.
Isoscapes of growing-season δDp are typically gener-
ated by weighting monthly measurements of δDp by
the long-term average amount of precipitation falling
in the months contributing to the growing season
(Hobson & Wassenaar 1997, Bowen et al. 2005, Lott &
Smith 2006) and therefore do not accurately capture
the amount of inter-annual variation possible in some
localities. Recent work (Farmer et al. 2008) suggests
that inter-annual variance in δDp is an important fac-
tor limiting the geographic precision to which migra-
tory animals can be assigned to their origins. While
this is undoubtedly true, Farmer et al. (2008) did not
use precipitation-averaged GNIP data and chose
some months outside the growing season. Therefore,
their analysis does not directly reflect the isotopic
variance important in the assignment of birds to their
molt origins and so it is not yet clear what the funda-
mental limits are to the accuracy and precision of δD-
based assignment of spatial origins. Currently, this
limits a risk assessment approach to applying the iso-
tope technique to key species at risk management
objectives related to animal movements.

Despite limitations, the application of δD isoscapes
has shown great promise in assigning migratory
birds to their origin (Hobson et al. 2006, 2007, 2009,
Lott & Smith 2006, Paxton et al. 2007). However,
there is clearly considerable room for improvement
(Hobson 2008, Smith et al. 2009a,b, Wunder et al.
2009). In particular, accurate year-specific deuterium-
based isoscapes would reduce the uncertainty in
assigning samples to their origins, particularly for
regions with high inter-annual variance in δDp. Here,
we augmented the GNIP δDp data with other, pre -
viously unpublished, δDp data and modeled inter-
annual variation in order to derive an improved δDp

isoscape using year- and site-specific data within the
North American Great Plains. Our objective was to
examine inter-annual variation in δDp in the North-
ern Great Plains and determine whether it is possible
to reduce uncertainty associated with using iso -
scapes in assessing dispersal in grassland birds,
including species at risk. Secondly, we applied a
framework for classifying birds as ‘immigrants’
 versus ‘local’ using δDf to account for uncertainties in
the assignment process. Our motivation was to refine
the isotope method for assessing the degree to which

breeding populations of grassland songbirds were
sources or sinks and thus provide an important
advance in the way isotope analyses can be used to
assist in species conservation and management.

MATERIALS AND METHODS

Feather sampling and analysis

As part of a larger study by Brewster (2009), we
conducted field work at Last Mountain Lake (LML),
Saskatchewan, Canada (51° 20’ N, 105° 15’ W) from
1 May 2004 to 31 July 2006. This area is a mosaic of
native grassland, planted grassland (hay fields and
pasture), and cropland. The surrounding area is pri-
marily used for agriculture, such as annual cropping,
haying, and ranching.

We examined breeding philopatry and dispersal of
Sprague’s pipit Anthus spragueii, Baird’s sparrow
Ammodramus bairdii, and savannah sparrow Passer-
culus sandwichensis using δD analysis of feathers
to determine the likelihood that breeding after-
hatch-year males returned to our study area from the
previous year. Both Sprague’s pipit and Baird’s spar-
row are ground-nesting passerines that are endemic
to the northern mixed-grass prairie (Mengel 1970)
and exhibit restricted breeding ranges (Robbins &
Dale 1999, Green et al. 2002). Although both are of
con servation concern, only Sprague’s pipit is cur-
rently listed as a species at risk (‘threatened’; Envi-
ronment Canada 2008). In contrast, the savannah
sparrow is commonly found in both native and non-
native grassland habitats (Davis & Duncan 1999,
McMaster & Davis 2001) and is considered a grass-
land habitat generalist (Wheelwright & Rising 1993).
The savannah sparrow’s breeding range extends
widely across North America, allowing us to contrast
derived movement patterns of Baird’s sparrow and
Sprague’s pipit with restricted ranges to a species
with a much broader range of possible origins and
consequent isotopic scope of variation.

All individuals were captured using digital play-
back of territorial male song and a decoy to lure
males into mist nets. Once captured, birds were
marked, sex and age (second-year versus  after-
second-year) were determined, morphological mea-
surements were taken, feather samples were col-
lected (see below), and birds were banded with a
federal (US Fish and Wildlife Service) aluminum
band. Primaries and/or rectrices were sampled, as
these feathers are replaced on the previous year’s
breeding grounds (Pyle 1997). Feathers were typi-
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cally pulled, rather than clipped, to initiate re-
growth. Each feather was placed in a labeled paper
envelope and stored at room temperature. Feather
samples were cleaned of surface oils in a 2:1 chloro-
form:methanol solution overnight, drained, and air
dried under a fumehood. The middle portion of the
feather vane was cut out (average weight: to 0.35 ±
0.02 mg), and placed into 4.0 × 3.2 mm silver capsules
for online hydrogen isotope analysis by continuous-
flow isotope-ratio mass spectrometry. Stable hydro-
gen isotope analytical measurements (δD) followed
the ‘comparative equilibration’ technique described
by Wassenaar & Hobson (2003) to correct for un -
controlled isotopic exchange between samples and
ambient water vapor (Wassenaar & Hobson 2003,
2006, Hobson et al. 2004). The reported values are
thus equivalent to nonexchangeable feather hydro-
gen. Isotopic values were expressed in delta notation
in parts per thousand (‰) normalized on the Vienna
Standard Mean Ocean Water-Standard Light Antarc-
tic Precipitation standard scale. Analysis of a control
keratin reference material across 6 mo of autoruns
suggests repeatability of ±3.3‰ (n = 76). Feather
samples were analyzed at the Environment Canada
stable-isotope facility of the National Hydrology
Research Centre in Saskatoon, Canada.

