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Abstract 

Naturally occurring stable isotopes within animal tissues can provide intrinsic markers 

for predictable assignment to origin of migratory animals, without additional tracking 

devices. The use of feather stable-hydrogen isotopes (δ2Hf) in waterfowl research has 

been limited until recently and the opportunity to use stable isotopes in general to inform 

waterfowl management, particularly when assessing source origins and connectivity, is 

unrealized. Many of the current waterfowl monitoring programs (e.g., preseason banding) 

are spatially limited due to accessibility, but intrinsic markers provide a complementary 

method to estimate harvest source areas and evaluate biases. In my Ph.D. dissertation, 

across four data chapters, I used δ2Hf measurements to inform direct connections between 

harvest and source areas for harvested waterfowl in eastern North America, assessing and 

improving on the current methods. First, I used δ2Hf and stable-carbon isotope (δ13C) 

measurements to evaluate differences in the origin of harvested American Black Duck 

(Anas rubripes) across its range (Chapter 2). I found evidence supporting the flyover 

hypothesis, where American Black Duck harvested in Atlantic Canada showed 

predominantly southern (local) origins, while those harvested elsewhere originated 

farther north in the boreal. Second, I critically evaluated the current methods used to 

predict origins based on stable isotopes in waterfowl feathers (Chapter 3). Here I 

aggregated known-origin calibration data (δ2Hf vs. δ2Hp) and informed the best practices 

for assignment methods moving forward. Lastly, focusing specifically on leg-band 

returns and how they can be directly integrated into likelihood-based assignment, I 

explored spatiotemporal patterns in the natal source areas of waterfowl in eastern North 

America (Chapter 4) and critically evaluated the use of band returns as a prior probability 

of origin, directly comparing source areas derived from band returns and δ2Hf 

measurements (Chapter 5). I found evidence of flyway-specific natal sources with 

northward shifts later in the harvest period. When used as a prior probability of origin, 

band returns greatly refined derived source areas, despite their spatial bias. Together, 

these contributions address key conservation questions for species of conservation 

concern, inform best practices when using stable isotopes, and demonstrate the value of 

stable isotopes as a tool for waterfowl management.  
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Summary for Lay Audience 

Naturally occurring chemical markers stored within animal tissues can help us determine 

where migratory animals spend different parts of their life. For migratory ducks, these 

markers are useful when determining connections between areas where ducks breed or 

were raised and where they are hunted. These naturally occurring markers are beneficial 

because they do not require any initial capture or marking to gain information on a duck’s 

origin. Most often these connections are determined using metal leg bands. Banding only 

occurs in the south of Canada and across the continental United States because it is 

difficult to reach far northern areas, which may lead to errors when creating connections 

with breeding areas. In my research, I studied how we can use naturally occurring 

chemical markers in feathers to determine important breeding areas for hunted ducks. In 

Chapter 2, I investigated connections between breeding and hunting areas for a species of 

conservation concern, the American Black Duck. I found that American Black Duck 

hunted in Atlantic Canada bred in local areas. In all other hunting areas, ducks showed 

breeding areas in the northern forests of eastern Canada. In Chapter 3, I used feathers 

from ducklings raised in known lakes across North America and Europe to evaluate and 

improve the methods used to predict the chemical markers in duck feathers across the 

continent. In Chapter 4, I used leg bands to investigate how variable the connections 

between breeding and hunting areas are and how they change over the hunting season. I 

found that breeding areas matched hunting areas in the same flyway but hunted ducks had 

more northern breeding areas later in the hunting season. In Chapter 5, I used metal leg 

bands together with chemical markers to combine the two data sources and improve 

methods used to create connections between hunting and breeding areas for several duck 

species in eastern North America. I found that combining band returns with chemical 

markers to determine breeding origins allowed for more precise estimates. My research 

helps us understand and protect waterfowl by improving our ability to track their origins. 
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Chapter 1  

1 General Introduction 

1.1 Seasonal migration in waterfowl 

More than half of North American bird species migrate between northern breeding areas 

in the summer to southern non-breeding areas to overwinter, but no group is a more 

recognizable symbol of these movements than waterfowl. For many these ‘V’ formations 

of Canada Geese (Branta canadensis) passing overhead are the harbingers of migration. 

Each Autumn, tens of millions of waterfowl migrate to avoid adverse conditions, mainly 

cold temperatures and ice-up, on the breeding grounds. These migrations differ in 

distance with some species exhibiting intercontinental migration like Blue-winged Teal 

(Spatula discors) which migrates as far as Colombia and Venezuela and others showing 

short-distance migrations like the Harlequin Duck (Histrionicus histrionicus) which 

breeds in subalpine rivers and moves to relatively close coastal areas to overwinter. 

While these movements may not rival the circumglobal long-distance migrations seen in 

some waterbirds (e.g., Arctic Tern Sterna paradisaea; Egevang et al. 2010), the sheer 

biomass of these movements is impressive.  

Seasonal migration is not ubiquitous across waterfowl, as several species exhibit 

differential migration (i.e., cohorts within the population migrate differently), partial 

migration (i.e., cohorts within the population are non-migratory) or are non-migratory. 

For example, some Wood Ducks (Aix sponsa) remain on the breeding grounds in the 

north and endure cold temperatures to be the first individuals back in the spring (Bellrose 

and Holm 1994). Mallard (Anas platyrhynchos) in particular overwinter as far north as 

open water allows (Baldassarre 2014). In other species, migratory movements have been 

completely lost in subpopulations (e.g., Trumpeter Swan Cygnus buccinator reintroduced 

in Ontario; Handrigan et al. 2016). Other species, particularly those that breed in the 

south, are mostly non-migratory, but still often make regional movements within their 

range (e.g., Masked Duck Nomonyx Dominicus, Mottled Duck Anas fulvigula, Muscovy 

Duck Cairina moschata).  
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Migration, in the context of this thesis, is described as seasonal directional movements 

between breeding grounds and non-breeding areas, but other migratory movements such 

as moult migration are common. Moult is energetically costly in waterfowl and exposes 

individuals to predation, as synchronous replacement of flight feathers leaves them 

unable to fly. Many waterfowl undergo a moult migration to favourable areas where 

individuals replace flight feathers in refugia away from predators (Salomonsen 1968). 

Moult of flight feathers mainly occurs at the breeding site, during brood-rearing, but 

moult migration has been documented for unpaired immature birds and adults with failed 

broods (Sheaffer et al. 2007) and adult males in species that exhibit no biparental care 

(e.g., Wood Duck, Bellrose and Holm 1994). Most often these moult migratory 

movements occur as post-breeding northward movements towards isolated and relatively 

safe coastal areas (Davis et al. 1985, Abraham et al. 1999, Sheaffer et al. 2007, 

Luukkonen et al. 2008), but some moult migrations for ducks have been observed at large 

inland marshes and lakes (e.g., Delta Marsh in Manitoba and Camas Reserve in Idaho, 

Salomonsen 1968). 

1.2 Connectivity 

Migratory connectivity is the measure of geographic cohesion, in a species or population, 

between at least two points in the annual cycle (e.g., breeding, stopover, non-breeding) 

(Boulet and Norris 2006). In most cases, these connections have been established 

between the breeding and non-breeding areas (Greenberg and Marra 2005), as these 

regions encompass the majority of the annual cycle for migratory individuals. 

Connectivity can be ‘weak’ or ‘strong’, where strong connectivity indicates that 

individuals from a given region move to a single area with fewer individuals migrating to 

other areas. For example, Canada Geese show moderately strong connectivity, as three 

migratory subspecies breed and overwinter in regionally separated areas with little 

overlap (Mowbray et al. 2020). Weak connectivity indicates that individuals from a 

breeding region spread out among many different non-breeding areas, with little to no 

concentration of movements (Webster et al. 2002). This spectrum demonstrates extreme 

examples of connectivity, but most species have intermediate levels and tend towards 

weaker connectivity (Finch et al. 2017).  
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Connectivity is important because conditions experienced at discrete periods of the 

annual cycle can have carry-over (or cross-seasonal) effects that influence subsequent 

periods (Sedinger and Alisauskas 2014). In American Redstarts (Setophaga ruticilla), 

carry-over effects of poor territory quality in the non-breeding grounds affect the timing 

of migration and body condition at arrival on the breeding grounds on an individual level 

(Marra et al. 1998). The same mechanisms could be working in waterfowl, as many 

species allocate endogenous reserves gained during the non-breeding period to egg 

production (Sharp et al. 2013), but this mechanistic relationship has not been explored as 

extensively in ducks. At the population level, poor habitat quality on the non-breeding 

grounds (e.g., wet vs dry years) can have carry-over effects on productivity in the 

following year (Heitmeyer and Fredrickson 1981, Raveling and Heitmeyer 1989). At the 

individual level, similar effects of non-breeding habitat quality (e.g., greater food 

availability) positively influence the likelihood of breeding (Sedinger et al. 2011).  

For waterfowl management, understanding connectivity is key because it can provide 

information on zones of production leading to the recruitment of individuals into the fall 

harvest (Munro and Kimball 1982, Szymanski and Dubovsky 2013). However, 

connectivity between areas of productivity and the harvest endpoint clearly differs from 

mainstream concepts linking breeding and wintering origins described above. Instead, 

these connections pair breeding source areas to harvest areas as a measure of ‘harvest 

connectivity’ (i.e., the strength of connections between breeding areas and harvest areas). 

While this is often referred to as migratory connectivity (e.g., Roberts et al. 2022) and 

these connections still likely correlate to the overall population connectivity, I make the 

distinction here to acknowledge that these connections are only representative of the 

harvested cohort. Further, harvest connectivity can be directly related to harvest 

pressures, although this assumes additive effects of harvest mortality on populations (see 

Sedinger and Herzog 2012).  

Harvest connectivity can be described formally using a harvest derivation, which, after 

correcting for regional harvest rates and population size, describes the proportion of 

individuals sourced from different breeding areas for a given harvest area (Munro and 

Kimball 1982). These derivations have historically been performed by defining harvest 
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areas as geopolitical or management boundaries, including important management 

regions (Munro and Kimball 1982, Powell and Klaasen 1998) or states and provinces 

(Szymanski and Dubovsky 2013, De Sobrino et al. 2017), and have been done on 

species-by-species basis with an emphasis on those with many band returns (e.g., 

American Black Duck Anas rubripes, Geis et al. 1971; Canada Goose, Klimstra and 

Padding 2012; Canvasback Aythya valisineria, Stewart et al. 1958, Geis 1974; Mallard, 

Geis 1971, 1972, Munro and Kimball 1982, Powell and Klaasen 1998, Zuwerink 2001; 

Wood Duck, Bowers and Hamilton 1977; Blue-winged Teal, Szymanski and Dubovsky 

2013). More recently, regional derivations defined for individual flyways have been 

performed, such as De Sobrino et al. (2017) who analyzed the harvest derivations for nine 

dabbling duck species harvested in the Pacific Flyway. Although range-wide estimates of 

connectivity have been formally established for some waterfowl, we do not have this 

information for most species.  

Establishing connectivity is challenging and has been measured largely through extrinsic 

(e.g., VHF radio-telemetry tags, Taylor et al. 2017; geolocator tags, Stutchbury et al. 

2009; GPS tags, Zhu et al. 2020) and intrinsic (e.g., stable isotopes, Asante et al. 2017; 

genetics, Ruegg et al. 2017; trace elements, Kaimal et al. 2009) markers that provide 

estimates for geographic locations of occupancy at different points of the annual cycle. 

