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Abstract.—Chickaloon Flats, Kenai National Wildlife Refuge, is an 11,000-ha tidal mudflat complex in upper 
Cook Inlet, Alaska. One-third (23 of 70) of Alaskan shorebird species use this protected coastal estuary stopover 
during migration. We conducted an isotopic approach to estimate probable breeding, staging and/or non-breed-
ing origins of six shorebird species, some of high conservation concern, using Chickaloon during spring and fall 
migration of 2009 and 2010. We analyzed stable-hydrogen (d2H), carbon (d13C), and nitrogen (d15N) isotope ratios 
from feathers and performed a likelihood-based assignment to infer North and South American origins. Estimated 
molting distributions for Greater Yellowlegs (Tringa melanoleuca) occurred in southwest Alaska, and south-central 
Alaska for Short-billed Dowitcher (Limnodromus griseus caurinus). Lesser Yellowlegs (Tringa flavipes) likely molted 
in western Alaska and a latitudinal band across Canada and wintered throughout the contiguous United States. 
Least Sandpipers (Calidris minutilla) wintered from Oregon and south in North America but showed an isotopically 
similar possibility in Ecuador, Colombia, and Venezuela. Long-billed Dowitchers (Limnodromus scolopaceus) molted 
primaries across western United States and Canada. Pectoral Sandpipers (Calidris melanotos) likely molted near Rio 
de La Plata in southeastern South America. These results highlight the overall value of Chickaloon Flats as a stop-
over for long-distance shorebird migrants. Received 29 Mar 2022, accepted 7 Aug 2023.

Key words.—Alaska estuary, deuterium, Kenai National Wildlife Refuge, migratory stopovers, shorebird migra-
tion, stable isotope
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Determining the locations used by migra-
tory birds throughout their annual cycle is 
increasingly important to developing conser-
vation strategies (Hobson 1999; Hebert and 
Wassenaar 2005; Webster and Marra 2005). 
For long-distance migrants such as shorebirds, 
strategic stopovers rich in food are imperative 
for successful migration and subsequent nest-
ing success (Castro and Myers 1993; Atkinson 
et al. 2005; Yerkes et al. 2008). Understanding 
movements within and among landscapes is 
crucial to better recognize and identify critical 
habitats needing protection (Alaska Shorebird 
Group 2019). Our knowledge of avian migra-
tory movement patterns is incomplete, par-
ticularly with respect to discrete stopover sites. 
Therefore, identifying high-quality stopover 
sites along migration corridors aids local habi-
tat conservation and management (Rocque et 
al. 2006; Hobson and Wassenaar 2008; Alaska 
Shorebird Group 2019).

The Kenai National Wildlife Refuge (Ke-
nai NWR), located in south-central Alaska, is 
qualitatively known as an important migrato-
ry stopover and breeding grounds for many 
shorebird species. The geographic location 
and restrictive topography of the region 
create a corridor (Isleib 1979) where birds 
pass through during spring and fall migra-
tion. Of the 77 shorebird species recorded 
in Alaska, there are 37 common shorebird 
breeding species (Alaska Shorebird Group 
2019). Almost two-thirds (23 of 37) of those 
species use Chickaloon Flats during spring 
and/or fall migration (Ulman 2012).

The use of intrinsic markers such as sta-
ble isotopes is a valuable tool to determine 
feather molt origins in shorebirds (Torres-
Dowdall et al. 2009; Franks et al. 2012; Catry 
et al. 2016; Reed et al. 2018; Schmaltz et al. 
2018). Metabolically inert tissues, such as 
feathers, maintain a signature corresponding 
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to what was eaten during the relatively short 
period of synthesis (Rubenstein and Hobson 
2004; Hobson and Wassenaar 2008; Wunder 
2012) and can be used to infer origins of 
feather molt (Hobson 1999; Caccamise et al. 
2000; Rocque et al. 2006), but see Larson and 
Hobson (2009). This allows individuals to be 
sampled in one season (i.e., breeding) to es-
timate geographic origin of feather growth 
during another season (i.e., non-breeding). 
A combination of values from three stable 
isotopes (d2H, d13C, and d15N) can be used 
to infer feather molt origin on a broad geo-
graphic scale because predictable patterns of 
d2H occur in precipitation on a continental 
scale and d13C and d15N are used to deter-
mine if the feather was grown in a terrestrial 
versus marine environment. Assignment of 
geographic origin based on d2H can be com-
promised if birds forage on marine resources 
during feather growth, therefore, using d13C 
and d15N values to exclude samples with po-
tential marine input improves the analyses 
(Yerkes et. al 2008; Ashley et al. 2010).

Our objective was to use stable isotope 
(d2H, d13C, and d15N) analyses to deter-
mine broad spatial scale breeding and non-
breeding molting origin of migrating shore-
birds using Chickaloon Flats as a stopover 
site during both spring and fall (Quimby 
1972). We chose six species which were rela-
tively abundant based on ground surveys of 
Chickaloon Flats during 2009–2010 (Ulman 
2012): Greater Yellowlegs (Tringa melanoleu-
ca), Lesser Yellowlegs (Tringa flavipes), Least 
Sandpiper (Calidris minutilla), Short-billed 
Dowitcher (Limnodromus griseus caurinus), 
Long-billed Dowitcher (Limnodromus scolopa-
ceus), and Pectoral Sandpipers (Calidris mela-
notos). Four of these species are considered 
either of high (Lesser Yellowlegs, Short-billed 
Dowitcher, Pectoral Sandpiper) or moderate 
(Long-billed Dowitcher) conservation con-
cern by the Alaska Shorebird Group (2019). 
Lesser Yellowlegs and Pectoral Sandpipers 
have shown a substantial decrease in popula-
tion trend, while Short-billed Dowitcher has 
a moderate decrease or decrease suspected 
(Alaska Shorebird Group 2019), and all three 
species are on the North American Bird Con-
servation Initiative watch list (NABCI 2016).