Examining inter-annual variation in δDp

We acquired δDp data for 8 sites within the North
American Great Plains from the GNIP and US Net-
work for Isotopes in Precipitation (USNIP) datasets
(Liu et al. 2010). The USNIP dataset constitutes an
effort to provide δ18O and δD isotopic values for
~80 sites across the US using National Atmospheric
Deposition Program sampling stations (Welker 2000).
The 8 sites we analyzed were Saskatoon (52° 08’ N,
106° 37’ W; 2002−2005), Wynyard (51° 46’ N, 104° 12’ W;
1977−1979 and 1981), Edmonton (53° 34’ N, 113° 31’ W;
1962−1965), Calgary (51° 01’ N, 114° 01’ W; 1992−1998,
2000, and 2001), Esther (51° 40’ N, 110° 12’ W; 1997,
2000, and 2001), Cottonwood (44° 06’ N, 102° 05’ W;
1989−1995), Glacier National Park −Fire Weather
Station (48° 30’ N, 113° 59’ W; 1989, 1992, and 1994),
and Little Bighorn Battlefield National Monument
(45° 42’ N, 107° 35’ W; 1989, 1991, 1992, and 1994;
Fig. 1). For these sites, we also acquired monthly pre-
cipitation and temperature data from the Canadian
Climate Centre (Environment Canada 2005) and the
Western Regional Climate Center (2008).

Using these precipitation and temperature data,
we calculated year-specific local weighted growing-

season δDp values (hereafter δDp-gs) for each site. We
compared year-specific δDp-gs to the δDp-gs predicted
by the Bowen et al. (2005) isoscape (hereafter
δDBowen), to determine how δDp-gs deviates from the
long-term Bowen et al. (2005) isoscape in any given
year. Precipitation and temperature variables were
assessed because latitude, altitude, and seasonal air-
mass trajectories result in predictable patterns of pre-
cipitation and temperature (Bowen et al. 2005). We
calculated the following year-specific explanatory
variables: the year-specific growing-season percent
deviance in precipitation amount from the long-term
average growing-season precipitation, total grow-
ing-season precipitation, mean growing-season pre-
cipitation, and the coefficient of variation (CV) in
precipitation during the growing season. The CV in
precipitation was included as a proxy, as it may
reflect differences among years in convectively gen-
erated versus frontal system generated precipitation,
since intense rainout from convective storms can
cause depletion in precipitation isotopes (Bowen
2008), while evaporation tends to enrich residual sur-
face waters (Bowen & West (2008). All precipitation
values are based on growing-season precipitation
because grasslands respond more readily to short-
term rainfall events (Sala & Lauenroth 1982). Mean
growing-season temperature was also included as a
possible explanatory variable. We predicted that
these variables may all have some effect on how the
year-specific δDp-gs deviates from the values pre-
dicted by the isoscape of Bowen et al. (2005). Longi-
tude was included because we hypothesized that
rain-shadow effects of the Rocky Mountains may in -
fluence δDp-gs. Growing season was site-specific and
was defined as all months at that site with an average
temperature >0°C.

Statistical analysis

We defined a set of a priori candidate models
(excluding all correlated variables) to explain varia-
tion in δDp-gs. These models included a null model
including only an intercept, longitude (Long), mean
growing-season temperature (Mean GS Temp), and
the CV within precipitation (CVprecip) as main
effects models, as well as all subsets of additive mod-
els including 2 variables. To avoid over-parameteri-
zation given the low sample size, more complex mod-
els were not considered. Competing models were
analyzed using linear models with the deviance of
the year- and site-specific δDp-gs from the δDBowen

treated as the dependent variable. We used Akaike’s
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Information Criterion (adjusted for small sample size,
AICc; Burnham & Anderson 2002) to select among 7
candidate models. The most parsimonious model was
considered to be that with the lowest AICc value. All
models with a ΔAICc value <2 were considered to be
supported by the data (Burnham & Anderson 2002).
Akaike model weights were calculated to determine
the weight of the evidence that a given model was
the best model of those considered (Burnham &
Anderson 2002).

Monthly growing-season precipitation data for sites
within the Canadian Great Plains were acquired
for 2002 through 2006 (Environment Canada 2005,
Western Regional Climate Center 2008). Using these
data, coupled with the algorithm derived from our
selected top model (see above), we calculated year-

and site-specific δDp-gs values from locations across
the Canadian Great Plains. From these, we created
year-specific isoscapes depicting the amount of de -
viance in δDp-gs from δDBowen in the Great Plains
using ArcMap9.3 (ESRI). These year-specific iso -
scapes were subsequently used to assign individuals
as ‘local’ or ‘immigrant’ birds.

Although a direct comparison of predicted δDf val-
ues to actual δDf values is useful, limitations still exist
in how precisely feathers can be assigned to molt
 origin and to the number of recaptured individuals
available with which to test these methods. Given
the importance of incorporating risk management
into conservation efforts resulting from studies of
philopatry, it is important to be able to assess the
probability of correctly (or incorrectly) assigning
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Fig. 1. Global Network of Isotopes in Precipitation and US Network for Isotopes in Precipitation station locations (d) within the
Great Plains of North America. Feather-corrected growing-season precipitation δD (δDp-gs)  predicted by the Bowen et al.
(2005) isoscape (δDBowen) values are indicated and constrained by the Sprague’s pipit Anthus spragueii breeding range. Last 

Mountain Lake, Saskatchewan, Canada, is indicated with a star
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individuals to molt origin. In order to address uncer-
tainty in our assignment of individuals as ‘local’ and
‘immigrant,’ we examined the likelihood that the
observed δDf for a given sample could have been
generated by the bird having grown the feather
within the local foodweb in a specific year. This was
accomplished by assuming that variation in the
 stable isotope ratios of feathers grown at the same
locality follows a normal distribution. Thus, we used
a normal probability density function (see Van
Wilgenburg & Hobson 2011) to estimate the likely
distribution of potential δDf values for feathers grown
at the same site in the same year. Probability densi-
ties were estimated by employing our year-specific
isoscape predictions as the mean for the distribution,
and we assumed a standard deviation equivalent to
the standard deviation of the residuals of the δDf ver-
sus δDp calibration equation (SD = 12.6‰). For com-
parison, we also assessed probability densities using
the long-term mean predictions of the Bowen et al.
(2005) isoscape (calibrated as per above). We then
classified samples as ‘immigrant’ versus ‘local’
depending on whether they fell within the area
under the curve associated with particular odds of
correctly classifying an individual as a local bird.