External trackers provide tracking of movements post-tagging (i.e., after the point of 

capture) while intrinsic markers provide information about that individual’s history pre-

sampling. Stable isotopes of several elements are particularly useful as intrinsic markers, 

as they allow us to gain vital information on previous geographic locations for an 

individual without initial capture (Hobson and Wassenaar 2019). Only one sampling 

point is required to gain insights into the life history of an individual, which is especially 

important in the context of harvest. This is not possible with other extrinsic tracking 

methods which necessitate initial capture and subsequent recapture (e.g., archival 

geolocators, band returns), and cannot provide retroactive information for the origin of an 

individual. Further, with the advent of interpolated surfaces showing geospatial changes 

in isotope values in foodwebs (‘isoscapes’, Bowen and West 2019), connections can be 

made without establishing species-specific baselines across a geographic range necessary 

for other intrinsic markers such as genetics (DeSaix et al. 2024), although calibration 
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between stable-isotope values in the local environment and those in tissues needs to be 

established (Hobson et al. 2012b). As a trade-off, these connections are often 

geographically broad compared to other connectivity estimates gained from band returns, 

for example. As stable isotopes are an integral component of my dissertation, these 

methods are described in more detail later in this chapter.  

1.3 Management  

Long-distance movements of migratory waterfowl across national borders require 

collaborative strategies to ensure fair allocation of harvested birds among countries 

(Nichols et al. 2007) and effective conservation efforts (North American Waterfowl 

Management Plan 2018). To avoid overexploitation, harvest strategies must incorporate 

accurate information on connectivity between breeding and harvest areas, which 

necessitates efficient assignment of origin for harvested individuals.  

Across all avian taxa, we have seen drastic population losses in the last 50 years 

(Rosenberg et al. 2019), but waterfowl are on average showing positive to stable 

population trends. Apart from geese, which are on average showing massive increases (> 

1,000 %), ducks are showing generally stable populations (North American Bird 

Conservation Initiative 2022). Despite overall stable trends, they are still at risk due to the 

loss or potential loss of critical habitats across the annual cycle through climate change 

and other anthropogenic habitat modification (Craft et al. 2009, Sofaer et al. 2016, 

Thompson et al. 2017). Population size estimates for Northern Pintail Anas acuta, 

American Black Duck, and Lesser Scaup Aythya affinis / Greater Scaup Aythya marila 

are currently below the long-term average (U.S. Fish and Wildlife Service 2022), 

suggesting that these species are in overall decline. Although now stabilized at a lower 

population level, American Black Duck population trends show marked declines across 

their breeding range between 1950–80 (Conroy et al. 2002). These declines have been 

hypothesized to be driven by hybridization and competition with Mallard, habitat loss in 

their core breeding range and wintering range which reduces overall carrying capacity, 

and overharvest, but there is little consensus (Ankney et al. 1987, 1989, Conroy et al. 

1989).  
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1.3.1 Adaptive harvest management  

North American waterfowl are managed on the flyway scale, within which a 

representative flyway-specific (or management unit-specific) stock (i.e., distinct breeding 

population of a given species) is monitored through adaptive harvest management (AHM; 

U.S. Fish and Wildlife Service 2021). This stock is treated as a representative of all other 

species in that unit. In the Pacific and Central / Mississippi flyways, management is based 

on either the western or midcontinent Mallard stocks, respectively, while harvest 

management in the Atlantic Flyway is based on multi-stock data (American Green-

winged Teal Anas crecca carolinensis, Wood Duck, Ring-necked Duck Aythya collaris, 

and Goldeneyes Bucephala clangula and B. islandica). With the exception of a few select 

examples of species-specific management, where species have been highlighted as 

conservation concerns (Northern Pintail, American Black Duck, Lesser Scaup / Greater 

Scaup), all harvest management falls under this Mallard management umbrella (U.S. Fish 

and Wildlife Service 2021).  

These AHM models rely primarily on metrics derived from three systems: aerial surveys 

(e.g., Waterfowl Breeding Population Habitat Survey), harvest surveys (e.g., Species 

Composition and Part Collection surveys; Gendron and Smith 2019, Raftovich et al. 

2023), and banding. In the eastern Mallard AHM strategy, an integrated population 

model is used to derive annually estimated population demographics based on metrics of 

breeding population abundance gained from aerial surveys, harvest rates and survival 

estimates derived from band returns, and age ratios from band returns and harvest surveys 

(Roberts et al. 2022). Using these demographics, annual harvest regulations (bag limits) 

are determined for the eastern Mallard.  

AHM models rely on several assumptions including, (1) population metrics derived from 

multiple surveys represent the target population and (2) population trends and production 

zones for the chosen population represent all species in that flyway or management unit. 

A potential limitation to the first assumption is that differences in sampling extent for 

different surveys may introduce systematic biases. For many species, banding is limited 

to the southern portion of Canada and the contiguous USA due to logistical issues 

banding in remote northern areas, whereas harvest surveys sample harvested individuals 
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which could originate from northern areas not surveyed by banding. Some metrics try to 

account for these different sources of data, such as calculating the fall age ratio using 

harvest data and banding data. The harvest surveys, on the other hand, are unburdened by 

the spatial biases mentioned above, but the current uses are limited to age and sex ratio 

determination.  

A potential limitation to the second assumption is that while flyways are well-established 

continental corridors that describe the annual cycle movements of populations (Lincoln 

1935), there is significant movement between flyways (Roberts et al. 2022). Within 

flyways, more specific source areas for species managed under this framework may not 

match the same source areas as the model species (e.g., the Prairie Pothole region for the 

midcontinent Mallard). The degree of disconnect between source areas could violate the 

assumptions of the current AHM frameworks, especially when source areas do not 

overlap at all.  

1.3.2 Banding 

Marking birds with aluminum leg-bands (i.e., banding or ringing), as a continent-wide 

coordinated effort, was first established in North America in 1909 by the American Bird 

Banding Association. By 1920, the management was taken over by the U.S. 

government’s Biological Survey of the Department of Agriculture, led by Frederick C. 

Lincoln (Tautin 2005). Fundamentally these leg bands were meant to track migratory 

movements, as marking allowed for individual encounter histories. This system was a 

huge breakthrough for our understanding of migratory movements and the estimation of 

animal numbers (i.e., the ‘Lincoln-Peterson method’, Petersen 1896, Lincoln 1930). One 

of the greatest contributions was the concept of migratory flyways (Lincoln 1935), a 

widely adopted system used across migratory birds and maintained within current 

waterfowl management frameworks (U.S. Fish and Wildlife Service 2023). Currently, 

waterfowl banding efforts continue with roughly 300,000 bands put out each year since 

1960 onto over 50 species (Celis-Murillo et al. 2022).  



 

8 

 

 

1.3.3 Harvest surveys 

The Species Composition Survey in Canada (Gendron and Smith 2019) and the Parts 

Collection Survey in the United States (Raftovich et al. 2023), survey hunters who are 

required to submit an entire wing from every bird harvested in a season. Hunters are 

systematically randomly sampled, based on hunting zones and previous hunting activity, 

to ensure a representative sample across the harvested range (Smith et al. 2022). These 

wings are then processed at the annual ‘Wingbee’ where trained waterfowl biologists 

assign all individuals a species identity, age, and sex (Carney 1992). An important metric 

gained from these data is the fall age ratio (i.e., the number of young produced per adult), 

which is an estimate of preseason productivity.  

1.4 Stable isotopes 

Naturally occurring stable-hydrogen isotopes (δ2H) within animal tissues (δ2Htissue) were 

first identified as a tool to study animal origins by Cormie et al. (1994) who identified a 

clear relationship between the δ2H values on deer bone collagen and those of amount-

weighted mean annual local rainwater (δ2Hp) and relative humidity. This led to studies by 

Chamberlain et al. (1997) and Hobson and Wassenaar (1997) which demonstrated this 

relationship, with feathers, on a continental scale, highlighting the potential to infer 

continent-wide origins for migratory birds (reviewed in Hobson and Wassenaar 2019). 

Before this breakthrough, stable isotopes had primarily been applied qualitatively to 

forensically determine origins based on demonstrated isotopic segregation among 

possible origins of a few species, such as African Elephants (Loxodonta africana; van der 

Merwe et al. 1990, Vogel et al. 1990, Koch et al. 1995).  

For waterfowl, the use of stable isotopes in feathers to assign origin has mainly focused 

on assignment to moulting and natal/breeding areas, relying on the synchronous post-

breeding moult in late summer or early autumn, where all flight feathers (primaries, 

secondaries, and wing coverts) are replaced simultaneously (Pyle 2005). During this 

period moulting individuals are flightless and generally do not move outside of a small 

moulting area. This is advantageous in terms of assigning animals’ origins, as the feathers 

will be representative of a single site (e.g., moult or breeding pond).  
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1.4.1 Isotopic measurement 

Stable isotopes are the non-radioactive forms of elements. In ecology, the most important 

elements are the ‘light’ elements which are the principal elements of hydrological and 

biological systems: Hydrogen (H), Carbon (C), Oxygen (O), Nitrogen (N), Sulphur (S). 

For each of these elements, there is an abundant light form (1H, 12C, 14N, 16O, 32S) and at 

least one, less abundant, heavy form (2H, 13C, 15N, 17O/18O, 33S/34S/36S). Stable isotopes 

are expressed in delta (δ) notation as the relative difference between the ratio of heavy 

isotope to light isotope (Ratio = HX/LX) in a sample and an international standard, 

expressed in parts per thousand (‰):  

𝛿 𝑋⬚
𝐻 = (

𝑅𝑎𝑡𝑖𝑜𝑆𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑎𝑡𝑖𝑜𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑎𝑡𝑖𝑜𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) ∗ 1,000 

These international standards are Vienna Mean Standard Ocean Water (VSMOW) for H 

and O, Vienna Pee Dee Belemnite (VPDB) for C and O, atmospheric air for N, and 

Canon Diablo meteorite (CDT) for S.  

The abundance of stable isotopes within samples is most commonly measured using a 

continuous-flow isotope-ratio mass spectrometer (CF-IRMS), where subsamples 

(~0.350–1.000 mg for δ2H) are first combusted into gaseous forms of the elements (e.g., 

H2, CO2) using elemental analyzers, carried by a continuous flow of helium gas, 

separated based on mass, in a gas chromatograph column, and then fed into the CF-

IRMS. Gases are then ionized and accelerated in a magnetic field, where they are 

separated based on their mass-to-charge ratio, and finally, abundance is measured as ions 

collide with Faraday-collector detectors.  

For organic materials, the analysis of δ2H is complicated by uncontrolled H exchange 

between exchangeable H in samples and ambient moisture in the laboratory (Wassenaar 

and Hobson 2003, Soto et al. 2017). If analyzed at labs in different geographic regions or 

at different times in the same lab, δ2H values would differ despite following the same 

methods described above (Meier-Augenstein et al. 2013). To address this Wassenaar and 

Hobson (2003) introduced the comparative equilibration method, where samples are 

allowed to equilibrate in the same laboratory environment with matrix-equivalent 
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laboratory standards (e.g., kudu horn standard - KHS, caribou hoof standard - CBS). At 

room temperature, this equilibration occurs quickly (< 3 days). Then samples and 

standards are run in the CF-IRMS concurrently and unknown samples can be calibrated 

based on the expected δ2HVSMOW values of those standards. When comparing δ2H values 

across studies, especially those derived with different laboratory standards or the same 

standards but with more recently derived calibration values (e.g., Soto et al. 2017), it is 

also important to convert these to the same reference scale (Magozzi et al. 2021).  

1.4.2 Precipitation isoscapes 

In North America, there is a strong latitudinal gradient where δ2Hp values are generally 

more positive in the southeast and more negative in the northwest (Taylor 1974). This is 

driven in part by the gradual drying of air masses as they move across the continent 

(Clark and Fritz 1997). Under Rayleigh distillation, water molecules containing heavy 

isotopes (2H) are preferentially condensed into water droplets (or ice crystals), fall as 

relatively isotopically heavy precipitation, and deplete the cloud air mass of 2H (Clark 

and Fritz 1997). While the precipitate is relatively more positive in terms of δ2H than the 

remaining cloud vapour, the progressive depletion of 2H in the air mass with rainout 

results in precipitation becoming progressively more negative with repeated rainfall 

events. This fractionation is temperature dependent where at higher temperatures the 

fractionation is less pronounced, leading to differential effects in warmer and cooler 

regions (Clark and Fritz 1997). This is further complicated as regions experience 

different annual rainfall amounts, leading to relatively more depleted δ2Hp values in 

regions with heavy rainfall, such as tropical locales (Rozanski et al. 1993). Post-

precipitation processes such as mixing and evaporation of surface waters must also be 

accounted for, especially when hydrological sources have differing isotopic values (e.g., 

snowmelt) (Bowen and West 2019). In addition to the continental trends, there are also 

altitudinal trends driven by the same progressive drying of air masses. Here temperature 

dependent distillation also leads to an altitudinal gradient where more depleted δ2Hp 

values are seen at higher altitudes due to orographic rainout (Siegenthaler and Oeschger 

1980).  
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Several precipitation isoscapes (i.e., geospatial representations of isotope values; Bowen 

and West 2019) have been derived for use in wildlife tracking (Bowen and Revenaugh 

2003, Meehan et al. 2004, Bowen et al. 2005, Terzer et al. 2013, Terzer-Wassmuth et al. 