methodS

Study Area

Chickaloon Flats (60°53ʹ57.10ʺN, 150° 4ʹ44.05ʺW), 
located in upper Cook Inlet on the Kenai Peninsula 
(Fig. 1), is a relatively small, protected coastal estuary 
stopover site along the Pacific Flyway compared to oth-
er Alaskan estuaries. However, it represents 7% of the 
total estuarine intertidal area of Cook Inlet and Prince 
William Sound, the two water bodies that surround 
the peninsula. From a coastal migration perspective, 
Chickaloon Flats is strategically located on Turnagain 
Arm, the fjord that separates the peninsula and adja-
cent mainland. Tidal range in this area is 9.2 m, second 
greatest in the world behind the Bay of Fundy (11.7 m) 
(Mulherin et al. 2001). The area of vegetation within 
the mudflat is 6,894 ha (10,974 ha including mud) at 
high tide and entails about 1% of the 773,759 ha Ke-
nai NWR. The estuary supports a diverse but low abun-
dance of birds during migration and breeding periods.

Feather Sampling

During the spring and fall migration periods of 
2009 and 2010 (25 April–9 June and June 30–August 
1), we captured shorebirds primarily with drop nets 
(Doherty 2009) at various sites across the study area, 
primarily in tidally influenced areas with mud and low 
vegetation. We sampled the first primary feather from 
every individual. We aged birds as hatch-year (HY) vs. 
after hatch year (AHY) using species specific molt and 
plumage criteria (Pyle 2008). We used the tertials, scap-
ulars, back feathers and central rectrices to differenti-
ate Short-billed Dowitchers and Long-billed Dowitchers 
(Pyle 2008). We assumed primary feathers from adult 
Long-billed Dowitchers were grown at a molt-migration 
location (Putnam 2005; Barbaree et al. 2016). For all 
other species, we assumed that primary feathers from 
HY birds represent breeding origin and those from 
AHY birds represent non-breeding origins.

Stable Isotope Analyses

To clean the feathers, we followed a standard two-
step method using both detergent and a 2:1 chloro-
form and methanol solution (Partitte and Kelly 2009). 
We sampled from the same location on each feather 
(Smith et al. 2009) and excluded the rachis (Wassenaar 
and Hobson 2006). Feather material was weighed (13C 
and 15N: 1.1 ± 0.2 mg, d2H: 350 mg ± 10 mg) and en-
closed in a tin (13C and 15N; 5 x 9 mm) or silver (d2H; 
5 x 3.5 mm) capsule (Costech Analytical Technologies 
Inc., Valencia, CA).

Carbon and nitrogen isotopic analyses were con-
ducted at both the U.S. Environmental Protection 
Agency Atlantic Ecology Division Laboratory and Colo-
rado Plateau Stable Isotope Laboratory. Analysis at the 
former laboratory was done using a Carlo-Erba NA 1500 
Series II Elemental Analyzer (Carlo Erba Instruments, 
Milan, Italy) interfaced to a Micromass Optima Mass 
Spectrometer (Micromass, Manchester, U.K.). Samples 
were combusted (1020°C, chromic oxide catalyst) 
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sending CO2 and N2 to the mass spectrometer for the 
measurement of carbon and nitrogen isotope ratios, re-
spectively. Two internal laboratory reference standards 
(dogfish muscle) were used for every 10 unknowns in 
sequence. The internal standard had a running average 
13C and 15N measurement precision (standard devia-
tion) of ± 0.17‰ and ± 0.16‰, respectively. Based on 
the assessment of the reproducibility of tissue sampled 
13C and 15N measurements in this study, and propa-
gating the measurement precision of the internal stan-
dard, reported tissue 13C and 15N measurements had 
measurement precisions of ± 1.00‰ and ± 0.41‰, 
respectively. Carbon and nitrogen stable isotope analy-
sis at the Colorado Plateau Stable Isotope Laboratory 
was performed using a Carlo Erba NC2100 Elemental 
Analyzer (Carlo Erba Instruments, Milan, Italy) inter-
faced to a Thermo Electron Delta Plus Advantage stable 
isotope ratio mass spectrometer (Thermo Scientific, 
Waltham, MA). An internal laboratory standard (NIST 
1547 - peach leaves) was used for every 10 unknowns 
in sequence. The internal standard has a running av-
erage 13C and 15N measurement precision (standard 

deviation) of ± 0.10‰ and ± 0.20‰, respectively. 13C 
values were normalized on the VPDB scale using IAEA-
CH6 (−10.45‰) and IAEA-CH7 (−32.15‰). 15N val-
ues were normalized on the AIR scale using IAEA-N1 
(0.43‰) and IAEA-N2 (20.41‰).

Hydrogen stable isotope analysis was performed 
only at the Colorado Plateau Stable Isotope Laboratory 
using a Thermal Conversion Elemental Analyzer (TC/
EA) interfaced with a Thermo Electron Delta Plus XL 
stable isotope ratio mass spectrometer (Thermo Scien-
tific, Waltham, MA). Stable-hydrogen isotope measure-
ments were performed on H2 from high temperature 
(1400°C) flash pyrolysis. Samples were analyzed us-
ing a comparative equilibrium approach with three 
calibrated keratin laboratory reference materials. The 
standards analyzed included: Spectrum Chemical kera-
tin (2H = −117.5‰), Bowhead Whale baleen (2H = 
−108‰), and Cow hoof standard (2H = −187‰), 
and resulted in accurate and precise (± SD) values of ± 
2.2‰ (n = 18), ± 1.9‰ (n = 6), and ± 2.3‰ (n = 6), re-
spectively. The control keratin reference standards yield 
a long-term SD of ± 3‰.