RESULTS

Inter-annual variation

Extensive inter-annual variation in δDp-gs was evi-
dent at locations within the North American Great
Plains (Fig. 2). At Cottonwood, Edmonton, and Sas -
katoon, δDp-gs ranged from −89 to −48‰, −124 to
−108‰, and −121 to −87‰, respectively, over 4 con-
secutive years. Years with greater variation in precip-
itation experienced more enriched values than was
predicted by Bowen et al. (2005), while years with
less variation experienced more depleted values. In
either case, δDBowen provides a good estimate of mean
values, but does not reflect inter-annual variation.

Year-specific deviations in δDp-gs from the Bowen
et al. (2005) isoscape were strongly influenced by
longitude and variation in precipitation (Table 1).
The most parsimonious model of those considered
included longitude and the CV of precipitation and
received ~87% of the support. This model explained
approximately 43% of the variance in the data; other
models received insufficient support to warrant fur-
ther consideration (Table 1). Based on this model, the
algorithm to estimate departures from δDBowen at
 specific sites and years is as follows:

Deviance from δDBowen = 

124.43 + 1.34(Long) + 22.05(CVprecip) (1)

We used this algorithm to calculate the year- and
site-specific deviance in δDp-gs from the δDBowen pre-
dicted by the Bowen et al. (2005) iso scape. We then
created year-specific interpolated maps (ArcMap 9.3,
ESRI) of deviances in δDp-gs from δDBowen. From these,
we acquired year-specific corrections for the Bowen
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Fig. 2. Inter-annual variance in growing-season precipita-
tion δD (δDp-gs, ‰) over 4 consecutive years at 3 locations
within the North American Great Plains. Dashed lines indi-
cate long-term predicted precipitation δD (δDp) from the 

isoscape of Bowen et al. (2005)
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et al. (2005) isoscape, specifically for LML (Table 2),
thereby deriving corrected δDp-gs  values for this loca-
tion. δDp-gs values were converted to δDf based upon
regression of data from known-source feathers
against δDp-gs (Clark et al. 2006). Thus, we estimated
δDf as −26.08 + 0.88(δDp-gs), providing the best
approximation of the expected δDf of a
feather grown at these locations in these
years and used this to compare to all cap-
tured individuals’ δDf values to determine
whether the individual was a returning
(i.e. ‘local’) or non-returning (i.e. ‘immi-
grant’) breeder.

Application of year-specific isoscapes

We applied our technique of deriving
year- and site-specific δDf isoscapes for
assigning migratory birds to molt origin

to Sprague’s pipits. By comparing predicted δDf val-
ues to known-source Sprague’s pipit δDf values, we
qualitatively examined the ability of our algorithm to
better predict the expected δDf of a feather grown at
a specific location. Three individuals (A, B, and C)
were recaptured between 2004 and 2006 (Table 3).
Although 3 of the 4 observed δDf values were better
predicted by the year-specific δDf value, the differ-
ence between the year-specific δDf value and that
predicted by the δDBowen value fell within our mea-
surement error, and therefore, little can be conclu-
sively inferred from these data. More known-source
individuals are necessary to further test our
approach.

Assessing philopatry and immigration

Using our framework, it is possible to make proba-
bilistic statements about the likelihood that a bird is a
local bird or an immigrant. For example, ~67% of
the distribution for birds growing their feathers at
LML in 2006 fell between ca. −125 and −100‰,
 corresponding to 2:1 odds of correct classification if
δDf for a sample fell within those bounds (Fig. 3).
Similarly, ~80% of the distribution fell between ca.
−129 and −97‰, corresponding to 4:1 odds of correct
classification if δDf for a sample fell within those
bounds (Fig. 3). Thus, a hypothetical bird with δDf =
−97‰ would be classified as a local bird based upon
4:1 odds (i.e. falls inside the bounds defining 80% of
the highest likelihoods expected for a bird growing a
feather at that locality), but would be considered an
immigrant based upon 2:1 odds (Fig. 3). Using odds
ratios allows us to set the risk we are willing to
assume, which may be dependent on a variety of
 factors (e.g. the status of the species of interest). To
demonstrate the differences these choices can make,
we examined a dataset of grassland passerines cap-
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Model K AICc ΔAICc wi

Long, CVprecip 4 299.5 0.0 0.87
Long 3 305.2 5.6 0.05
Long, Mean GS Temp 4 305.7 6.2 0.04
CVprecip 3 307.1 7.6 0.02
CVprecip, Mean GS Temp 4 307.7 8.1 0.01
Mean GS Temp 3 313.3 13.8 0.00
Null (intercept only) 2 315.8 16.3 0.00

Table 1. Summary of models developed to explain variables
that cause year-specific deviances in the weighted growing-
season precipitation δD (δDp−gs) from the δDp−gs predicted by
the isoscape of Bowen et al. (2005). All models are shown.
Data are from the Great Plains of North America (n = 39). K:
number of parameters; AICc: Akaike’s Information Criterion
adjusted for small sample size; ΔAICc: difference in AICc
units between respective model and best model; wi: Akaike
weight; Long: longitude; Mean GS Temp: mean growing-
season temperature; CVprecip: coefficient of variation within

precipitation

Year Year-specific δDp-gs Year-specific δDf

2002 −93 −108
2003 −107 −120
2004 −101 −115
2005 −99 −113
2006 −106 −119
2007 −105 −118
2008 −101 −115