2021), all of which used long-term monthly collection of precipitation by the Global 

Network of Isotopes in Precipitation (GNIP) of the International Atomic Energy 

Association (IAEA) (International Atomic Energy Agency and World Meteorological 

Organization 2023). Early isoscapes relied on simple kriging methods, based on spatial 

distributions of δ2HP values alone (Hobson and Wassenaar 1997), but today interpolation 

methods include functions of altitude/latitude to account for temperature-driven variation 

in δ2H (Bowen et al. 2005). Other more complex models have been derived (RCWIP2 

model; Terzer-Wassmuth et al. 2021) but have yet to see widespread use.  

Depending on the application, these amount-weighted (i.e., weighted by the monthly 

amount of precipitation) precipitation δ2Hp isoscapes can be interpolated to capture 

values across the entire year (i.e., mean annual; Bowen and Revenaugh 2003, Bowen et 

al. 2005, Terzer et al. 2013, Terzer-Wassmuth et al. 2021), specific months (Bowen 

2021), or values for the growing season (i.e., mean growing season; months with average 

temperatures > 0 °C; Meehan et al. 2004, Bowen et al. 2005). The growing season 

surfaces are most widely used, based on the assumption that dietary isotopes will reflect 

precipitation during the period of greatest vegetative growth. The appropriate calibration 

is less clear for aquatic and semi-aquatic species or those that eat foods that occur in 

aquatic emergent plant communities.  

Currently, isoscapes are available as processed spatial grids, regularly updated with new 

annually collected data, and are paired with spatial error surfaces that provide estimates 

of uncertainty (Bowen 2021). More specific regional or temporally restricted isoscapes 

could be estimated (see Bowen 2023), but this is not recommended in most cases, as the 

cost of a year-specific isoscape reduced predictive accuracy due to fewer precipitation 

sampling points (Vander Zanden et al. 2014).  

Although other isoscapes exist, such as those for δ13C (Still and Powell 2010, Powell et 

al. 2012, Munroe et al. 2022), δ15N (Craine et al. 2009), and δ87Sr (Bataille et al. 2020), 
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they generally see less use compared to δ2H isoscapes. Stable-carbon isoscapes, for 

example, are more useful in regions with broad biome-wide changes in plant groups that 

use different photosynthetic pathways (C3 vs C4). This is not useful for North America 

as the vast majority of biomes share a similar proportional composition with primarily C3 

plants, except for corn monocultures which show disproportionate C4 usage. 

Nonetheless, δ13C and δ15N isoscapes have been used to create tissue-specific isoscapes 

in South America (García-Pérez and Hobson 2014) and Africa (Hobson et al. 2012b). 

Although these isotopes are not particularly useful for spatially explicit assignment using 

isoscapes in North America, they are still useful as supplementary markers to group 

individuals based on broad dietary niche at the time of tissue growth: δ13C (e.g., marine 

vs. freshwater, Yerkes et al. 2008, Ashley et al. 2010), δ15N (e.g., agricultural and 

anthropogenic inputs, Hebert and Wassenaar 2005), and δ34S (e.g., marine vs. freshwater, 

Hebert et al. 2008, Ofukany et al. 2012). This is especially important for applications 

aimed at evaluating moult by birds in marine versus freshwater areas, as marine systems 

do not follow the same continental patterns as those driven by δ2Hp. Strontium isoscapes 

have also been used in other migratory systems to delineate origins along an east-west 

gradient and isolate more regional origins (e.g., Reich et al. 2021), but have yet to be 

applied to waterfowl systems.  

1.4.3 Calibration 

Inert keratinous tissues, such as hair or feathers, experience no turnover or change in 

composition after growth. Therefore, their stable isotopic values do not change, with the 

exception of H (see H-exchange described above), and are representative of the diet 

during the growth period (Hobson and Clark 1992a), unless endogenous reserves are 

used during tissue formation (e.g., Fox et al. 2009).  

While tissues are representative of the site of growth, incorporation of light elements into 

tissues involves some change in isotope ratio (i.e., isotopic discrimination) driven by the 

differential kinetic reaction rates between the heavy and light isotopes during various 

metabolic reactions (Hobson and Clark 1992b). Calibration equations (i.e., linear 

equations to relate δ2HTissue ~ δ2Hp), used to convert δ2Hp values to predicted tissue δ2H 

values, can be derived using tissue grown at known locations (e.g., Hobson and 
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Wassenaar 1997, Hobson et al. 1999, Meehan et al. 2001, Clark et al. 2006) or in lab-

raised organisms (e.g., Hobson et al. 1999, 2018, Clem et al. 2023). It is also important to 

derive realistic estimates of error for these calibration relationships, which is often 

estimated as the standard deviation of the residuals (SDresid). 

Ideally, these equations should be species-specific (Nordell et al. 2016), with separate 

equations for age, when necessary (Studds et al. 2012, van Dijk et al. 2014), but the 

difficulty of obtaining known-origin samples has limited these precise equations to date. 

At the very least, calibration equations should cover as small a taxonomic group as 

possible, grouping based on similar diet and life history (Hobson et al. 2012b). See Table 

1.1 for a select list of published studies containing known-origin δ2H data for keratinous 

tissues (also see Hobson 2008, 2019). 

1.4.4 Likelihood-based assignment 

Likelihood-based assignment methods assess the support for different regions of possible 

origin based on similarity in δ2H values between observed tissue δ2Htissue values and 

predicted δ2Htissue values in those regions, in a nominal (i.e., defined bins) or spatially 

explicit (i.e., continuous across a raster grid) framework (Wunder 2012). Here, each 

region (nominal) or cell (spatially explicit) is treated as a putative population of origin 

with an expected δ2Htissue value and uncertainty in this measure, derived from calibration 

uncertainty (i.e., SDresid) and the δ2Hp isoscape uncertainty (i.e., predictive uncertainty 

driven by variable in δ2Hp values and limited geographic sample size). Incorporation of 

this error is important, as different individuals foraging at the same location are not 

expected to have the same δ2H values, and even samples from the same individual exhibit 

some variation (Wassenaar and Hobson 2006). Support based on derived likelihoods is 

compared among different regions of possible origin and odds ratios (i.e., the probability 

that an outcome occurs compared to the probability that the outcome does not occur) can 

then be used to conservatively delineate a region of likely origin based on relative support 

within these likelihood surfaces. Here the most likely cells or bins are selected based on 

the selected odds ratio (e.g., 2/1 = upper 66.66 % of cell probabilities of origin), where 

any point within this region is treated as equally likely. This allows for direct comparison 

across many individuals while acknowledging that greater cell-specific likelihood does 
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not equate more likely origins to that specific cell. These methods, and the mathematical 

definitions, are described at length throughout the thesis. 

Many early assignments used the nominal approach (Royle and Rubenstein 2004, Norris 

et al. 2006), as spatially explicit methods were not adopted until relatively later (Hobson 

et al. 2009b). While simpler, the nominal approach works well for colonial nesting 

species where a priori expectations for grouped origins are defined such as Arctic 

breeding birds (e.g., geese, gulls, and eiders). But, even in these cases, using multiple 

markers to better characterize these known groups likely allows for more precise 

assignment (e.g., δ13C and δ15N, Alisauskas and Hobson 1993).  

For species with no a priori expectations of grouped origin, the spatially explicit 

approach is recommended, especially with user-friendly packages that streamline this 

workflow for continuous surfaces (i.e., assignR, Ma et al. 2020; isocat, Campbell et al. 

2020). Spatially explicit assignment has been successfully applied to determine the 

origins of many waterfowl species in North America (Hobson et al. 2009b, Ashley et al. 

2010, Asante et al. 2017, Palumbo et al. 2019, 2020, Kucia et al. 2023, Schummer et al. 

2023), Europe (Guillemain et al. 2014, 2019, Parejo et al. 2015, Caizergues et al. 2016), 

and Asia (Zhu et al. 2020). Notably, these methods have been used to delineate likely 

breeding areas for Mallard carriers of the influenza A virus staging in Sweden 

(Gunnarsson et al. 2012), estimate connectivity for the endangered Swan Goose (Anser 

cygnoides) overwintering in China (Zhu et al. 2020), and establish source areas for the 

harvest of various harvested species (e.g., American Black Duck, Ashley et al. 2010; 

Lesser Scaup, Hobson et al. 2009b; Mallard, Palumbo et al. 2019, Kucia et al. 2023, 

Schummer et al. 2023).  
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Table 1.1 Published known-origin δ2H data for keratinous tissues, separated by 

taxonomy.  

Taxa n Reference 

Aves   

22 speciesa in Europe 128 (Hobson et al. 2004) 

   

Columbiformes   

Common Wood Pigeon (Columba palumbus) 12 (Hobson et al. 2009a) 

   

Anseriformes   

Swan Geese (Anser cygnoides) 50 (Zhu et al. 2020) 

Scaly-sided Mergansers (Mergus squamatus) 10 (Solovyeva et al. 2016) 

Mallard (Anas platyrhynchos) 309 (van Dijk et al. 2014) 

Lesser Scaup (Aythya affinis) 75 (Clark et al. 2006) 

Mallard  

Northern Pintail (Anas acuta) 
408 (Hebert and Wassenaar 2005) 

   

Accipitriformes, Falconiformes, Strigiformes   

Sharp-shinned Hawk (Accipiter striatus) 23 (Wommack et al. 2020) 

Marsh Harrier (Circus aeruginosus) 49 (Cardador et al. 2015) 

12 speciesb in North America 264 (Lott and Smith 2006) 

Flammulated Owl (Otus flammeolus) 22 (Meehan et al. 2004) 

9 speciesc in North America 112 (Lott et al. 2003) 

Cooper's Hawk (Accipiter cooperii) 60 (Meehan et al. 2001) 

   

Charadriiformes   

American Woodcock (Scolopax minor) 43 (Sullins et al. 2016) 

American Woodcock  226 (Hobson et al. 2013) 

Mountain Plover (Charadrius montanus) 465 (Wunder 2007) 

   

Gruiformes   

14 speciesd in Asia 216 (Buchanan et al. 2018) 

King Rail (Rallus elegans)  

Virginia Rail (Rallus limicola) 
54 (Fournier et al. 2017) 

Baillon's Crake (Zapornia pusilla) 

Black Crake (Zapornia flavirostris) 

Spotted Crake (Porzana porzana) 

Water Rail (Rallus aquaticus) 

80 (Seifert et al. 2016)  

   

Passeriformes   

Golden-winged Warbler (Vermivora chrysoptera) 47 (López-Calderón et al. 2019) 

Prothonotary Warbler (Protonotaria citrea) 72 (Reese et al. 2019) 

14 speciese in North America 104 (Hobson and Koehler 2015) 
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Red-winged Blackbird (Agelaius phoeniceus) 288 (Werner et al. 2016) 

Pied Flycatcher (Ficedula hypoleuca) 97 (Tonra et al. 2015) 

Brewer's Sparrow (Spizella breweri) 

Sagebrush Sparrow (Artemisiospiza nevadensis) 
346 (Knick et al. 2014) 

Reed Warbler (Acrocephalus scirpaceus) 214 (Procházka et al. 2013) 

Hermit Thrush (Catharus guttatus) 