Figure 1. Map of Chickaloon Flats, Kenai National Wildlife Refuge, Alaska (from Ulman et al. 2019). Estuarine 
intertidal zones of Cook Inlet and Prince William Sound derived from National Wetlands Inventory data (US Fish 
and Wildlife Service) and data from The National Map (USGS). Map displayed in the Alaska Albers Equal Area 
Conic projection (NAD83 datum).
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Statistical Analysis

Assignment of birds to terrestrial isoscapes based on 
2H can be compromised if birds forage on marine re-
sources during feather growth (Yerkes et al. 2008; Ashley 
et al. 2010). Therefore, we used data reported in Yerkes 
et al. (2008), to develop a model to predict the likelihood 
that a given bird in our sample had derived resource for 
feather growth from a terrestrial versus marine environ-
ment based on the observed 13C and 15N values of 
feathers. We used the reported means, standard deviation 
and sample sizes of 13C and 15N in feathers from terres-
trial versus marine environments reported in Yerkes et al. 
(2008) to simulate data with the same statistical properties. 
Specifically, for a given population, we generated random 
normal deviates using the means, standard deviations and 
sample sizes reported in Table 1 of Yerkes et al. (2008) as 
parameters for the simulations using the rnorm function in 
the R Statistical Computing Environment (R Core Team 
2019). This resulted in a database consisting of 440 ob-
servations for 13C and 369 observations for 15N. We 
subsequently limited the data to only those rows with com-
plete cases (i.e., data for both 13C and 15N), leaving 369 
observations. We then fit four competing general linear 
models to the data to model the probability that a feather 
was derived from a terrestrial (1) versus a marine (0) envi-
ronment. Specifically, we used a binomial regression with 
a logit link to model terrestrial versus marine origins using 
models including 13C and 15N as main effects, a model 
with an additive effect of 13C and 15N, and a model in-
cluding and interactive effect between 13C and 15N. We 
selected amongst competing models based on Akaike’s 
Information Criterion (AIC), selecting the model with the 
lowest AIC value as the most parsimonious (Burnham and 
Anderson 2002). The most parsimonious model was the 
interactive model, which was separated from the next best 
model by > 4 AIC units. Thus, we predicted the probability 
that a sample came from a terrestrial environment using 
the equation:

 = 
1    

(1)1+exp(–(–33.4 (SE 6.81)–1.82(SE 0.37)·13C + 1.30(SE 0.59) ·  

15N  + 0.08 (SE 0.08)·13C:15N)) 

where p = the probability of the feather having been 
grown in a terrestrial environment given the observed 
13C and 15N values measured in the feather. We subse-
quently only assigned birds to feather isoscapes based 
on 2Hf when there was ≥ 95% probability that the bird 
grew its feather in a terrestrial environment.

Calibration of Feather Isoscapes

We assigned feather samples to geographic origins us-
ing a spatially-explicit likelihood-based approach (Hobson 
et al. 2009; Wunder 2010; Van Wilgenburg et al. 2011). We 
began by first calibrating separate maps depicting pre-
dicted feather 2H for feathers grown at breeding or natal 
locations versus those grown over during the non-breed-
ing period. To this end, we used bootstrap regression to 
compare 2H data from known-origin feathers of Lesser 
Scaup (Aythya affinis; Clark et al. 2006) against predicted 

2H in precipitation from the amount weighted growing-
season 2H (hereafter 2HGSD) and the mean annual 2H 
(hereafter 2HMAD) precipitation isoscapes of Bowen et al. 
(2005) for breeding season and non-breeding season as-
signments respectively. In each case, we conducted 1000 
iterations in which n = 30 feathers were randomly selected 
and regressed against 2H in precipitation using general 
linear models. Our approach resulted in mean rescaling 
functions of 2Hf = −29.53 (SD = 14.35) + 0.94‰ (SD = 
0.12) * 2HGSD for feathers grown on the breeding grounds 
and 2Hf = −41.13 (SD = 16.69) + 0.72‰ (SD = 0.12) * 
2HMAD for feathers grown in the non-breeding period.

We applied the aforementioned mean rescaling func-
tions to rescale the 2HGSD and 2HMAD isoscapes (Bowen et 
al. 2005) into predicted 2Hf isoscapes for feathers grown 
during the breeding and non-breeding periods respec-
tively. In addition, we used the bootstrapping approach to 
derive spatially-explicit maps of predicted error (ec) asso-
ciated with the rescaled 2Hf isoscapes following Vander 
Zanden et al. (2014; hereafter: “error surface”). These 
error surfaces were created specifically to represent the 
error (measured in ‰) associated with a given cell (c) or 
pixel of the raster surface given variation in between indi-
viduals growing their feathers at the same location and er-
ror in the rescaling equations. We obtained this error sur-
face by taking the square root of the sum of the variation 
in parameter estimates of the rescaling functions (σ2

rescale) 
and mean of the regression residuals (σ2

individual). Variation 
in rescaling functions is given above, and σ2

individual was 
12.40‰ and 13.47‰ for the rescaled breeding and non-
breeding isoscapes, respectively.