Table 2. Year-specific weighted growing-season precipita-
tion δD (δDp-gs) and feather δD (δDf) values (‰) for Last
Mountain Lake, Saskatchewan, Canada. For all years, the
values based on Bowen et al. (2005) were −102 for δDp-gs

and −116 for δDf

Individual 1st 2nd Feather δDf Bowen et Year-
capture capture al. (2005) δDf specific δDf

SPPI A 2004 2005 R4 −112 −116 −115
SPPI B 2004 2005 P6 −112 −116 −115
SPPI B 2004 2005 R4 −118 −116 −115
SPPI C 2005 2006 R4 −111 −116 −113

Table 3. Anthus spragueii. Known-source Sprague’s pipits (SPPI) captured
at Last Mountain Lake, Saskatchewan, Canada between 2004 and 2006.
Feather δD (δDf)  values (‰) derived from Bowen et al. (2005) and calcu-
lated year-specific δDf values (‰) for Last Mountain Lake are presented
alongside the actual δDf values (‰) for each individual. R4 denotes fourth 

rectrix; P6 corresponds to the sixth primary feather
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tured in 2006 at LML (see ‘Feather sampling and
analysis’) and determined the number of individuals
assigned as local birds given different degrees of risk
(Table 4). For example, across all 222 birds sampled,
the proportion of immigrants ranged from ~39%
(86/222) at 2:1 odds to ~14% assuming 19:1 odds
(Table 4). Baird’s sparrow had a significant propor-
tion of the individ uals classified as immigrants into
the LML population, ranging from ~67% at 2:1 odds
(33/49), to a minimum of ~39% (19/49 birds) at 19:1
odds (Table 4). In comparison, the relatively common
savannah sparrows appear to be largely local birds,
with far fewer immigrants. We estimated that ~23%
(25/111) of the sampled savannah sparrows were

immigrants at 2:1 odds, compared to
only ~2% (2/111) immigrants assuming
19:1 odds (Table 4). In contrast, a rela-
tively high proportion of Sprague’s pip-
its were apparent im migrants into the
LML population; at 2:1 odds, ~45%
(28/62) of Sprague’s pipits were consid-
ered immigrants, com pared to ~15%
(9/62) at 19:1 odds (Table 4).

Assessing philopatry and immigra-
tion using long-term mean predictions
(based on a calibration of the Bowen et
al. 2005 surface) provided different re -
sults (Table 5) from those provided
by year-specific predictions (Table 4).
Across all species, and depending upon
choice of odds ratio, there was a 0 to
5% difference in the number of birds
classified as local versus immigrants
between the assessments made using
long-term predictions versus those made
using the year-specific prediction for

2006. The number of birds classified as local versus
immigrants using each approach differed by 0 to 8%
for Baird’s sparrow, 1 to 9% for savannah sparrow,
and 2 to 11% for Sprague’s pipit.

DISCUSSION

Inter-annual variation in δDp-gs

δDp-gs shows substantial inter-annual variation
(Wunder et al. 2005), particularly in the Great Plains
of North America, which experience highly variable
precipitation and temperature (Borchert 1950, Bryson
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Fig. 3. Normal probability density function (mean = −113, SD = 12.6) and
 example odds ratios for assigning individuals as ‘local’ or ‘immigrant’ birds
to Last Mountain Lake, Saskatchewan, Canada in 2006. The solid line shows

where a hypothetical bird (δDf = −97) falls within the distribution

Species Classification Odds ratio
2:1 3:1 4:1 9:1 19:1

All species (n = 222) Local 136 (61)0 161 (73)0 167 (75)0 181 (82)0 192 (86)0
Immigrant 86 (39) 61 (27) 55 (25) 41 (18) 30 (14)

BAIS (n = 49) Local 16 (33) 22 (45) 23 (47) 27 (55) 30 (61)
Immigrant 33 (67) 27 (55) 26 (53) 22 (45) 19 (39)

SAVS (n = 111) Local 86 (77) 97 (87) 101 (91)0 104 (94)0 109 (98)0
Immigrant 25 (23) 14 (13) 10 (9)0 7 (6) 2 (2)

SPPI (n = 62) Local 34 (55) 42 (68) 43 (69) 50 (81) 53 (85)
Immigrant 28 (45) 20 (32) 19 (31) 12 (19) 9 (15)

Table 4. Number of individuals classified as local or immigrant birds captured at Last Mountain Lake, Saskatchewan, Canada
in 2006 given various levels of acceptable risk comparing feather δD (δDf) against predicted δDf via year-specific adjustments
to calibration of the Bowen et al. (2005) surface (see ‘Materials and methods’). The odds of correctly assigning a bird as a local
breeder are 67% (2:1), 75% (3:1), 80% (4:1), 90% (9:1), and 95% (19:1). Numbers in parentheses represent proportions (%)
of individuals classified as local or immigrant birds. BAIS: Baird’s sparrow, SAVS: savannah sparrow, SPPI: Sprague’s pipit
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& Hare 1974). Our efforts suggest that there is mean-
ingful variation in δDp-gs that might be successfully
exploited to create year-specific estimates of δDp-gs.
The top model for deviations from the long-term pre-
dictions of the Bowen et al. (2005) isoscape included
the CV in precipitation which was included as a vari-
able on the assumption that it may act as a surrogate
variable for years in which convective-driven pre -
cipitation versus large system-driven precipitation
may dominate. Convectively generated precipitation
events are driven by evaporation (Bowen & West
2008), causing an overall enrichment of foodweb δD
values, which ultimately drives δDf. For example, a
low CV in δDp-gs could be experienced by either
 consistently hot, dry conditions or consistently cool,
wet conditions. However, it seems that in the Great
Plains, a low CV in δDp-gs was accompanied by lower
(compared to the long-term average) δDp-gs values,
and therefore we postulate that when precipitation
amount is fairly consistent through the growing sea-
son (low CV), the area experienced consistently cool,
wet conditions. Given this substantial inter-annual
variation, large variations in δDf between years are
likely as well, though perhaps not as drastic as in
precipitation due to attenuation of isotopic variance
at higher trophic levels (Bump et al. 2007). While the
isoscape of Bowen et al. (2005) provides accurate
estimates of long-term average δDp-gs at continental
scales, accounting for the variance in δDp-gs between
years may prove extremely useful. Year-to-year vari-
ance in δDp-gs can be substantial (Fig. 2), and an indi-
vidual could be incorrectly assigned due to discrep-
ancy between years if this variation is not considered.