Wilson's Warbler (Wilsonia pusilla) 
186 (Rundel et al. 2013) 

Loggerhead Shrike (Lanius ludovicianus) 546 (Chabot et al. 2012) 

40 speciesf in North America 544 (Hobson et al. 2012b) 

Wilson's Warbler 63 (Paxton et al. 2007) 

Wilson's Warbler 63 (Kelly et al. 2002) 

Bicknell's Thrush (Catharus bicknelli) 64 (Hobson et al. 2001) 

Red-winged Blackbird  64 (Wassenaar and Hobson 2000) 

Black-throated Blue Warbler  

(Setophaga caerulescens) 
143 (Chamberlain et al. 1997) 

6 speciesg in North America 175 (Hobson and Wassenaar 1997) 

   

Insecta   

Coleoptera 34 (Miller et al. 1988)  

   

Diptera   

Eupeodes americanus 

Oblique Streaktail 
15* (Clem et al. 2023) 

Episyrphus balteatus 62 (Raymond et al. 2014) 

Episyrphus balteatus 18 (Ouin et al. 2011)  

   

Lepidoptera   

true army worm (Mythimna unipuncta) 200* (Hobson et al. 2018) 

peacock butterfly (Inachis io) 

southern small white butterfly (Pieris mannii) 

wall brown butterfly (Lasiommata megera) 

175 (Brattström et al. 2008, 2010) 

monarch (Danaus plexippus) 144 (Hobson et al. 1999) 

   

Odonata   

blue dasher (Pachydiplax longipennis) 

shadow darner (Aeshna umbrosa) 

variable darner (Aeshna interrupta) 

186 (Hobson et al. 2012a) 

   

Mammalia    

Artiodactyla   

mule deer (Odocoileus hemionus) 

white-tailed deer (Odocoileus virginianus) 
38 (Cormie et al. 1994) 

   

Chiroptera   

brown long-eared bat (Plecotus auritus) 

grey long-eared bat (Plecotus austriacus) 
178 (Popa-Lisseanu et al. 2012) 
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meridonal serotine (Eptesicus isabellinus) 

serotine bat (Eptesicus serotinus) 

western barbastelle (Barbastella barbastellus) 

eastern red bat (Lasiurus borealis) 

Indiana bat (Myotis sodalis) 

little brown bat (Myotis lucifugus) 

Myotis septentrionalis 

215 (Britzke et al. 2009) 

hoary bat (Lasiurus cinereus) 104 (Cryan et al. 2004) 

* – indicates that tissues were obtained from animals in captivity 
a-g – indicates studies with ≥ 5 species. Full species lists are provided here: a Black Grouse 

(Lyrurus tetrix), Black Woodpecker (Dryocapus maritus), Blue Tit (Cyanistes caeruleus), 

Chaffinch (Fringilla coelebs), Common Wood Pigeon, Eurasian Blackbird (Turdus merula), 

Eurasian Curlew (Numenius arquata), European Serin (Serinus serinus), Fieldfare (Turdus 

pilaris), Hazel Grouse (Tetrastes bonasia), House Sparrow (Passer domesticus), Lapwing 

(Vanellus vanellus), Partridge (Perdix perdix), Pheasant (Phasianus colchicus), Red Grouse 

(Lagopus lagopus scotica), Redwing (Turdus iliacus), Rock Pigeon (Columba livia), Song 

Thrush (Turdus philomelos), Warbler sp., Willow Grouse (Lagopus lagopus lagopus); b American 

Kestrel (Falco sparverius), Broad-winged Hawk (Buteo platypterus), Cooper's Hawk, Merlin 

(Falco columbarius), American Goshawk (Accipiter atricapillus), Northern Harrier (Circus 

hudsonius), Peregrine Falcon (Falco peregrinus), Prairie Falcon (Falco mexicanus), Rough-

legged Hawk (Buteo lagopus), Red-tailed Hawk (Buteo jamaicensis), Sharp-shinned Hawk 

(Accipiter striatus), Swainson's Hawk (Buteo swainsoni); c American Kestrel, Broad-winged 

Hawk, Cooper's Hawk, Merlin, Northern Harrier, Peregrine Falcon, Red-shouldered Hawk, Red-

tailed Hawk, Sharp-shinned Hawk; d Common Sandpiper (Actitis hypoleucos), Black-tailed 

Godwit (Limosa limosa), Black-winged Stilt (Himantopus himantopus), Common Lapwing, 

Common Redshank (Tringa totanus), Eurasian Curlew, Eurasian Oystercatcher (Haematopus 

ostralegus), Eurasian Whimbrel (Numenius phaeopus), Green Sandpiper (Tringa ochropus), 

Kentish Plover (Anarhynchus alexandrinus), Little Ringed Plover (Charadrius dubius), Marsh 

Sandpiper (Tringa stagnatilis), Pied Avocet (Recurvirostra avosetta), Sociable Lapwing 

(Vanellus gregarius); e American Redstart (Setophaga ruticilla), Black-and-white Warbler 

(Mniotilta varia), Carolina Chickadee (Poecile carolinensis), Carolina Wren (Thryothorus 

ludovicianus), Common Yellowthroat (Geothlypis trichas), Golden-winged Warbler, Hooded 

Warbler (Setophaga citrina), MacGillivray's Warbler (Geothlypis tolmiei), Song Sparrow 

(Melospiza melodia), Tufted Titmouse (Baeolophus bicolor), White-eyed Vireo (Vireo griseus), 

Wilson's Warbler (Cardellina pusilla), Yellow-breasted Chat (Icteria virens), Yellow Warbler 

(Setophaga petechia); f Abert's Towhee (Melozone aberti), American Redstart, American Robin 

(Turdus migratorius), Bewick's Wren (Thryomanes bewickii), Black-and-white Warbler, Black-

capped Chickadee (Poecile atricapillus), Blue-winged Warbler (Vermivora cyanoptera), Carolina 

Chickadee, Carolina Wren, Chipping Sparrow (Spizella passerina), Common Yellowthroat, 

Chestnut-sided Warbler (Setophaga pensylvanica), Dark-eyed Junco (Junco hyemalis oregonus), 

Golden-winged Warbler, Gray Catbird (Dumetella carolinensis), Hermit Thrush, Hooded 

Warbler, House Sparrow, House Wren (Troglodytes aedon), Kentucky Warbler (Geothlypis 

formosa), MacGillivray's Warbler, Nashville Warbler (Leiothlypis ruficapilla), Northern Cardinal 

(Cardinalis cardinalis), Orange-crowned Warbler (Leiothlypis celata), Ovenbird (Seiurus 

aurocapilla), Red-eyed Vireo (Vireo olivaceus), Rufous-crowned Sparrow (Aimophila ruficeps), 

Rusty Blackbird (Euphagus carolinus), Song Sparrow, Sprague's Pipit (Anthus spragueii), 

Swainson's Thrush (Catharus ustulatus), Tree Swallow (Tachycineta bicolor), Tufted Titmouse, 

Veery (Catharus fuscescens), White-eyed Vireo, Wilson's Warbler, Wood Thrush (Hylocichla 

mustelina), Yellow-breasted Chat, Yellow-rumped Warbler (Setophaga coronataa auduboni), 

Yellow Warbler; g American Redstart, Least Flycatcher (Empidonax minimus), Tennessee 

Warbler (Leiothlypis peregrinus), Swainson's Thrush, Ovenbird, Wood Thrush  
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Within likelihood-based assignment models, prior information (i.e., prior probabilities of 

origin) can refine regions of likely origin based on Bayesian methods (Royle and 

Rubenstein 2004). Prior probabilities can be applied on an individual basis based on 

intrinsic traits (e.g., genetic profiles; Ruegg et al. 2017) or could apply to all individuals 

in a given cohort or population (e.g., relative abundance; Fournier et al. 2017). For 

waterfowl, banding data is the most common prior that has been applied, with priors 

representing flyway of origin (Asante et al. 2017, Palumbo et al. 2019), directional 

movement vectors (Gunnarsson et al. 2012, Guillemain et al. 2014), and movement 

probabilities among regions (Ashley et al. 2010).  

1.5 Dissertation structure 

My dissertation consists of four research chapters, examining the harvest connectivity of 

waterfowl in North America. The overall objective was to use stable-hydrogen isotopes 

to inform direct connections between harvest and source areas for harvested waterfowl in 

eastern North America while assessing and improving on current methods. 

In Chapter 2, I used δ13C and δ2H measurements of feathers to evaluate differences in the 

natal and moult origin of harvested American Black Ducks across their range. For the 

American Black Duck, a species of conservation concern, estimates for the fall age ratio 

at harvest differed depending on whether harvest data was derived from Canada or the 

United States, suggesting regional differences. Within Canada, hunters in Atlantic 

Canada were more likely to harvest black ducks from nearby breeding locations 

compared to hunters in southern Ontario and Quebec, Canada, who were more likely to 

harvest individuals from the Boreal Softwood and Taiga Shield of eastern Canada. Black 

ducks harvested in the United States are thought to originate predominantly from 

northern portions of the breeding range, leading to the flyover hypothesis, which 

postulates that black ducks produced in the Boreal Softwood and Taiga Shield region are 

less susceptible to harvest by hunters in Atlantic Canada and northeastern United States. 

To test the flyover hypothesis, I examined regional and temporal differences in the 

origins of harvested black ducks using feathers from wings (n = 664) submitted by 

hunters to the species composition and parts collection surveys across three hunting 

seasons (2017–18, 2018–19, 2019–20). I used a likelihood-based assignment method that 
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relied on feather stable-hydrogen isotopes (δ2H) and stable-carbon isotopes (δ13C) to 

determine the natal or moult origin of individuals harvested within eastern Canada and 

the United States. I also used a spatial clustering technique to group harvested individuals 

by area of origin without a priori knowledge of such regions. Adult female black ducks 

originated farther south compared to males and juveniles. All sexes and ages of black 

ducks harvested in Atlantic Canada showed predominantly southern origins, while those 

harvested in the United States and other Canadian provinces primarily originated farther 

north within the boreal, supporting the flyover hypothesis. By contrast, I found no 

relationship between the timing of harvest or peaks of migration and individual origin. 

After combining band returns and stable isotopes, I inferred two distinct stocks: the 

Mississippi Flyway stock and the Atlantic Flyway stock. Based on the results of this 

chapter, I recommend that regional demographic parameters, particularly for Atlantic 

Canada, be directly measured to promote more effective conservation of black ducks and 

optimize harvest opportunities in the United States and Canada.  

In Chapter 3, I critically evaluated the current methods used to predict stable isotopes in 

waterfowl feathers. Establishing links between breeding, stopover, and wintering sites for 

migratory species is important for their effective conservation and management. Isotopic 

assignment methods used to create these connections rely on the use of predictable, 

established relationships between the isotopic composition of environmental hydrogen 

and that of the non-exchangeable hydrogen in animal tissues, often in the form of a 

calibration equation relating feather (δ2Hf) values derived from known-origin individuals 

and amount-weighted long-term precipitation (δ2Hp) data. The efficacy of assigning 

waterfowl to moult origin using stable isotopes depends on the accuracy of these 

relationships and their statistical uncertainty. Most current calibrations for terrestrial 

species in North America are done using amount-weighted mean growing-season δ2Hp 

values, but the calibration relationship is less clear for aquatic and semi-aquatic species. 

My objective was to critically evaluate current methods used to calibrate δ2Hp isoscapes 

to predicted δ2Hf values for waterfowl. Specifically, I evaluated the strength of the 

relationships between δ2Hp values from three commonly used isoscapes and known-

origin δ2Hf values three published datasets and one collected as part of this study, also 

grouping these data into foraging guilds (dabbling vs. diving ducks). I then evaluated the 
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performance of assignments using these calibrations by applying a cross-validation 

procedure. It remains unclear if any of the tested δ2Hp isoscapes better predict surface 

water inputs into food webs for foraging waterfowl. I found only marginal differences in 

the performance of the tested known-origin datasets, where the combined foraging-guild-

specific datasets showed lower assignment precision and model fit compared to data for 

individual species. Based on these results, I recommend the use of the more conservative 

combined foraging-guild-specific datasets to assign geographic origin for all dabbling 

duck species. Refining these relationships is important for improved waterfowl 

management and contributes to a better understanding of the limitations of assignment 

methods when using the isotope approach. 