Geographic Assignment of Origins

We first converted the long-term d2HGSD and d2HMAD 
isoscapes of Bowen et al. (2005) into d2Hf isoscapes for 
the breeding and non-breeding periods as explained 
above. We subsequently assessed the likelihood that a 
given cell of the calibrated feather isoscape represented 
the true origin for each feather sample (i.e., individual 
bird) using the following normal probability density 
function (hereafter PDF):

f(y*|µc, ec) = ( 1 )exp[ –
(y* – µc)

2

]     (2)
2e2       c 2e2       c

where f (y*|μc , ec) represents the probability that a given 
cell (c) is the potential origin for a sample individual 
(y*), given the predicted d2Hf value from our calibrated 
isoscape for that cell (µc) and the predicted error for 
that cell (ec).

reSUltS

We only assigned birds to feather 
isoscapes based on d2Hf when there was ≥ 
95% probability that the bird grew its feath-
er in a terrestrial environment given the ob-
served d13C and d15N values measured in the 
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feather. The number of individuals in each 
species excluded from further analysis for 
not meeting these criteria are listed below.

Of 66 Greater Yellowlegs for which we 
had primary feather samples, one had a low 
probability (P < 0.002) of having grown its 
feather in a terrestrial environment based on 
the isotopic composition of its feather (d13C 
= −12.7‰; d15N = 12.1‰) and was there-
fore excluded from further analysis. The re-
maining 65 HY Greater Yellowlegs captured 
on Chickaloon Flats during the fall period 
originated in southwestern Alaska (Fig. 2a). 
HY Greater Yellowlegs were also isotopically 
consistent with regions of southern British 
Columbia and a latitudinal band of the bo-
real forest from southern Alberta through to 
Labrador (Fig. 2a); however, western Alaska 
is a more parsimonious origin for birds cap-
tured at Chickaloon Flats.

Of the 32 Lesser Yellowlegs captured, 26 
were HY birds, all of which were included in 
analysis. The remaining six Lesser Yellowlegs 
captured were AHY birds. Of the six AHY 
birds, three were excluded from further 
analysis because they had < 95% likelihood 
(P = 0.02–0.87) of having grown their feath-

ers in a terrestrial/aquatic environment. 
Analyses of d2Hf in the first primary feathers 
of migrating HY Lesser Yellowlegs showed 
they were isotopically consistent with west-
ern Alaska and a band of boreal forest span-
ning British Columbia and north and east 
through to Manitoba and northwestern 
Ontario (Fig. 2b). However, the greatest 
proportion almost certainly originated in 
western Alaska from approximately Homer 
to Kotzebue Sound (Fig. 2b). Of the three 
AHY Lesser Yellowlegs assigned to their molt 
origins based on d2Hf, two likely grew their 
feathers in the northwestern portion of their 
non-breeding range, while one molted in 
southeastern United States (Fig. 2c).

Of the 15 AHY Least Sandpipers, we cap-
tured 12 during fall and 3 during spring mi-
gration. All three of the Least Sandpipers cap-
tured in spring and one in fall were excluded 
from analysis. The remaining 11 fall migrant 
Least Sandpipers likely wintered through-
out most of the nonbreeding range (Fig. 
2d), from Oregon and south to Durango in 
North America. An isotopically similar region 
through Ecuador, Colombia and Venezuela 
also represents a likely origin for these birds 

Figure 2. Probable origins of birds captured during migration on Chickaloon Flats, Kenai National Wildlife Refuge, 
Alaska, 2009-2010. Individuals were assigned geographic origins using a likelihood-based assignment based on deu-
terium (d2H) values of primary feathers, unless indicated. Map represents the sum of origin assignments across all 
birds (HY=hatch year, AHY=after hatch year). The red border shows the biologically plausible origins, indicated by 
species-specific breeding or non-breeding ranges (Birdlife International 2016) as appropriate given the molt tim-
ing of the species in question. a) Greater Yellowlegs (Tringa melanoleuca; n = 65 HY); b) Lesser Yellowlegs (Tringa 
flavipes; n = 26 HY); c) Lesser Yellowlegs (n = 3 AHY); d) Least Sandpiper (Calidris minutilla; n = 11 AHY); e) Short-
billed Dowitcher (Limnodromus griseus caurinus; n = 26 HY); f) Long-billed Dowitcher (Limnodromus scolopaceus; n = 8 
AHY); g) Long-billed Dowitcher (n = 3 AHY, tertial feathers); h) Pectoral Sandpiper (Calidris melanotos; n = 12 AHY).
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(Fig. 2d) and is consistent with South Ameri-
can observations through eBird (Sullivan et 
al. 2009) and the high-elevation Paramo eco-
system (Sevillano-Rios et al. 2020).

We sampled primary feathers from a to-
tal of 44 Short-billed Dowitchers, of which 
18 were AHY birds captured in spring and 
26 were HY birds captured in fall migration. 
All AHY birds were excluded from analysis as 
the likelihood of having grown in terrestrial/
aquatic environment was P < 0.17. In contrast, 
all HY birds had feather d13C and d15N values 
that suggested they were grown in a terrestri-
al/aquatic environment (all P > 0.99). Stable 
hydrogen isotope analyses of primary flight 
feathers of all 26 HY birds indicated that mi-
grant Short-billed Dowitchers likely originat-
ed from around the Kenai Peninsula and Ko-
diak Island in Alaska (Fig. 2e); however, they 
were also isotopically consistent with boreal 
regions of the Canadian prairie provinces 
though that region is an improbable origin 
given the location of Chickaloon Flats.

We captured 11 AHY Long-billed Dow-
itchers and sampled their primary feathers 
in spring (n = 8) and fall (n = 3), in addition 
to tertial feathers sampled during spring and 
fall migrations (two in each season). The 
tertial feather from one individual sampled 
during spring migration was excluded (P < 
0.07). Stable hydrogen isotope analyses in-
dicated that migrant Long-billed Dowitch-
ers molted primaries at a variety of possible 
stopovers across western United States and 
Canada (Fig. 2f). Tertial feathers were iso-
topically consistent with molt in southern 
California, Arizona, or New Mexico in addi-
tion to Baja California, Sonora, Chihuahua 
in Mexico and coastal regions of the over-
wintering range (Fig. 2g).