By refining our best estimate of δDp-gs by both site
and year using the methods we have presented here,
we are one step closer to determining a more accu-
rate estimate of δDp-gs. An accurate estimate of δDp-gs,

coupled with a precise, locally derived, regression
equation with which to convert δDp-gs values to δDf

values, will allow more reliable estimates of the ori-
gin of an unknown-source individual given δDf. In
short, accounting for the year should improve the
ability to assign individuals to a location of origin.
This may require additional isotopic datasets such as
those provided by USNIP, historic literature, or indi-
vidual scientists; however, practitioners will benefit
from a soon to be released on-line isoscape calculator
(IsoMap) recently developed by Bowen and col-
leagues. While we currently lack a sufficient sample
of feathers from known-origin grassland birds from
across the Great Plains with which to fully test our
model, within this region, our analysis suggests that
deriving year-specific estimates of δDp-gs for sites of
interest may prove useful, and warrants further
 consideration. Greater effort should now be given to
acquiring more known-origin feathers and samples
of growing-season precipitation to test our model
and/or determine whether other models more accu-
rately predict year-specific isoscapes for δDf and δDp-gs.

Philopatry, immigration, and uncertainty in
assignments

Using our derived estimates of δDp-gs, we assessed
the likelihood that grassland birds sampled at LML
were immigrants versus locally produced birds show-
ing philopatry to LML. Our approach suggests that
depending on the species and odds ratio assumed, as
few as 2% of savannah sparrows and as many as 67%
of Baird’s sparrows may have been immigrants into
the local population. The estimated rates of immigra-
tion seem high, although they are consistent with
work by Jones et al. (2007) that  suggested low annual
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Species Classification Odds ratio
2:1 3:1 4:1 9:1 19:1

All species (n = 222) Local 147 (66)0 158 (71)0 164 (74)0 181 (82)0 189 (85)0
Immigrant 86 (349) 61 (29) 55 (26) 41 (18) 30 (15)

BAIS (n = 49) Local 20 (41) 22 (45) 23 (47) 24 (49) 27 (55)
Immigrant 29 (59) 27 (55) 26 (53) 25 (51) 22 (45)

SAVS (n = 111) Local 96 (86) 101 (91)0 104 (94)0 109 (98)0 110 (99)0
Immigrant 15 (14) 10 (9)0 7 (6) 2 (2) 1 (1)

SPPI (n = 62) Local 31 (50) 35 (56) 37 (60) 48 (77) 52 (84)
Immigrant 31 (50) 27 (44) 25 (40) 14 (23) 10 (16)

Table 5. Number of individuals classified as local or immigrant birds captured at Last Mountain Lake, Saskatchewan, in 2006
given various levels of acceptable risk when comparing feather δD (δDf) against predicted δDf via calibration of the Bowen et
al. (2005) surface (see ‘Materials and methods’). The odds of correctly assigning a bird as a local breeder are 67% (2:1), 75%
(3:1), 80% (4:1), 90% (9:1) and 95% (19:1). Numbers in parentheses represent the proportion (%) of individuals classified as 

local or immigrant. BAIS: Baird’s sparrow, SAVS: savannah sparrow, SPPI: Sprague’s pipit
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return rates based on mark− recapture (savannah
sparrow 5.4%, Baird’s sparrow 5.1%, Sprague’s pipit
2.1%). These low annual rates of return may be re-
lated to migratory nomadism which may have evolved
to deal with habitat instabilitity within the highly vari-
able prairie environment (Jones et al. 2007).

In addition to reducing the uncertainty in assigning
individuals to location of origin by accounting for
year-specific variation in δDp-gs, some uncertainty
in assignment using isoscapes will always remain.
Thus, careful consideration of the risk we are willing
to accept in our assignment of individuals to origin
should be made. In many cases, accepting 2:1 odds
of correctly assigning a bird as a ‘local’ individual
would be appropriate (e.g. Hobson et al. 2009). How-
ever, in the case of managing species at risk, a more
precautionary approach may be necessary and the
choice of more conservative odds of correctly assign-
ing an individual to origin, or at least to ‘local’ or
 ‘immigrant’ categories, may be needed. A manager
might be more interested in reducing the risk of fail-
ing to categorize an individual as an immigrant when
it truly was an immigrant, and thus more liberal (e.g.
2:1) odds than conservative (19:1) odds might be pre-
ferred. This is analogous to balancing Type I versus
Type II statistical errors, and conservation biologists
and policy makers should pay careful attention to
which risks they must minimize, particularly when at-
tempting to conserve endangered species for which
statistical inference is notoriously difficult and the
consequences can be far more pressing and imme -
diate (Schultz 2008, Brosi & Biber 2009). Given the
expense of endangered species management and re-
covery efforts and the profound influence dispersal
can have on population persistence (Van Houtan et
al. 2010), careful assessment of assignment uncer-
tainty is necessary. All things being equal, sites with a
high percentage of immigrants will more likely be
sink habitats than those with a low percentage. Given
that expensive restoration of sink habitats may be a
viable option for species recovery, managers may
wish to use a more conservative odds ratio when de-
ciding whether a site should be considered a sink. In
addition, high rates of dispersal might preclude cer-
tain management options such as translocations (Van
Houtan et al. 2010). Thus, we feel that the odds ratio
approach we have demonstrated here provides a con-
venient tool allowing the effective communication of
research results to policy makers, who must make
 decisions at the level of risk which they are willing to
assume. A similar approach could also be taken in
presenting the results of population viability analyses
(PVA; i.e. assessing the odds that a population will

become locally extirpated or go extinct), thus requir-
ing managers to explicitly clarify the specified level of
risk they assume. How the choice of odds ratios in
classifying birds as ‘local’ versus ‘immigrants’ in -
fluences the results of PVA targeted at source−sink
populations warrants further study and will likely be
specific to  individual species/populations.