In Chapter 4, I explored spatiotemporal patterns in the natal sources of waterfowl in 

eastern North America using direct band returns. Under AHM in North America, most 

species are managed based on the status of one of three flyway-specific stocks with the 

assumption that the trends should represent the overall trends of species in that flyway. 

While flyways are well-established movement corridors, source areas for species 

managed under this framework may not match the same source areas as the modelled 

species. Many estimates of connectivity and source areas are based on preseason band-

return data, but a systematic exploration of spatiotemporal trends in these source areas is 

lacking to date. Specifically, how variable source areas are based on timing and location 

of harvest and whether these changes vary systematically across species are poorly 

understood. Using 60 years of band-return data, I examined spatiotemporal changes in the 

spatial distribution of natal sources for waterfowl harvested in the Mississippi and 

Atlantic flyways, using kernel density estimation to delineate species-specific spatially 

explicit natal sources across the harvest period (September–February), at different harvest 

latitudes (25–30°, 30–35°, 35–40°, 40–45°, 45–50°, 50–55° N), and for the two flyways 

(Mississippi, Atlantic). I hypothesized that individuals harvested later in the harvest 

season originate from relatively farther north compared to those harvested earlier in the 

season, especially at northern latitudes, and that individuals harvested at lower latitudes 

come from broader catchments. I found evidence for northward directional expansion of 

natal sources over the harvest period, but rather than shifting, natal sources generally 

expanded northward while maintaining southern source areas. Despite temporal trends, 
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flyway and latitude of harvest explained variation in natal sources more than the timing 

of harvest. On average, I found evidence for management-unit-specific harvest, 

supporting AHM assumptions. The results from this chapter provide a first look into 

spatiotemporal dynamics of connectivity for waterfowl harvested in Eastern North 

America.  

In Chapter 5, I critically evaluated the use of band returns as a prior probability of origin 

and directly compared source areas derived from band returns and feather δ2H values. 

Likelihood-based assignment methods, utilizing measurements of stable isotopes in 

feathers can be paired with prior probabilities of origin (i.e., priors) in a Bayesian 

framework, to refine regions of likely natal / breeding origins. Using feathers collected 

from 11 species of harvested waterfowl across the Great Lakes region (n = 747; 2017–

21), I estimated their likely natal origins using direct recoveries and δ2Hf measurements, 

directly comparing and combining two different sources of connectivity information. I 

explored how these two complementary data sources can be best integrated into 

likelihood-based assignment methods to refine origin estimates for harvested waterfowl 

in three frameworks: (1) by flyway, (2) by 5° longitudinal zone, and (3) by treating 

movement as a directional vector. I also explored the scale at which these priors are 

defined, where I compared the use of a prior derived for the entire Great Lakes region 

versus one derived at a finer spatial scale based on harvest location. Lastly, I directly 

compared origin based on δ2Hf and current banding effort to evaluate the overlap, 

determine potential gaps in the current banding program, and highlight priority areas of 

future banding efforts to supplement the existing banding framework. Across all species, 

the use of flyways and longitudinal zones as prior probabilities of origin showed more 

promising results compared to the directional movement vector priors. Longitudinal 

zones, compared to flyways, provided more fine-scale priors while allowing for the same 

longitudinal differentiation in likely origins. I also highlighted the importance of 

assessing these priors at different spatial scales, as deriving priors for the entire study 

region compared to a finer spatial scale significantly affected final regions of likely 

origins. Finally, taking advantage of δ2Hf as an intrinsic marker, I identified regions in 

northwestern Ontario and northern Manitoba as potential targets for future multi-species 

banding efforts to fill gaps in the current banding framework. The results from this 
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chapter reinforce the fundamentals of these methods and provide guidance to better 

integrate these data to establish source areas.  

In the final chapter (Chapter 6), I provide a synthesis of the primary findings from my 

research chapters and describe the next steps for the use of stable isotopes to provide 

connectivity estimates for harvested waterfowl.  
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Chapter 2  

2 Origins of harvested American black ducks: stable 
isotopes support the flyover hypothesis 

A version of this chapter has been published in the Journal of Wildlife Management 

through permissions provided in Appendix E. Citation:  

Kusack, J. W., D. C. Tozer, M. L. Schummer, and K. A. Hobson. 2022. Origins of 

harvested American black ducks: stable isotopes support the flyover hypothesis. 

The Journal of Wildlife Management 87:e22324. 

2.1 Introduction 

Conservation and management of migratory species is more effective when based on 

detailed knowledge of connectivity between breeding, stopover, and non-breeding areas. 

For game species, identifying linkages between locations where individuals are harvested 

and their natal origins (for juveniles) or breeding sites (for adults) is especially important 

when preparing adaptive harvest management strategies (Nichols et al. 2007). Current 

understanding of where harvested individuals originate is based primarily on mark-

recapture approaches using preseason (i.e., before the fall harvest period) banding (Geis 

et al. 1971, Munro and Kimball 1982, Szymanski and Dubovsky 2013). This method 

assumes that the banded portion of a population is representative of the population of 

interest with respect to migration, mortality, and movement (Munro and Kimball 1982). 

Key demographic data are often missing if a significant proportion of hunted individuals 

nest or are produced in remote areas where banding effort is minimal because of 

logistical and financial difficulties in reaching these areas. Naturally occurring stable 

isotopes within tissues of harvested individuals can augment traditional banding efforts, 

as they are a reliable marker of geographic origin for migratory individuals (Hobson et al. 

2009, Ashley et al. 2010, Asante et al. 2017). Stable-isotope methods avoid banding-

effort biases associated with tagging because these intrinsic markers require no initial 

capture, especially in logistically difficult areas (Hobson and Wassenaar 2018).  

In North America, predictable patterns of stable-hydrogen isotopes within annual or 

growing-season precipitation (δ2Hp) occur because of heavy-isotope depletion from the 
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southeast to the northwest (Bowen et al. 2005). Waterfowl exhibit a synchronous moult 

where all flight feathers are replaced simultaneously at a single location. Thus, the stable-

isotopic value of flight feathers is directly related to the weighted-average stable-isotopic 

value of environmental waters at the moulting site for adults or the natal site for juveniles 

(Clark et al. 2006, 2009; van Dijk et al. 2014). These stable-isotopic values can then be 

integrated with a prior probability of origin based on banding data in Bayesian-based 

models to further refine estimates of likely origins (Wunder 2012, Van Wilgenburg and 

Hobson 2011, Asante et al. 2017, Palumbo et al. 2019). 

The American Black Duck (Anas rubripes; black duck) is a species of conservation and 

management concern that breeds across eastern Canada and the northeastern United 

States and overwinters along the Atlantic coast of North America (Longcore et al. 2020). 

According to the Midwinter Waterfowl Inventory, black duck populations declined by 

approximately 50 % between 1955 and the mid-1980s (Rusch et al. 1989) but have since 

stabilized at a lower population level (Ringelman and Williams 2018). Circumstantial 

evidence suggests that several varied and likely multi-faceted factors have contributed to 

the population decline (Conroy et al. 2002, Ringelman and Williams 2018), including 

overharvest (Francis et al. 1998, Longcore et al. 2000), competition and hybridization 

with Mallard (Anas platyrhynchos; Ankney et al. 1987, 1989), and loss or degradation of 

breeding and wintering habitat. Current adaptive harvest management of black ducks 

assumes a single population (U.S. Fish and Wildlife Service [USFWS] 2021), despite 

evidence of different stocks within the breeding population (Geis et al. 1971, Pendleton 

and Sauer 1992). These stocks may relate to differing autumn movement patterns of birds 

between the Mississippi and Atlantic flyways and between Canada and the United States 

(Lavretsky et al. 2014). Further, data from the North American breeding bird survey 

(BBS) have shown differential population trends across the black duck breeding range, 

especially in the Atlantic provinces of Canada (New Brunswick, Newfoundland and 

Labrador, Nova Scotia, and Prince Edward Island) where populations were stable while 

Ontario and Quebec showed pronounced declines (Conroy et al. 2002). Demographic 

information for specific population stocks would enhance the management of this 

species, as hunting effort and bag limits could be directed more effectively toward 

specific production areas or management interests (Black Duck Joint Venture 2018). 
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The adaptive harvest management model for black ducks relies on metrics of breeding-

ground abundance, age-specific and sex-specific harvest rates and survival rates, and the 

fall (autumn) age ratio (number of young produced per adult). This age ratio is an 

estimate of preseason productivity, which uses information from leg-band returns from 

the previous fall hunt and wings collected during harvest. Estimates for the fall age ratio 

differ depending on whether they are derived from harvest data from Canada or the 

United States, suggesting that black ducks harvested within those countries, or in 

different regions within them, may represent different stocks (Black Duck Joint Venture 

2018). What is not clear is which regions are driving this difference. Black ducks 

currently breed in Atlantic Canada, northeastern United States, northern Ontario, and 

northern Quebec. Atlantic Canada and the northeastern United States are the only 

breeding regions that overlap with high-density human populations and may be more 

heavily harvested near breeding locations. This led to the adoption of the flyover 

hypothesis, which postulates that black ducks produced in the Boreal Softwood and Taiga 

Shield region of northeastern Canada are less susceptible to harvest by hunters in Atlantic 

Canada and the northeastern United States, areas that primarily harvest birds produced 

relatively close to harvest sites (Black Duck Joint Venture 2018). For hunters in other 

regions of the United States and Canada, I hypothesize that they mainly harvest birds 

from the Boreal Softwood and Taiga Shield, where the highest density of black ducks 

breed (Baldassarre 2014).  
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Figure 2.1 A) Black duck conservation regions and B) count of juvenile (i.e., local, 

juvenile, hatch-year) black ducks banded between July and September. A) The black 

duck conservation regions (northwestern Canada [NWC], northeastern Canada [NEC], 

southwestern Canada [SWC], southeastern Canada [SEC], interior United States [INT], 

north Atlantic United States [NATL], south Atlantic United States [SATL]), as defined 

by the Black Duck Joint Venture (Robinson et al. 2016) and B) count of juvenile (i.e., 

local, juvenile, hatch year) black ducks banded between July and September (1913–

2020), summarized by 1° blocks and overlaid on the black duck breeding range (light 

grey; Baldassarre 2014). I obtained summary banding data from the United States 

Geological Survey’s Bird Banding Laboratory (U.S. Geological Survey 2021).  
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Current banding effort is focused largely on the southern, road-accessible portion of the 

breeding range (Figure 2.1B); therefore, northern-bred ducks are likely underrepresented 

in the preseason banding data and may experience differential but undocumented harvest 

vulnerability and productivity. Previous evidence for the flyover hypothesis was provided 

by the isotopic study of Ashley et al. (2010). They showed that juvenile black ducks 

harvested in Atlantic Canada exhibited a more southern origin compared to those 

harvested in Ontario and Quebec (west of 70° W), which were likely from areas far to the 

north, in the Boreal Softwood Shield, Hudson Plains, and Taiga Shield, relatively more 

distant from where they were harvested (Ashley et al. 2010). Roy et al. (2015) also 

showed that birds banded in the Canadian Maritime provinces, including along the Saint 

Lawrence River, were more likely to be harvested within Canada. To date, no studies 

have isotopically examined black ducks harvested within the United States, nor have they 

included adults.  