We sampled primary feathers from 23 
Pectoral Sandpipers during spring migra-
tion, and 11 were excluded. Assignment to 
molt origins of 12 Pectoral Sandpipers sug-
gested that they likely molted near the Rio 
de La Plata estuary or in the Uruguay or 
Paraná rivers or their tributaries (Fig. 2h), 
consistent with shorebird density and cen-
sus studies of these areas (Dias et al. 2014; 
Vizentin-Bugoni et al. 2015; Martínez-Curci 
and Isacch 2017).

diSCUSSion

Chickaloon Flats is an Alaskan estuary 
that supports a diversity of avian species with 
a range of migration pathways. Greater Yel-
lowlegs captured at Chickaloon Flats likely 
bred in southwest Alaska, and Short-billed 
Dowitcher in southcentral Alaska. Lesser 
Yellowlegs were likely breeding in western 
Alaska and a latitudinal band across Canada, 
and their wintering grounds were estimated 
throughout the Lower 48 United States. Con-
nors et al. (1979) found that shorebirds on 
Arctic coastal areas changed habitat use to-
ward the end of breeding season and moved 
from upland tundra breeding sites to coastal 
littoral staging areas. A similar post-breed-
ing shift in habitat use from vegetated to 
intertidal areas was observed on the Yukon-
Kuskokwim Delta (Gill and Handel 1990). 
Chickaloon may provide similar important 
post-breeding coastal staging and foraging 
habitats before the southward migration, as 
illustrated by probable breeding origins for 
Greater and Lesser Yellowlegs and Short-
billed Dowitcher (Figs. 2a, 2b, 2e).

Shorebirds from Chickaloon Flats used 
widespread non-breeding regions, which 
generally resemble those of highly productive 
coastal zones that hold major concentrations 
of shorebirds (Hötker et al. 1998; Butler et al. 
2001). Most of these highly productive areas 
harboring major concentrations of birds are 
recognized as Western Hemisphere Shore-
bird Reserve Network sites. We estimated 
non-breeding distributions for Least Sand-
pipers, Long-billed Dowitchers, and Pectoral 
Sandpipers. Least Sandpipers likely wintered 
from Oregon and south to Durango in North 
America but showed an isotopically similar 
possibility of wintering in Ecuador, Colom-
bia, and Venezuela in the Paramo ecosystem. 
Long-billed Dowitchers likely molted prima-
ries at a variety of possible stopovers across 
western United States and Canada. Pectoral 
Sandpipers suggested they likely molted near 
the Rio de La Plata estuary or in the Uruguay 
or Paraná rivers or their tributaries.

Our study provided new information on 
the L. g. caurinus population of Short-billed 
Dowitchers. While they are a common and 
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widespread coastal migrant, little is known of 
their migratory biology, particularly on the 
North American west coast (Jehl et al. 2001). 
Of the three subspecies, each with separate 
breeding grounds and migration routes, the 
estimated global breeding population of L. 
g. caurinus is 75,000 (Andres et al. 2012). L. 
g. caurinus is a subspecies of high conserva-
tion concern owing to its relatively restricted 
boreal and subarctic breeding distribution, 
small population size, potential nonbreeding 
habitat threats, and declines in other popula-
tions (Alaska Shorebird Group 2019).

Interpretation of isotope assignment for 
Alaska breeding birds is not without its chal-
lenges, as the isocapes are similar between 
Alaska and eastern parts of North American 
(Meehan et al. 2004; Bowen et al. 2005) and 
there is longitudinal ambiguity in the isotope 
assignment. Additionally, a reminder that the 
probabilistic assignment depictions demon-
strate that the pixels are consistent with what 
one would expect if birds molted in a loca-
tion, not necessarily that the birds actually 
molted there. Another consideration is that 
we used the calibration equation for Lesser 
Scaup (Hobson et al. 2009) as that represents 
the most appropriate calibration equation 
available because there are no guild-specific 
equations available for shorebirds.

Long-distance migrant shorebirds rely 
on stopover sites to move between breeding 
and non-breeding grounds. Maintaining a 
network of stopover sites along shorebird fly-
ways is important for shorebird conservation 
(Skagen and Knopf 1994a, 1994b; Farmer 
and Parent 1997; Xu et al. 2019), including a 
range of sizes from small (Skagen and Knopf 
1993) to large (Connors et al. 1979; Isleib 
1979). The importance of a stopover loca-
tion within a migration flyway (Isleib 1979) 
can also be critical to migrating birds. Many 
of the Nearctic shorebirds breeding in west-
ern Alaska use a narrow migration corridor 
that follows the coast, which also presents 
topographic and climatic obstacles (Isleib 
1979). Chickaloon Flats is in Upper Cook 
Inlet, nestled in Turnagain Arm, and may 
be more difficult for birds to access during 
northward migration because it is surround-
ed by the Kenai and Chugach Mountains. 