Comparison of the classifications to local versus
immigrant resulting from using long-term versus
year-specific predictions of δDf resulted in 0 to 11%
differences in the number of birds considered im -
migrants into the local population(s). This result
occurred despite the year-specific prediction (for
2006) being only 3‰ off the long-term mean predic-
tion. Given that the observed and model-predicted
inter-annual variation in δDp-gs can be as much as
20‰ off the long-term mean, larger differences in
classifications would have resulted had our test sam-
ple been collected in a  different year. Furthermore,
an 11% difference in the classifications for Sprague’s
pipit is likely large enough to be biologically relevant
for a threatened species. Thus, while our model for
year-specific departures from the long-term mean
δDp-gs, the model still requires further validation, we
suggest that assessing philopatry and immigration
against both year-specific and long-term predictions
are now needed. We recommend that until year-
 specific isoscapes are routinely available, attempts
should be made to  examine sensitivity in local versus
immigrant classifications resulting from employing
long-term versus year-specific iso scape predictions.
Sensitivity analyses could be employed either by
modeling efforts such as that applied here, or via the
use of multiple samples of  known-origin feathers col-
lected over multiple years.

Consistent with the low annual return rates re -
ported by Jones et al. (2007), our results suggest very
high rates of dispersal in grassland birds in the north-
ern Great Plains. If these results hold as a generality,
they suggest that grassland bird populations are
likely dominated by meta-population dynamics via
dispersal. The continued loss of native grassland
habitats (Stephens et al. 2008), and recent work sug-
gesting that planted grasslands may represent popu-
lation sinks for some species relative to native grass-
lands (Fisher & Davis 2011), both suggest that
conserving native grasslands should be given prior-
ity. However, high rates of dispersal suggest that
management should be considered at broad spatial
scales, and maintaining high quality grassland habi-
tat across the entire species range may be more cru-
cial to maintaining grassland bird populations than
attempts at managing local populations.
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CONCLUSION

Assessing uncertainty and applying risk manage-
ment are important steps in avian conservation, par-
ticularly for rare species. We have presented spatially
explicit tools and concepts that should decrease
uncertainties in assignment of individuals to origin
due to inter-annual variation in the δDp-gs. These con-
cepts provide an improvement over relying solely on
long-term δDp-gs averages such as the isoscape of
Bowen et al. (2005). Future research involving the
assignment of individuals to origins based on their
δDf values should consider applying year-specific
corrections of the Bowen et al. (2005) isoscape or cus-
tomized generation of year-specific isoscapes using
tools such as IsoMap to provide improved assign-
ments to origin. In addition, when applying this tech-
nique to species at risk, care should be taken in
choosing an acceptable level of risk associated with
the assignment of individuals to origin, and any
 subsequent management actions should be made
acknowledging this uncertainty.

Acknowledgements. Financial support was provided in part
by Saskatchewan Environment, Environment Canada, The
Natural Science and Engineering Research Council of
Canada (NSERC; grants to K.A.H.), and the University of
Saskatchewan. We thank L. Wassenaar for providing δDp

measurements and assistance in obtaining δDp values from
additional stations. S. Davis provided important logistical
help and discussion. The USNIP program has been sup-
ported in part by the Earth System History program at the
National Science Foundation awarded to J.M.W. (0080952)
and the Environment and Natural Resources Institute at the
University of Alaska Anchorage. All work was done under,
and complied with, the provisions of a scientific permit
issued by the Canadian Wildlife Service (CWS98-S004) and
received ethical review and approval by the University of
Saskatchewan Animal Care Committee (protocol 20060013).
We thank R. Inger and 2 anonymous reviewers for com-
ments that greatly improved our manuscript.

LITERATURE CITED

Borchert JR (1950) The climate of the central North Ameri-
can grassland. Ann Assoc Am Geogr 40:1−39

Bowen GJ (2008) Spatial analysis of the intra-annual varia-
tion of precipitation isotope ratios and its climatological
corollaries. J Geophys Res 113:D05113, doi:10.1029/2007
JD009295

Bowen GJ, West JB (2008) Isotope landscape for terrestrial
migration research. In: Hobson KA, Wassenaar LI (eds)
Tracking animal migration using stable isotopes. Acade-
mic Press, London, p 79–105

Bowen GJ, Wassenaar LI, Hobson KA (2005) Global applica-
tion of stable hydrogen and oxygen isotopes to wildlife
forensics. Oecologia 143:337−348

Brewster K (2009) Role of landscape composition and geo-

graphical location on breeding philopatry in grassland
passerines: a stable isotope approach. MSc dissertation,
University of Saskatchewan, Saskatoon

Brosi BJ, Biber EG (2009) Statistical inference, type II error,
and decision making under the US Endangered Species
Act. Front Ecol Environ 7:487−494

Bryson RA, Hare FK (eds) (1974) Climates of North America.
World survey of climatology, Vol 11. Elsevier, New York,
NY

Bump JK, Fox-Dobbs K, Bada JL, Koch PL, Peterson RO,
Vucetich JA (2007) Stable isotopes, ecological integra-
tion and environmental change: wolves record atmo -
spheric carbon isotope trend better than tree rings. Proc
Biol Sci 274:2471−2480

Burnham KP, Anderson DR (2002) Model selection and
 multimodel inference: a practical information-theoretic
approach, 2nd edn. Springer-Verlag, New York, NY