My objective was to test the flyover hypothesis by determining regional and temporal 

differences in the natal and moult origins of black ducks harvested across their range in 

eastern Canada and the United States. First, to better understand contemporary population 

trends within the updated black duck conservation regions, I repeated the analysis of 

Conroy et al. (2002) using the North American BBS data. Next, I investigated which 

harvest regions were driving differences in the fall age ratios between Canada and the 

United States. We expected Atlantic Canada to be the major contributor to the differences 

in age ratio seen between the United States and Canada. I then used a likelihood-based 

assignment method relying on feather stable-hydrogen isotopes (δ2H) to determine the 

natal or feather moult origin of individuals harvested across their breeding range in 

eastern Canada and the United States. I examined three non-mutually exclusive 

predictions that natal and feather moult origin differs for Atlantic Canada and the 

northeastern United States black duck conservation region, compared to the other harvest 

regions, because of 1) timing, where I expected black ducks harvested earlier in the 

season to show more southern origin compared to those harvested later; 2) local peaks in 

abundance of migrants, where I expected black ducks to show more southern origin if 

harvested before the peak in southbound migrants and more northerly origin if harvested 

after the peak in migrants; and 3) regional differences, where I expected black ducks 
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harvested in Atlantic Canada and the north Atlantic United States black duck 

conservation region to show more southern origin regardless of timing and those 

harvested elsewhere to show more northerly origin. I examined regional differences 

between the Black Duck Joint Venture conservation regions (Figure 2.1A) and 

investigated age and sex effects on natal and moult origin, to account for behavioural 

differences between juvenile and adult black ducks. In particular, I wanted to control for 

differences in origin driven by moult migration, often exhibited by adult males (Longcore 

et al. 2020). Lastly, I used stable-carbon isotope values (δ13C) within feathers to isolate 

individuals that moulted in marine or brackish environments (Hobson and Sealy 1991), as 

the δ2H values of feathers grown in marine systems cannot be associated with terrestrial 

geographical regions based on the modeled terrestrial precipitation gradient (Ashley et al. 

2010, Reed et al. 2018). 

2.2 Study area 

I conducted the study across eastern Canada and the United States, during the fall harvest 

period (Sep–Feb; post-breeding, fall migratory, and overwintering periods), wherever 

black ducks are harvested, which covers much of the Atlantic and Mississippi flyways for 

the United States and Canada (all states east of ~95° W; area = 5,970,000 km2). The 

overwintering range for black ducks spans from the southern portion of their breeding 

range (i.e., Great Lakes, St. Lawrence, and Atlantic Canada) down to the Gulf of Mexico 

(i.e., Mississippi, Alabama, and northern Florida). Each year, > 5 million individuals 

from over 20 species of waterfowl are harvested in the Atlantic (μ ± 95 % CI = 1,361,600 

± 7 % in 2020; Raftovich et al. 2021) and Mississippi flyways (4,408,800 ± 5 % in 2020; 

Raftovich et al. 2021), including Wood Duck (Aix sponsa), Mallard, Green-winged Teal 

(Anas crecca), Ring-necked Duck (Aythya collaris), and Bufflehead (Bucephala albeola). 

Within this area, I delineated harvest regions by the Black Duck Joint Venture 

conservation regions (Figure 2.1A): southwestern Canada (SWC), southeastern Canada 

(SEC), interior United States (INT), north Atlantic United States (NATL), south Atlantic 

United States (SATL), and separating southeastern Canada (Quebec [QC], Atlantic 

Canada [ATL]), based on differences highlighted by Ashley et al. (2010) and Roy et al. 

(2015). Canadian regions were named relative to the known range of black ducks, not the 
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true portion of Canada (e.g., southwestern Canada is the part of Canada that is in the 

southwestern part of the black duck range; Robinson et al. 2016).  

My study area covers the majority of the eastern United States and Canada; therefore, I 

summarized the habitat composition of the black duck conservation areas using Bird 

Conservation Regions (BCRs; https://nabci-us.org/resources/bird-conservation-regions/, 

accessed 8 Aug 2022). For each black duck conservation region, I reported all 

overlapping BCRs and the percent area covered by that BCR within the conservation 

area: SWC = Boreal Hardwood Transition (BCR 12; 27.3 %), Boreal Softwood Shield 

(BCR 8; 62.1 %), and Lower Great Lakes–St. Lawrence Plain (BCR 13; 10.6 %); SEC = 

Atlantic Northern Forests (BCR 14; 18.6 %), Boreal Hardwood Transition (BCR 12; 16.2 

%), Boreal Softwood Shield (BCR 8; 62.6 %), and Lower Great Lakes–St. Lawrence 

Plain (BCR 13; 2.6 %), INT = Appalachian Mountains (BCR 28; 16.7 %), Atlantic 

Northern Forests (BCR 14; 1.2 %), Boreal Hardwood Transition (BCR 12; 9.6 %), 

Central Hardwoods (BCR 24; 11.5 %), Eastern Tallgrass Prairie (BCR 22; 16.9 %), Gulf 

Coastal Prairie (BCR 37; 1 %), Lower Great Lakes–St. Lawrence Plain (BCR 13; 3.7 %), 

Mississippi Alluvial Valley (BCR 27; 4.1 %), Piedmont (BCR 29; 7.4 %), Prairie 

Hardwood Transition (BCR 23; 10.9 %), Prairie Potholes (BCR 11; 4.4 %), Southeastern 

Coastal Plain (BCR 27; 8.2 %), and West Gulf Coastal Plain–Ouachitas (BCR 25; 4.2 

%); NATL = Atlantic Northern Forests (BCR 14; 76.5 %) and New England–MidAtlantic 

Coast (BCR 30; 23.5 %); SATL = New England–MidAtlantic Coast (BCR 30; 12.3 %), 

Peninsular Florida (BCR 31; 22.4 %), and Southeastern Coastal Plain (BCR 27; 65.3 %).  

The black duck breeding range (area = 3,600,000 km2) covers seven BCRs within Canada 

and the United States: Taiga Shield and Hudson Plain (BCR 7), Boreal Softwood Shield 

(BCR 8), Boreal Hardwood Transition (BCR 12), Lower Great Lakes–St. Lawrence Plain 

(BCR 13), Atlantic Northern Forests (BCR 14), Prairie Hardwood Transition (BCR 23), 

and New England–MidAtlantic Coasts (BCR 30). Much of the core black duck breeding 

area occurs within the Canadian Shield and boreal forest in the northern Quebec and 

Atlantic Canada (BCRs 7, 8, 12, 14; Baldassarre 2014). In the Taiga Shield and Hudson 

Plain, coastal marshes and tidal flats line the coast and the northern forests are dominated 

by black spruce (Picea mariana) and jack pine (Pinus banksiana) with alder (Alnus spp.), 
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tamarack (Larix laricina), and willow (Salix spp.) fens and bogs (Ecological 

Stratification Working Group 1995). In the Boreal Softwood Shield and Boreal 

Hardwood Transition, which together makeup the Boreal Shield Ecozone, northern 

forests are mainly coniferous, dominated by balsam fir (Abies balsamea), tamarack, white 

spruce (Picea glauca), and black spruce (Ecological Stratification Working Group 1995). 

In the hardwood transition zone to the south, broadleaf trees are more common, including 

white birch (Betula papyrifera), trembling aspen (Populus tremuloides), and balsam 

poplar (P. balsamifera), with red pine (Pinus resinosa) and white pine (P. strobus; 

Ecological Stratification Working Group 1995). South of the Canadian shield, the 

Atlantic Northern Forests are a mixed conifer-deciduous forest dominated by balsam fir, 

sugar maple (Acer saccharum), yellow birch (Betula alleghaniensis), and red spruce 

(Picea rubens), although many boreal species are still present (Ecological Stratification 

Working Group 1995). In general, the Canadian Shield is characterized by vast forest and 

peat-covered lowlands dotted with an abundance of freshwater bodies (i.e., lakes, rivers, 

wetlands). Nesting habitats for black ducks are diverse, with the majority of pairs nesting 

in freshwater systems (e.g., beaver ponds, wooded wetlands, bogs, shallow lakes), 

although some coastal pairs nest in brackish or salt marshes (Longcore et al. 2020). Other 

waterfowl species reported to breed in this area and occupy the same waterbodies include 

Bufflehead, Common Goldeneye (Bucephala clangula), Green-winged Teal, Greater 

Scaup (Aythya marila), Lesser Scaup (A. affinis), Mallard, and Ring-necked Duck 

(Baldassarre 2014, Schummer et al. 2018, Roberts et al. 2020). 

2.3 Methods 

I performed all statistics, geospatial data manipulation, and visualizations in the R 

statistical environment (version 4.1.1, R Core Team 2021) within RStudio (version 

1.4.1717, RStudio Team 2021) using the raster (version 3.4-13, Hijmans 2020), sf 

(version 1.0-3, Pebesma 2018), and sp (version 1.4-5, Pebesma and Bivand 2005) 

packages. 
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2.3.1 Breeding bird survey trends 

I determined regional indices of black duck abundance using the North American BBS 

data (1966–2019; Pardieck et al. 2020) analyzed using hierarchical Bayesian analysis 

within the bbsBayes package (version 2.3.8.2020, Edwards and Smith 2021). I used a 

general additive model with a random year effect, the current model used by the 

Canadian Wildlife Service (Edwards and Smith 2021). Otherwise, I used the default 

model parameters (e.g., burn-in = 10,000, chains = 3, iterations = 20,000, thinning = 10) 

with a heavy-tailed t-distribution for the extra-Poisson error distribution, as suggested by 

Edwards and Smith (2021). Only black duck conservation regions where enough survey 

routes were available could be modeled (i.e., ≥ 3 routes with black duck observations; ≥ 3 

years with non-zero observations on ≥ 1 route). From these indices, I calculated region-

specific population trends for southwestern Canada, Quebec, Atlantic Canada, interior 

United States, north Atlantic United States, and south Atlantic United States. 

2.3.2 Fall age ratio 

I analyzed differences in region-specific age ratios for harvested black ducks using 

banding data and harvest data. For age ratios based on band returns (Bj/Ba ), I determined 

the number of preseason (Jul–Sep) banded adults (i.e., after hatch-year or older) and 

juveniles (i.e., local, juvenile, hatch-year) that were harvested in a specified region within 

a given year during the harvest season (Sep–Feb), then divided the number of banded 

juveniles that were harvested (Bj) by the number of banded adults that were harvested 

(Ba). I obtained banding data from the United States Geological Survey’s Bird Banding 

Laboratory (U.S. Geological Survey 2021). For Canadian age ratios based on harvest data 

(Wj/Wa), I compiled data available online from the National Harvest Survey website 

(Gendron and Smith 2019), again dividing the number of juveniles that were harvested 

(Wj) by the number of adults that were harvested (Wa). For the United States harvest data, 

I extracted harvest age ratios directly from the yearly USFWS Migratory Bird Hunting 

Activity and Harvest reports (Raftovich et al. 2021). These country-wide harvest age 

ratios for the United States have been calculated by weighting the ratio from each state in 

proportion to the estimated harvest within that state compared to the overall harvest 

(Raftovich et al. 2021). I examined annual data between 2000–18, as more recent data 
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were not publicly available from the Canadian Harvest Survey (Gendron and Smith 

2019). Lastly, fall age ratios were then derived as the ratio of these two ratios: 

𝑅 =  

𝑊𝑗

𝑊𝑎

𝐵𝑗

𝐵𝑎

  

I first calculated age ratios by province or state of harvest (except for U.S. harvest ratios) 

using simple arithmetic counts. Following the Migratory Bird Hunting Activity and 

Harvest reports, I calculated age ratios for each country and region (i.e., Atlantic Canada) 

by weighting the age ratio of each province or state by the proportion of the estimated 

harvest for that province or state compared to the region or country of interest, using 

harvest estimates from the National Harvest Survey (Gendron and Smith 2019) and 

Waterfowl Harvest Survey (Raftovich et al. 2021). I applied this weighting to both 

banding and harvest age ratios. For regional comparisons, I stratified by province and 

state rather than black duck conservation regions because harvest survey results are not 

summarized by the same geographic boundaries. I used simple arithmetic counts to 

determine age ratios rather than hierarchical Bayesian models, which the National 

Harvest Survey will use for future estimates (Smith et al. 2022). When Smith et al. (2022) 

compared these Bayesian estimates to previous estimates, results were consistent with 

data-rich species, such as black duck, at least for Canadian metrics. I used a paired 2-

tailed t-test to compare average values in age ratios between regions. I tested for 

differences between Canada and the United States and between Atlantic Canada, Ontario, 

and Quebec for fall age ratios, banding age ratios, and harvest age ratios.  