On the other hand, southeasterly winds from 
low pressure systems in the Gulf of Alaska 
during spring and fall are often funneled at 
high speeds through Turnagain Arm (Ager 
et al. 2010). Furthermore, Cook Inlet gen-
erally (Gill and Tibbitts 1999), and Chick-
aloon Flats specifically (Colwell 2010), pro-
vide high-latitude migratory birds with the 
last considerable area of predictable ice-free 
littoral habitat in the spring before reach-
ing their breeding grounds. Stopover sites 
support behaviors beyond the well known 
re-fueling needs of migratory birds such as 
recovering, sleeping, waiting, information 
gathering, and social interactions (Linscott 
and Senner 2021). Chickaloon Flats likely 
provides all of these services, but future work 
is needed to assess the relative importance of 
these functions at this site

aCKnoWledGmentS

Funding was provided by the Kenai National Wild-
life Refuge, U.S. Fish and Wildlife Service, University of 
Delaware, and a University of Delaware Research Foun-
dation grant. Thank you to T. Burke and T. Eskelin for 
avian expertise and guidance. Thanks to S.W. Ulman 
and volunteers for fieldwork assistance. Thanks to Ke-
nai National Wildlife Refuge staff for logistical help. 
Thanks to BirdLife International for species range 
maps. S. Jones and three anonymous reviewers provided 
helpful comments and revisions on earlier manuscript 
drafts. All applicable ethical guidelines for the use of 
birds in research have been followed, including those 
presented in the Ornithological Council’s “Guidelines 
to the Use of Wild Birds in Research”. All trapping and 
handling techniques were approved by the University 
of Delaware Animal Use and Care Committee (#1191). 
The findings and conclusions in this article are those of 
the authors and do not necessarily represent the views 
of any government agencies. Any use of trade, product, 
or firm names is for descriptive purposes only and does 
not imply endorsement by the U.S. government.

literatUre Cited

Ager T. A., P. E. Carrara and J. P. McGeehin. 2010. Eco-
system development in the Girdwood area, south-
central Alaska, following late Wisconsin glaciation. 
Canadian Journal of Earth Sciences 47: 971–985.

Alaska Shorebird Group. 2019. Alaska Shorebird Con-
servation Plan. Version III. Alaska Shorebird Group, 
Anchorage, AK, U.S.A.

Andres, B. A., P. A. Smith, R. G. Morrison, C. L. Gratto-
Trevor, S. C. Brown and C. A. Friis. 2012. Popula-
tion estimates of North American shorebirds, 2012. 
Wader Study Group Bull, 119: 178–194.

Downloaded From: https://bioone.org/journals/Waterbirds on 01 Dec 2023
Terms of Use: https://bioone.org/terms-of-use	Access provided by Environment Canada



54 WaterbirdS 46(1) – marCh 2023

Ashley, P., K. A. Hobson, S. L. Van Wilgenburg, N. North 
and S. A. Petrie. 2010. Linking Canadian harvested 
juvenile American Black Ducks to their natal areas 
using stable isotope (D, 13C, and 15N) methods. 
Avian Conservation and Ecology 5: 7.

Atkinson, P. W., A. J. Baker, R. M. Bevan, N. A. Clark, K. 
B. Cole, P. M. Gonzalez, J. Newton, L. J. Niles and 
R. A. Robinson. 2005. Unraveling the migration and 
moult strategies of a long-distance migrant using sta-
ble isotopes: Red Knot Calidris canutus movements 
in the Americas. Ibis 147: 738–749.

Barbaree, B. A., Reiter, M. E., Hickey, C. M. and G. W. 
Page. 2016. Molt migration and migratory connec-
tivity of the Long-billed Dowitcher. The Journal of 
Wildlife Management 80: 256–265.

BirdLife International and Handbook of the Birds of 
the World (2016) Bird species distribution maps of 
the world. Version 6.0. Available at http://datazone.
birdlife.org/species/requestdis

Bowen, G. J., L. I. Wassenaar and K. A. Hobson. 2005. 
Global application of stable hydrogen and oxygen 
isotopes to wildlife forensics. Oecologia 143: 337–
348.

Burnham, K. P. and D. R. Anderson. 2002. Model se-
lection and multimodel inference: a practical infor-
mation-thoeretic approach. Springer, New York, NY, 
U.S.A.

Butler, R. W., N. C. Davidson and R. I. G. Morrison. 
2001. Global-scale shorebird distribution in relation 
to productivity of near-shore ocean waters. Water-
birds 24: 224–232.

Caccamise, D. F., L. M. Reed, P. M. Castelli, S. Wain-
right and T. C. Nichols. 2000. Distinguishing migra-
tory and resident Canada Geese using stable iso-
tope analysis. Journal of Wildlife Management 64: 
1084–1091.

Castro G. and J. P. Myers. 1993. Shorebird predation on 
eggs of horseshoe crabs during spring stopover on 
Delaware Bay. Auk 110: 927–930.

Catry, T., P. M. Lourenço, R. J. Lopes, P. Bocher, C. 
Carneiro, J. A. Alves, P. Delaporte, S. Bearhop, T. 
Piersma and J. P. Granadeiro. 2016. Use of stable 
isotope fingerprints to assign wintering origin and 
trace shorebird movements along the East Atlantic 
Flyway. Basic and Applied Ecology 17:177–187.

Clark R. G., K. A. Hobson and L. I. Wassenaar. 2006. 
Geographic variation in isotopic (d13C, d15N, dD) 
composition of feathers and claws from Lesser 
Scaup and Northern Pintail: implications for studies 
of migratory connectivity. Canadian Journal of Zool-
ogy 84: 1395–1401.

Colwell, M. 2010. Shorebird ecology, conservation, and 
management, University of California Press, Berke-
ley and Los Angeles, CA, U.S.A.

Connors, P. G., J. P. Myers and F. A. Pitelka. 1979. Sea-
sonal habitat use by Arctic Alaskan shorebirds. Stud-
ies in Avian Biology 2: 101–111.

Dansgaard, W. 1964. Stable isotopes in precipitation. 
Tellus 16: 436–468.

Dias, R. A., D. E. Blanco, A. P. Goijman and M. E. Zac-
cagnini, 2014. Density, habitat use, and opportu-

nities for conservation of shorebirds in rice fields 
in southeastern South America. The Condor: Or-
nithological Applications 116: 384–393.

Doherty, J. P. 2009. A modern, portable drop net can 
safely capture a suite of shorebirds. Waterbirds 32: 
472–475.