Clark RG, Hobson KA, Wassenaar LI (2006) Geographic
variation in the isotopic (δD, δ13C, δ15N, δ34S) composition
of feathers and claws from lesser scaup and northern
 pintail: implications for studies of migratory connectivity.
Can J Zool 84:1395−1401

Dansgaard W (1964) Stable isotopes in precipitation. Tellus
16:436−468

Davis SK, Duncan DC (1999) Grassland songbird occurrence
in native and crested wheatgrass pastures of southern
Saskatchewan. Stud Avian Biol 19:211−218

Dias PC (1996) Sources and sinks in population biology.
Trends Ecol Evol 11:326−330

Environment Canada (2005) Canadian climate data online.
Available at: www.climate.weatheroffice.ec.gc.ca/climate
Data/canada_e.html (accessed 15 October 2008)

Environment Canada (2008) Recovery strategy for the
Sprague’s pipit (Anthus spragueii) in Canada. Species at
Risk Act Recovery Strategy Series. Environment Canada,
Ottawa, ON

Farmer A, Cade BS, Torres-Dowdall J (2008) Fundamental
limits to the accuracy of deuterium isotopes for identi -
fying the spatial origin of migratory animals. Oecologia
158:183−192

Fisher RJ, Davis SK (2011) Post-fledging dispersal, habitat
use, and survival of Sprague’s pipits: Are planted grass-
lands a good substitute for native? Biol Conserv 144:
263−271

Green MT, Lowther PE, Jones SL, Davis SK, Dale BC (2002)
Baird’s sparrow (Ammodramus bairdii). In: Poole A (ed)
The birds of North America online. Available at http://
bna.birds.cornell.edu/bna/species/638 doi:10.2173/ bna.
638 (accessed 23 February 2009)

Gregory R, Long G (2009) Using structured decision making
to help implement a precautionary approach to endan-
gered species management. Risk Anal 29:518−532

Harwood J (2000) Risk assessment and decision analysis in
conservation. Biol Conserv 95:219−226

Hobson KA (1999) Tracing origins and migration of wildlife
using stable isotopes: a review. Oecologia 120:314−326

Hobson KA (2005) Using stable isotopes to trace long-dis-
tance dispersal in birds and other taxa. Divers Distrib
11:157−164

Hobson KA (2008) Applying isotopic methods to tracking
animal movements. In: Hobson KA, Wassenaar LI (eds)
Tracking animal migration using stable isotopes. Acade-
mic Press, London, p 45−78 

Hobson KA, Wassenaar LI (1997) Linking breeding and win-
tering grounds of neotropical migrant songbirds using

27



Endang Species Res 16: 17–29, 2012

stable hydrogen isotopic analysis of feathers. Oecologia
109:142−148

Hobson KA, Wassenaar LI (eds) (2008) Tracking animal
migration using stable isotopes. Academic Press, London

Hobson KA, Wassenaar LI, Bayne E (2004) Using isotopic
variance to detect long-distance dispersal and philopatry
in birds: an example with ovenbirds and American red-
starts. Condor 106:732−743

Hobson KA, Van Wilgenburg S, Wassenaar LI, Hands H,
Johnson WP, O’Meilia M, Taylor P (2006) Using stable
hydrogen isotope analysis of feathers to delineate origins
of harvested sandhill cranes in the central flyway of
North America. Waterbirds 29:137−147

Hobson KA, Van Wilgenburg S, Wassenaar LI, Moore F,
 Farrington J (2007) Estimating origins of three species of
neotropical migrant songbirds at a Gulf Coast stopover
site: combining stable isotope and GIS tools. Condor
109:256−267

Hobson KA, Wunder MB, Van Wilgenburg SL, Clark RG,
Wassenaar LI (2009) A method for investigating popula-
tion declines of migratory birds using stable isotopes: ori-
gins of harvested lesser scaup in North America. PLoS
One 4:e7915

Hobson KA, Barnett-Johnson R, Cerling T (2010) Using
isoscapes to track animal migration. In: Bowen GJ, West
J, Tu K, Dawson T (eds) Isoscapes: isotope mapping
and its applications. Springer-Verlag, New York, NY,
p 273–298

Hoffmann M, Angulo A, Böhm M, Brooks TM and others
(2010) The impact of conservation on the status of the
world’s vertebrates. Science 330:1503−1509

Inger R, Bearhop S (2008) Applications of stable isotope
analyses to avian ecology. Ibis 150:447−461

Jones SL, Dieni JS, Green MT, Gouse PJ (2007) Annual
return rates of breeding grassland songbirds. Wilson J
Ornithol 119:89−94

Kriebel D, Tickner J, Epstein P, Lemons J and others (2001)
The precautionary principle in environmental science.
Environ Health Perspect 109:871−876

Liu Z, Bowen GJ, Welker JM (2010) Atmospheric circulation
is reflected in precipitation isotope gradients over the
conterminous United States. J Geophys Res 115:D22120,
doi:10.1029/2010JD014175

Lott CA, Smith JP (2006) A geographic-information-system
approach to estimating the origin of migratory raptors in
North America using stable hydrogen isotope ratios in
feathers. Auk 123:822−835

McMaster DG, Davis SK (2001) An evaluation of Canada’s
permanent cover program: habitat for grassland birds?
J Field Ornithol 72:195−210

Mengel RM (1970) The North American central plains as an
isolating agent in bird speciation. In: Dort W, Jones JK
(eds) Pleistocene and recent environments of the central
Great Plains. University of Kansas Press, Lawrence, KS,
p 280–340

Paxton KL, Van Riper C III, Theimer TC, Paxton EH (2007)
Spatial and temporal migration patterns of Wilson’s war-
bler (Wilsonia pusilla) in the southwest as revealed by
stable isotopes. Auk 124:162−175

Pulliam HR (1988) Sources, sinks, and population regula-
tion. Am Nat 132:652−661