2.3.3 Sample collection 

I obtained the first primary feather (P1) from wings submitted to the Species 

Composition Survey in Canada (Gendron and Smith 2019) and Parts Collection Survey in 

the United States (USFWS 2019). Trained waterfowl biologists assigned all individuals a 

species identity, age, and sex, if possible (Carney 1992). The hunter reported the date and 

location of harvest. These surveys sample hunters randomly, based on hunting zones and 

previous hunting activity, ensuring a representative sample across the harvested range 



 

46 

 

 

(Smith et al. 2022). From available feathers, I selected individuals for stable-isotope 

analysis stratified by black duck conservation region, sex, age, and date of harvest, where 

possible (Table 2.1). 

I assigned individuals to a region of harvest based on the provided latitude and longitude 

of harvest (or the listed province when missing latitude and longitude) for feathers 

obtained from the Species Composition Survey, and county of harvest, for feathers 

obtained from the Parts Collection Survey. In the few cases (n = 43) where the county 

spanned 2 conservation regions, I assigned the individual to the conservation region 

within which the county centroid fell. For all black ducks harvested in the United States, I 

used the county centroid in visual depictions of harvest location.  

2.3.4 Stable isotopes 

Feathers were processed for δ2H and δ13C at the Laboratory for Stable Isotope Science 

Advanced Facility for Avian Research lab (LSIS-AFAR; Western University, London, 

ON, Canada) and the Cornell Lab of Ornithology Isotope Lab (COIL; Cornell University, 

Ithaca, NY, USA). All feathers were processed for δ2H. All feathers from adult males 

were processed for δ13C, but only a subset of samples from adult females (n = 42) and 

juveniles (n = 90) was processed for δ13C. Feathers were cleaned of surface oils and 

contaminants using a 2:1 chloroform:methanol solution, where feathers were soaked for a 

minimum of 12 hours, and then rinsed and dried for 24 hours in a fume hood.  
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Table 2.1 Sample sizes used for analyses (n), sample sizes for individuals that were excluded from analyses because of marine 

δ13C signatures (Marine), and mean (μ) feather δ2H values for harvested black ducks (n = 664, 2017–20) summarized by 

country, black duck conservation region, age (juvenile, adult), and sex.  

  Unknown  Female  Male 

Country Region1 n 

 

n Marine 

δ2H (‰) 

μ (SD) 

 

n Marine 

δ2H (‰) 

μ (SD) 

Juvenile          

    CA SWC 1  21 0 -117.86 (13.88)  19 0 -124.98 (14.04) 

 SECQC 0  37 0 -125.13 (16.67)  37 0 -123.79 (16.26) 

 SECATL 0  44 0 -97.91 (15.76)  51 0 -97.53 (18.68) 

    USA INT 0  46 0 -118.05 (17.18)  44 0 -122.40 (11.67) 

 NATL 0  40 0 -121.22 (23.70)  40 0 -120.77 (19.59) 

 SATL 0  40 1 -121.46 (23.45)  44 0 -119.84 (20.33) 

Adult 

    CA SWC   11 0 -107.31 (18.74)  16 0 -121.96 (21.17) 

 SECQC   14 0 -112.72 (19.63)  19 1 -115.33 (15.33) 

 SECATL   6 1 -90.87 (8.72)  6 5 -98.87 (26.01) 

    USA INT   31 0 -118.05 (15.41)  40 3 -117.94 (21.04) 

 NATL   14 0 -100.27 (22.84)  8 3 -128.92 (12.46) 

 SATL   12 2 -118.74 (24.39)  5 2 -128.26 (16.72) 

a Black Duck Management Regions: northwestern Canada (NWC), northeastern Canada (NEC), southwestern Canada (SWC), southeastern 

Canada-Quebec (SECQC), southeastern Canada-Atlantic (SECATL), interior United States (INT), north Atlantic United States (NATL), south 

Atlantic United States (SATL) 
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For δ2H analyses, I clipped and weighed 0.35 ± 0.02 mg of feather vane from the distal 

end of the feather into silver cups. At the LSIS-AFAR lab, prepared samples were loaded, 

simultaneously with laboratory standards, in a Uni-Prep autosampler (Eurovector, Milan, 

Italy), heated to 60 °C, flushed with dry helium and maintained under helium pressure 

(Wassenaar et al. 2015). Samples were combusted using flash pyrolysis (~1,350 °C) on 

glassy carbon, separated via a Eurovector 3000 elemental analyzer interfaced with a 

Thermo Delta V Plus continuous-flow isotope-ratio mass spectrometer (CF-IRMS; 

Thermo Instruments, Bremen, Germany). At COIL, gases were separated following 

combustion using a Temperature Conversion Elemental Analyzer (Thermo Instruments) 

interfaced with a Thermo Delta V Plus mass spectrometer. In both laboratories, values of 

δ2H were derived using the comparative equilibration method of Wassenaar and Hobson 

(2003) using 2 keratin standards (caribou hoof standard [CBS], δ2H = -197 ‰; kudu horn 

standard [KHS], δ2H = −54.1 ‰) corrected for linear instrumental drift. At LSIS-AFAR, 

based on within-run analyses (n = 16 trays, each containing 10 standards for every 38 

unknowns) of these keratin standards, the measurement standard deviation was 2.2 ‰ 

(CBS) and 2.7 ‰ (KHS). At COIL, an internal laboratory standard (keratin) included 

every 10 samples resulted in a standard deviation of 2.8 ‰ per run. All values are 

reported relative to the Vienna Standard Mean Ocean Water Precipitation (VSMOW) 

scale in delta (δ) notation in units of per mil (‰).  

For δ13C analysis, I clipped and weighed 0.5 ± 0.02 mg of feather vane from the distal 

end of the feather into tin cups. At LSIS-AFAR, samples were combusted and separated 

using a Costech Elemental Analyzer (Costech Analytical Technologies; Valencia, CA, 

USA) interfaced with a Thermo Delta V Plus CF-IRMS. Standards (USGS-40, δ 13C = -

26.4 ‰; USGS-41, δ13C = +37.6 ‰) were included every 10 samples along with an 

internal laboratory standard (keratin spectrum 1) to control for drift, resulting in an 

overall standard deviation of 0.16 ‰. At COIL, samples were analyzed using an NC2500 

elemental analyzer interfaced with a Thermo Delta V IRMS (ThermoFisher Scientific; 

Waltham, MA, USA). Internal laboratory standards with known δ13C values (Cayuga 

brown trout [CBT], δ13C = -25.58 ‰; ground corn [KCRN], δ13C = -13.01 ‰) along with 

an in-house standard (deer) were included every 10 samples, resulting in run-specific 
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standard deviations of 0.08 ‰ and 0.14 ‰. Values of δ13C were calibrated to Vienna Pee 

Dee Belemnite (VPDB).  

2.3.5 Assignment to origin 

I determined moult or natal origin using spatially explicit likelihood-based assignment 

methods (Royle and Rubenstein 2004, Hobson et al. 2009, Wunder 2012, Campbell et al. 

2020). I used a calibration equation derived for Mallard (δ2Hf = δ2Hp × 1.36 − 21.9; van 

Dijk et al. 2014) to convert an amount-weighted growing-season precipitation isoscape 

(δ2Hp; Bowen et al. 2005, International Atomic Energy Agency and World 

Meteorological Organization 2015, Bowen 2021) into a predicted feather isoscape (δ2Hf; 

Figure 2.2) for North America. I excluded all individuals with δ13C values > -20 ‰ 

(Ashley et al. 2010) from assignments to remove individuals with potential marine inputs 

to diets. Using functions within the isocat R package (version 0.2.6, Campbell et al. 

2020), I first created individual-specific probability surfaces using a normal probability 

density function: 

 
𝑓(𝑦∗|𝜇𝑐, 𝜎𝑐) = (

1

𝜎𝑐√2𝜋
) exp [−

(𝑦∗ − 𝜇𝑐)2

2𝜎𝑐
2

]  

where 𝑓(𝑦∗|𝜇𝑐, 𝜎𝑐) represents the probability that a given cell (c) within the δ2Hf isoscape 

represents the origin of an individual (𝑦∗), given the expected mean (𝜇𝑐; Figure 2.3A) and 

error (𝜎𝑐). Error incorporated both isoscape model error (Figure 2.3B; Bowen et al. 2005, 

International Atomic Energy Agency and World Meteorological Organization 2015, 

Bowen 2021) and residual error from the calibration relationship (12.8 ‰; Clark et al. 

2006, 2009): 

𝜎𝑐 =  √𝜎𝑖𝑠𝑜
2 +  𝜎𝑐𝑎𝑙

2. 

I normalized probabilities to sum to 1, estimating a probability of origin surface for each 

individual. I selected the upper 66 % of probabilities of origin (2:1 odds ratio), creating a 

binary surface. To depict likely origins across all individuals, I subsequently summed 

surfaces across individuals.  
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To further refine these estimates, I explored the use of movement probabilities (Robinson 

et al. 2016) as prior probabilities of origin (Royle and Rubenstein 2004, Wunder 2012). 

Specifically, I created separate probability surfaces for each black duck conservation 

region where the probability of originating at a given cell was the movement probability 

between the black duck conservation region where the theoretical origin cell (i.e., 

banding region) and harvest location (i.e., encounter region; Robinson et al. 2016) 

occurred. Because these probabilities were based entirely on banding information, and 

may strongly bias the results, I presented my final assignments with and without the prior 

included. I conducted all visualizations of raster data using the R package rasterVis 

(version 0.50.3, Lamigueiro and Hijmans 2020). 

I also used clustering methods from Campbell et al. (2020) within isocat to identify 

similarities between continuous probability surfaces. In short, I calculated a similarity 

matrix using pairwise Schoener’s D-metric among all individuals within the given 

assignment grouping and applied hierarchical clustering (package pvclust version 2.2-0; 

Suzuki and Shimodaira 2013) by correlation distance (Campbell et al. 2020). I cut each 

dendrogram tree at a height of 0.5, which I arbitrarily chose from initial investigations, as 

this value consistently produced 2–4 clusters for any given cohort per harvest region. As 

with the previous assignments, I applied a 2:1 odds ratio and summed across individuals. 

This clustering procedure ultimately grouped individuals by areas of origin without a 

priori knowledge of such regions to help further visualize and quantify where harvested 

individuals originated from. This method is particularly useful when examining the 

origins of many individuals with diverse origins. I applied clustering to all assignment 

cohorts and on all samples simultaneously, to represent groupings within the overall 

population. 
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Figure 2.2 Regional annual indices of black duck abundance based on breeding bird 

survey data. Regional annual indices of black duck abundance based on breeding bird 

survey data (1966–2019; Pardieck et al. 2020). Lines are smoothed annual index with 95 

% credible intervals (grey) and points are observed as annual means. Values are regional 

percent change (1970–2018, with 95 % credible interval). I modeled only black duck 

conservation regions where enough survey routes were available: southwestern Canada 

(SWC), southeastern Canada-Quebec (SECQC), southeastern Canada-Atlantic (SECATL), 

interior United States (INT), north Atlantic United States (NATL), south Atlantic United 

States (SATL). 
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Figure 2.3 Isoscape showing A) mean (μ) predicted feather δ2H values and B) 

predicted standard error (SE) of mean amount-weighted growing-season δ2H 

values. I produced the mean predicted feather δ2H isoscape through calibration of a mean 

predicted amount-weighted growing- δ2H surface season (Bowen et al. 2005, 

International Atomic Energy Agency and World Meteorological Organization 2015, 

Bowen 2021) using a calibration equation for Mallard (van Dijk et al. 2014). Both 

surfaces were restricted to the black duck breeding range across eastern Canada and the 

northeastern United States (Baldassarre 2014) and used for likelihood-based assignment 

of harvest black ducks, 2017–19. 
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2.3.6 Statistical analyses 

To test for differences between δ2Hf values between groups, I used linear models with 

δ2Hf as the response and the following predictors: age (factor: adult, juvenile), sex 

(factor: female, male), harvest season (factor: 2017–18, 2018–19, 2019–20), date of 

harvest (integer), region of harvest (factor), and harvest relative to the peak of migrants 

(factor). I assessed parameter significance using p-values, using < 0.05 as an indicator of 

significance. Global models included all predictors and I performed backwards stepwise 

model selection using Akaike’s Information Criterion to determine the most 

parsimonious model. Global models also included an interaction term between age and 

sex to account for age- and sex-specific differences, such as moult migration. To assess 

collinearity between predictors, I assessed variance inflation factors for the global and 

best models (package DAAG version 1.24, Maindonald and Braun 2021), and none 

exceeded 3 in the final model. I assessed model fit by investigating normality and 

homoscedasticity of model residuals. 