Farmer, A. H. and A. H. Parent. 1997. Effects of the 
landscape on shorebird movements at spring mi-
gration stopovers. Condor 99: 698–707.

Franks, S. E., D. R. Norris, T. K. Kyser, G. Fernán-
dez, B. Schwarz, R. Carmona, M. A. Colwell, J. C. 
Sandoval, A. Dondua, H. R. Gates, B. Haase, D. J. 
Hodkinson, A. Jiménez, R. B. Lanctot, B. Ortego, 
B. K. Sandercock, F. Sanders, J. Y. Takekawa, N. 
Warnock, R. C. Ydenberg and D. B. Lank. 2012. 
Range-wide patterns of migratory connectivity in 
the Western Sandpiper Calidris mauri. Journal of 
Avian Biology 43: 155–167.

Gill Jr, R.E. and C. M. Handel. 1990. The importance 
of subarctic intertidal habitats to shorebirds: a 
study of the central Yukon-Kuskokwim Delta, Alas-
ka. Condor, 92: 709–725.

Gill Jr., R. E. and T. L. Tibbitts. 1999. Seasonal shore-
bird use of intertidal habitats in Cook Inlet, Alas-
ka. Final Unpublished Report. U.S. Department 
of the Interior, U.S. Geological Survey, Biological 
Resources Division and OCS Study, MMS 99-0012, 
Anchorage, AK, U.S.A.

Hebert, C. E. and L. I. Wassenaar. 2005. Feather 
stable isotopes in western North American wa-
terfowl: spatial patterns, underlying factors, and 
management implications. Wildlife Society Bulle-
tin 33: 92–102.

Hobson, K. A. 1999. Tracing origins and migration of 
wildlife using stable isotopes: a review. Oecologia 
120: 314–326.

Hobson, K. A. 2008. Applying isotopic methods to 
tracking animal migration. Pages 45-78 in Track-
ing Animal Migration with Stable Isotopes (K. 
A. Hobson and L. I. Wassenaar, Eds.). Academic 
Press, San Diego, CA, U.S.A.

Hobson, K. A., M. B. Wunder, S. L. Van Wilgenburg, 
R. G. Clark, and L. I. Wassenaar. 2009. A method 
for investigating population declines of migratory 
birds using stable isotopes: origins of harvested 
Lesser Scaup in North America. PLoS One 4:e7915.

Hötker, H., A. E. Lebedev, P. S. Tomkovich, A. J. Gro-
madzk, N. C. Davidson, J. Evans, D. A. Stroud and 
R. B. West. 1998. Migration and international con-
servation of waders: Research and conservation 
on north Asian, African, and European flyways. 
International Wader Studies 10: 1–526.

Isleib, M. E. 1979. Migratory shorebird populations 
on the Copper River Delta and eastern Prince 
William Sound, Alaska. Studies in Avian Biology 
2: 125–129.

Jehl, Jr., J. R., J. Klima and R. E. Harris. 2001. Short-
billed Dowitcher (Limnodromus griseus). No. 564 
in The Birds of North America Online (A. Poole, 
Ed.). Ithaca: Cornell Lab of Ornithology, Ithaca, 
NY, U.S.A.

Downloaded From: https://bioone.org/journals/Waterbirds on 01 Dec 2023
Terms of Use: https://bioone.org/terms-of-use	Access provided by Environment Canada



 Shorebird oriGinS and miGratory Stopover 55

Larson, K.W. and K. A. Hobson. 2009. Assignment to 
breeding and wintering grounds using stable iso-
topes: a comment on lessons learned by Rocque et 
al. Journal of Ornithology 150: 709–712.

Martínez-Curci, N. S. and J. P. Isacch. 2017. Shore-
bird population estimates using seasonal aerial 
and terrestrial surveys at Samborombón Bay, Ar-
gentina. Waterbirds 40: 363–376.

Meehan, T. D., J. T. Giermakowski and P. M. Cryan. 
2004. GIS-based model of stable hydrogen iso-
tope ratios in North American growing-season 
precipitation for use in animal movement studies. 
Isotopes in environmental and health studies 40: 
291–300.

Mulherin, N. D., W. B. Tucker III, O. P. Smith and 
W. J. Lee. 2001. Marine ice atlas for Cook Inlet, 
Alaska, Report SF298, Engineer Research and De-
velopment Center Cold Regions and Engineering 
Laboratory, Hanover, NH, U.S.A.

North American Bird Conservation Initiative. 2016. 
The State of North America’s Birds 2016. Environ-
ment and Climate Change Canada: Ottawa, On-
tario. 8 pages.

Partitte, J. M. and J. F. Kelly. 2009. Effect of cleaning 
regime on stable-isotope ratios of feathers in Japa-
nese Quail (Coturnix japonica). Auk 126: 165–174.

Putnam, C. G. 2005. A tale of two molt strategies: fall 
molts of adult dowitchers. Birding Magazine July–
August: 381–390.

Pyle, P. 2008. Identification Guide to North American 
Birds. P. 2. Slate Creek Press, Bolinas, CA, U.S.A.

Quimby, R. L. 1972. Waterbird habitat and use of 
Chickaloon Flats. M.S. Thesis, University of Alas-
ka, Fairbanks, AK, U.S.A.

Reed, E. T., K. J. Kardynal, J. A. Horrocks and K. A. 
Hobson. 2018. Shorebird hunting in Barbados: Us-
ing stable isotopes to link the harvest at a migratory 
stopover site with sources of production. Condor: 
Ornithological Applications 120: 357–370.

Rocque, D. A., M. Ben-David, R. P. Barry and K. 
Winker. 2006. Assigning birds to wintering and 
breeding grounds using stable isotopes: lessons 
from two feather generations among three inter-
continental migrants. Journal of Ornithology 147: 
395–404.