Pyle P (1997) Identification guide to North American birds,
Part 1. Slate Creek Press, Bolinas, CA

Regan HM, Ben-Haim Y, Langford B, Wilson WG, Lundberg
P, Andelman SJ, Burgman MA (2005) Robust decision-

making under severe uncertainty for conservation man-
agement. Ecol Appl 15:1471−1477

Robbins MB, Dale BC (1999) Sprague’s pipit (Anthus spra -
gueii). In: Poole A (ed) The birds of North America online.
Available at http://bna.birds.cornell.edu/bna/ species/ 439
doi: 10.2173/bna.439 (accessed 23 February 2009) 

Sala OE, Lauenroth WK (1982) Small rainfall events: an eco-
logical role in semiarid regions. Oecologia 53:301−304

Schultz C (2008) Responding to scientific uncertainty in U.S.
forest policy. Environ Sci Policy 11:253−271

Smith AD, Lott CA, Smith JP, Donohue KC, Wittenberg S,
Smith KG, Goodrich L (2009a) Deuterium measurements
of raptor feathers: Does a lack of reproducibility compro-
mise geographic assignment? Auk 126:41−46

Smith AD, Lott CA, Smith JP, Donohue KC, Wittenberg S,
Smith KG, Goodrich L (2009b) Poor reproducibility and
inference in hydrogen-stable-isotope studies of avian
movement: a reply to Wunder et al. 2009. Auk 126:
926–931. 

Stephens SE, Walker JA, Blunck DR, Jayaraman A, Naugle
DE, Ringelman JK, Smith AJ (2008) Predicting risk
of habitat conversion in native temperate grasslands.
Conserv Biol 22:1320−1330

Tittler R, Fahrig L, Villard MA (2006) Evidence of large-
scale source−sink dynamics and long-distance dispersal
among wood thrush populations. Ecology 87:3029−3036

Vachon RW, Welker JM, White JWC, Vaughn BH (2010)
Monthly precipitation isoscapes (δ18O) of the United
States: connections with surface temperatures, moisture
source conditions, and air mass trajectories. J Geophys
Res 115:D21126, doi:10.1029/2010JD014105

Van Houtan KS, Bass OL, Lockwood J, Pimm SL (2010)
Importance of estimating dispersal for endangered spe-
cies management. Conserv Lett 3:260−266

Van Wilgenburg SL, Hobson KA (2011) Combining stable-
isotope (δD) and band recovery data to improve proba-
bilistic assignment of migratory birds to origin. Ecol Appl
21:1340−1351

Wassenaar LI, Hobson KA (2000) Stable-carbon and hydro-
gen isotope ratios reveal breeding origins of red-winged
blackbirds. Ecol Appl 10:911−916

Wassenaar LI, Hobson KA (2003) Comparative equilibra-
tion and online technique for determination of non-
exchangeable hydrogen of keratins for use in animal
migration studies. Isot Environ Health Stud 39:211−217

Wassenaar LI, Hobson KA (2006) Stable-hydrogen isotope
heterogeneity in keratinous materials: mass spectrome-
try and migratory wildlife tissue subsampling strategies.
Rapid Commun Mass Spectrom 20:2505−2510

Watkinson AR, Sutherland WJ (1995) Sources, sinks and
pseudo-sinks. J Anim Ecol 64:126−130

Webster MS, Marra PP, Haig SM, Bensch S, Holmes RT
(2000) Links between worlds: unraveling migratory con-
nectivity. Trends Ecol Evol 17:76−83

Welker JM (2000) Isotopic (δ18O) characteristics of weekly
precipitation collected across the United States: an initial
analysis with application to water source studies. Hydrol
Process 14:1449−1464

West JB, Bowen GJ, Dawson TE, Tu KE (eds) (2010) Iso -
scapes: understanding movement, pattern, and process
on Earth through isotope mapping. Springer, New York,
NY

Western Regional Climate Center (2008) Historical climate
information. Available at www.wrcc.dri.edu/ (accessed
15 October 2008) 

28



Van Wilgenburg et al.: Improving dispersal estimates with isotopes

Wheelwright NT, Rising JD (1993) Savannah sparrow
(Passerculus sandwichensis). In: Poole A (ed) The birds
of North America online. http://bna.birds.cornell.edu/
bna/species/ 045 doi:10.2173/bna.45 (accessed 23 Febru-
ary 2009) 

Wunder MB (2010) Using isoscapes to model probability
surfaces for determining geographic origins. In: West
JB, Bowen GJ, Dawson TE, Tu KE (eds) Isoscapes:
understanding movement, pattern, and process on Earth
through isotope mapping. Springer, New York, NY,
p 251−270 

Wunder MB, Norris DR (2008) Applying isotopic methods to
tracking animal movements. In: Hobson KA, Wassenaar
LI (eds) Tracking animal migration using stable isotopes.
Academic Press, London, p 107–128

Wunder MB, Kester CL, Knopf FL, Rye RO (2005) A test of
geographic assignment using isotope tracers in feathers
of known origin. Oecologia 144:607−617

Wunder M, Hobson KA, Kelly J, Marra P, Wassenaar LI,
Stricker C, Doucette R (2009) Does a lack of design and
repeatability compromise scientific criticism? A response
to Smith et al. (2009). Auk 126:922−926

29

Editorial responsibility: Brendan Godley, 
University of Exeter, Cornwall Campus, UK

Submitted: March 15, 2011; Accepted: September 11, 2011
Proofs received from author(s): November 25, 2011


	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite28: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 
	cite33: 
	cite34: 
	cite35: 
	cite36: 
	cite37: 
	cite38: 
	cite39: 
	cite40: 
	cite41: 
	cite42: 
	cite43: 
	cite44: 
	cite45: 
	cite46: 
	cite47: 
	cite48: 
	cite49: 
	cite50: 
	cite51: 
	cite52: 
	cite54: 
	cite55: 
	cite56: 
	cite57: 