Rubenstein, D. R. and K. A. Hobson. 2004. From 
birds to butterflies: animal movement patterns 
and stable isotopes. Trends in Ecology and Evolu-
tion 19: 256–263.

Schmaltz, L. E., A. J. Loonstra, E. Wymenga, K. A. 
Hobson and T. Piersma. 2018. Quantifying the 
non-breeding provenance of staging Ruffs, Philo-
machus pugnax, using stable isotope analysis of 
different tissues. Journal of Ornithology 159: 
191–203.

Sevillano-Rios, C. S., A. D. Rodewald and L. V. Mo-
rales. 2020. Alpine Birds of South America. Ency-
clopedia of the World’s Biomes 1: 492–504.

Skagen, S. K. and F. L. Knopf. 1993. Toward conser-
vation of midcontinental shorebird migrations. 
Conservation Biology 7: 533–541.

Skagen, S. K. and F. L. Knopf. 1994a. Residency pat-
terns of migrating sandpipers at a midcontinental 
stopover. Condor 96: 949–958.

Skagen, S. K. and F. L. Knopf. 1994b. Migrating 
shorebirds and habitat dynamics at a prairie wet-
land complex. Wilson Bulletin 106: 91–105.

Smith, A. D., C. A. Lott, J. P. Smith, K. C. Donohue, 
S. Wittenberg, K. G. Smith and L. Goodrich. 2009. 
Deuterium measurements of raptor feathers: does 
a lack of reproducibility compromise geographic 
assignment? Auk 126: 41–46.

Sullivan, B. L., C. L. Wood, M. J. Iliff, R. E. Bonney, D. 
Fink and S. Kelling. 2009. eBird: a citizen-based 
bird observation network in the biological scienc-
es. Biological Conservation 142: 2282–2292.

Torres-Dowdall, J., A. H. Farmer, E. H. Bucher, R. O. 
Rye, and G. Landis. 2009. Population variation in 
isotopic composition of shorebird feathers: impli-
cations for determining molting grounds. Water-
birds 32: 300–310.

Ulman, S. E. G. 2012. Migratory shorebird and veg-
etation evaluation of Chickaloon Flats, Kenai Na-
tional Wildlife Refuge, Alaska. M.S. Thesis, Uni-
versity of Delaware, Newark, DE, U.S.A.

Ulman, S. E. G., C. K. Williams, J. M. Morton, T. 
L. DeLiberty and B. N. Ness. 2019. Vegetation 
change on an Alaska estuary after the 1964 
Great Alaska Earthquake. Northwest Science 93: 
16–29.

Vander Zanden, H. B., M. B. Wunder, K. A. Hobson, 
S. L. Van Wilgenburg, L. I. Wassenaar, J. M. Welk-
er and G. J. Bowen. 2014. Contrasting assignment 
of migratory organisms to geographic origins us-
ing long-term versus year-specific precipitation 
isotope maps. Methods in Ecology and Evolution 
5: 891–900.

Van Wilgenburg, S. L. and K. A. Hobson. 2011. Com-
bining stable-isotope (dD) and band recovery data 
to improve probabilistic assignment of migratory 
birds to origin. Ecological Applications 21: 1340–
1351.

Vizentin-Bugoni, J., F. P. Jacobs, M. A. A. Coimbra and 
R. A. Dias. 2015. Birds of the Reserva Biológica do 
Mato Grande and surroundings, Rio Grande do 
Sul, Brazil. Check List, 11(3), p.1641.

Wassenaar, L. I. and K. A. Hobson. 2006. Stable-hy-
drogen isotope heterogeneity in keratinous mate-
rials: mass spectrometry and migratory wildlife tis-
sue sampling strategies. Rapid Communications 
in Mass Spectrometry 20: 1–6.

Webster, M. S. and P. P. Marra. 2005. The importance 
of understanding migratory connectivity and sea-
sonal interactions. Pages 199-209 in Birds of Two 
Worlds: The Ecology and Evolution of Migration 
(R. Greenberg and P. P. Marra, Eds.). Johns Hop-
kins University, Baltimore, MD, U.S.A.

Wunder, M. B. 2010. Using isoscapes to model prob-
ability surfaces for determining geographic ori-
gins. Pp. 251-270 in G. J. Bowen, J. B. West, K. P. 
Tu, and T. E. Dawson (editors), Isoscapes: Un-
derstanding Movement, Pattern, and Process on 

Downloaded From: https://bioone.org/journals/Waterbirds on 01 Dec 2023
Terms of Use: https://bioone.org/terms-of-use	Access provided by Environment Canada



56 WaterbirdS 46(1) – marCh 2023

Earth through Isotope Mapping. Springer, Dor-
drecht, Netherlands.

Wunder, M. B. 2012. Determining geographic pat-
terns of migration and dispersal using stable 
isotopes in keratins. Journal of Mammalogy 93: 
360–367.

Xu, Y., Y. Si, Y. Wang, Y. Zhang, H. H. Prins, L. Cao 
and W. F. de Boer. 2019. Loss of functional con-

nectivity in migration networks induces popula-
tion decline in migratory birds. Ecological Appli-
cations 29: p.e01960.

Yerkes, T., K. A. Hobson, L. I. Wasserman, R. Macleod 
and J. M. Coluccy. 2008. Stable isotopes (dD, d13C, 
d15N) reveal associations among geographic loca-
tion and condition of Alaskan Northern Pintails. 
Journal of Wildlife Management 72: 715–725.

Downloaded From: https://bioone.org/journals/Waterbirds on 01 Dec 2023
Terms of Use: https://bioone.org/terms-of-use	Access provided by Environment Canada