I used eBird Status and Trends data to estimate the timing of peak migration based on 

changes in weekly relative abundance (Auer et al. 2020; package ebirdst version 0.30, 

Fink et al. 2020b). These annually updated data products use statistical and machine 

learning models that use observer effort, and temporal and environmental covariates to 

estimate occurrence and abundance while accounting for variability associated with 

citizen science data (Fink et al. 2020a). Because of the imprecision of the harvest location 

(i.e., at the level of county in some cases), I used a low-resolution (27-km grid) map for 

relative abundance and extracted values using bilinear interpolation (i.e., nearest 4 raster 

cells) at the point of harvest. I extracted weekly relative abundance from the beginning of 

the harvest season (1 Sep, week 35) to the last day that 1 of these birds were harvested 

(26 Jan, week 4) and determined the week of highest relative abundance during this 

period. I then determined whether each individual was harvested before the week of 

highest relative abundance (coding these as 0) or during / after the week of highest 

relative abundance (coding these as 1). 

I determined differences between multi-level factors using a Tukey post hoc test. I 

calculated the date of harvest as the number of days since 1 September, which I then 
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standardized (i.e., centered to a mean of 0 and scaled to an SD of 1). I removed 

individuals with missing dates (n = 1), unknown sex (n = 1), and missing coordinates (n = 

11), and those harvested in areas without relative abundance data (n = 11) from all linear 

models.  

2.4 Results 

2.4.1 Population metrics 

There were differential declines across the black duck breeding range (Figure 2.2) similar 

to those from Conroy et al. (2002). Specifically, Atlantic Canada was the only region 

showing little support for a decline (regional % change = 2.7 %) over the sampling period 

(1970–2018). Relative abundance was also highest in Atlantic Canada. 

Fall age ratios (Appendix A) tended to be greater (i.e., more juveniles in the harvest data 

compared to the band-return data) when calculated using harvest data for Canada 

compared to the United States (mean difference = 0.22, t18 = 3.41, p < 0.01). Harvest age 

ratios (mean difference = 2.28, t18 = 11.90, p < 0.001) and band-return age ratios (mean 

difference = 3.10, t18 = 6.23, p < 0.001) were also on average greater when calculated for 

Canada. Within Canada, the fall age ratio for Atlantic Canada was on average less than 

the fall age ratio from Quebec (mean difference = -0.26, t18 = -2.16, p = 0.045), but 

otherwise there were no differences between age ratios for Atlantic Canada and either 

Quebec or Ontario.  

2.4.2 Stable-isotope assignment 

I collected feathers from 1,424 black ducks from three harvest seasons (2017–18, 2018–

19, 2019–20) from across eastern Canada and the United States. After sub-sampling by 

region, age, and sex (Table 2.1), I processed 664 feathers for stable-isotope analysis 

(LSIS-AFAR, δ2H, n = 615 and δ13C, n = 63; COIL, δ2H, n = 49 and δ13C, n = 177). Only 

14 of 108 (13 %) adult males were identified as moulting feathers in marine 

environments, all of which were removed from further analyses. The prevalence of 

marine moulting within the selected sample of adult females and juveniles was low (3 of 

42 and 1 of 90 respectively); therefore, I did no further δ13C sampling for juveniles.  
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Feather δ2H values were best predicted by a model containing region (separating SEC 

into SECATL and SECQC) and an interaction between age and sex (n = 622, F8, 613 = 14.05, 

p < 0.001), which supported my prediction of regional differences. By contrast, harvest 

date, season, and harvest timing relative to migration peak did not explain δ2H values. 

Juvenile birds showed more negative δ2H values compared to adults, indicating more 

northern origin (β [SE] = −8.30 [2.39], t = −3.48, p < 0.001). The same effect was seen 

for males, where adult males showed more northern origin (β [SE] = −6.60 [2.80], t = 

−2.36, p = 0.019), although for juvenile males there was a weaker effect due to a positive 

interaction between age and sex (β [SE] = 5.92 [3.32], t = 1.78, p = 0.075). Despite an 

effect of region, the only differences in feather δ2H were between Atlantic Canada and all 

other regions, where individuals harvested in Atlantic Canada showed, on average, 20 ‰ 

more positive δ2H values (Tukey post-hoc test, all p < 0.001; region-specific mean δ2H 

[SD], SWC = -119.12 ‰ [17.40], SECQC = -121.24 ‰ [17.24], SECATL = -98.43 ‰ 

[17.98], INT = -119.21 ‰ [16.61], NATL = -118.77 ‰ [22.42], SATL = -120.77 ‰ 

[21.74]). 

Probabilistic assignments incorporating movement probabilities showed varied origins 

across the black duck breeding range, although the assignments generally corroborate the 

patterns based on the analysis of feather δ2H values above. Black ducks harvested in 

Atlantic Canada showed more southern origins along with adult females in Quebec, the 

north Atlantic United States, and the south Atlantic United States black duck 

conservation regions, which supported my prediction of regional differences (Figure 2.4 

and Figure 2.5; for assignments without the priors see Figure A1 and Figure A2). Overall, 

I assigned northern origins for juveniles and adult males across all harvest regions but to 

a lesser extent in Atlantic Canada (Figure 2.4 and Figure 2.5), again providing support for 

my prediction of regional differences. For adult females, likely regions of origin were 

generally farther south compared to juveniles and adult males within each black duck 

conservation region (Figure 2.4 and Figure 2.5). When movement probabilities were 

incorporated as a prior probability of origin, likely origins for harvested individuals 

showed strong flyway fidelity in all harvest regions except the south Atlantic United 

States black duck conservation region (Figure 2.4 and Figure 2.5). Further, in the 

southwestern black duck conservation region of Canada, which consists of southern and 
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central Ontario, there was a low probability of staying within the region after banding, 

based on movement probabilities. This created a dead-zone where black ducks were 

likely originating from all surrounding regions but not within that zone (Figure 2.4). In 

the southeastern Canada black duck conservation region, a similar pattern was seen 

where the probability of originating from northeastern Canada was greater than the 

probability of staying within southeastern Canada, but the effect was much less 

pronounced (Figure 2.4).  

Using the clustering methods, I identified four latitudinal bands or clusters (Table 2.2; 

Figure 2.6). The two northernmost clusters, representing the Boreal Softwood Shield and 

Taiga Shield and Hudson Plains, were the predominant origins for juveniles (excluding 

Atlantic Canada) and adult males (excluding the interior United States black duck 

conservation region; Table 2.2; Figure 2.6). The next most southern cluster, representing 

the mixed forests south of the boreal, was the predominant region of origin for harvested 

juveniles in Atlantic Canada and adult female black ducks across all regions but the 

interior United States black duck conservation region (Table 2.2; Figure 2.6). Lastly, 

while identified as a cluster, there were only 12 individuals assigned to the southernmost 

cluster, representing the Atlantic coast (Table 2.2; Figure 2.6).  
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Figure 2.4 Likely origins of black ducks harvested within Canada from 2017–19. 

Likely origins of black ducks harvested within Canada from 2017–19, incorporating 

movement probabilities between regions as a prior probability of origin (Robinson et al. 

2016). I grouped individuals by age and sex cohort (columns; juvenile, adult female, 

adult male) and black duck conservation region of harvest (rows; southwestern Canada 

[SWC], southeastern Canada-Quebec [SECQC], southeastern Canada-Atlantic [SECATL]). 

Sample sizes show the number of individuals harvested and circles are harvest locations. 

The scale represents the number of individuals assigned to a given pixel, under a 2:1 odds 

ratio.  
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Figure 2.5 Likely origins of black ducks harvested within the United States from 

2017–20. Likely origins of black ducks harvested within the United States from 2017–20, 

incorporating movement probabilities between regions as a prior probability of origin 

(Robinson et al. 2016). I grouped individuals by age and sex cohort (columns; juvenile, 

adult female, adult male) and black duck conservation region of harvest (rows; interior 

United States [INT], north Atlantic United States [NATL], south Atlantic United States 

[SATL]). Sample sizes show the number of individuals harvested and circles are harvest 

locations. The scale represents the number of individuals assigned to a given pixel, under 

a 2:1 odds ratio.  
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Table 2.2 The proportion of black ducks that were probabilistically assigned to each cluster (1 = Taiga Shield and Hudson 

Plain, 2 = Boreal Softwood Shield and Boreal Hardwood Transition, 3 = Lower Great Lakes–St. Lawrence Plain and Atlantic 

Northern Forests, 4 = New England–MidAtlantic Coast), summarized by age, sex, and black duck conservation region of 

harvest, 2017–20.  

For each group, the cluster with the greatest proportion, indicated with an asterisk, indicates the predominant region of origin (moult 

location [adults] or natal area [juveniles]). Harvest regions include southwestern Canada (SWC), southeastern Canada-Quebec 

(SECQC), southeastern Canada-Atlantic (SECATL), interior United States (INT), north Atlantic United States (NATL), and south 

Atlantic United States (SATL).  

  Juvenile  Adult female  Adult male 

 Region 1 2 3 4  1 2 3 4  1 2 3 4 

SWC 0.37 0.44* 0.20 0  0.09 0.36 0.55* 0  0.44* 0.25 0.31 0 

SECQC 0.41* 0.41* 0.19 0  0.21 0.36 0.43* 0  0.21 0.47* 0.32 0 

SECATL 0.05 0.17 0.74* 0.04  0 0 1* 0  0 0.50* 0.33 0.17 

INT 0.28 0.52* 0.19 0.01  0.29 0.42* 0.29 0  0.32 0.28 0.40* 0 

NATL 0.40 0.35* 0.24 0.01  0.07 0.36 0.50* 0.07  0.50* 0.50* 0 0 

SATL 0.43* 0.35 0.19 0.04  0.33 0.17 0.50* 0  0.60* 0.20 0.20 0 
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Figure 2.6 Clustered areas of origin for black ducks harvested in the United States 

and Canada. Clustered areas of origin for black ducks harvested in the United States and 

Canada, 2017–19. This procedure grouped individuals by areas of origin without a priori 

knowledge of such regions. I named each origin location based on the dominant Bird 

Conservation Regions. 
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2.5 Discussion 

I tested the flyover hypothesis for black ducks using multiple intrinsic markers (feather 

δ2H, δ13C) and prior knowledge of movement patterns derived from banding to identify 

region-specific, age-specific, and sex-specific origins of harvested individuals throughout 

the United States and Canada. I more completely tested the flyover hypothesis by 

incorporating adult black ducks and those harvested within the United States. Black 

ducks harvested in Atlantic Canada had more southern origins, indicative of nearby 

breeding locations with relatively few individuals assigned to breeding regions farther 

north. In general, the opposite pattern in all other black duck conservation regions was 

evident, where δ2Hf values were mostly assigned to northern boreal areas, well north of 

harvest areas, which provided strong support for regional differences predicted under the 

flyover hypothesis. The δ2Hf values in the Quebec and the north Atlantic United States 

black duck conservation regions showed some, but much weaker, support for the flyover 

hypothesis (i.e., a portion of the harvest showed some sign of local origins) compared to 

Atlantic Canada.  

My results combined with the findings of Ashley et al. (2010) and Roy et al. (2015) 

suggest that regional black duck harvest regulations may improve harvest management. 

Previous studies have shown support for independent stocks for black ducks (Geis et al. 

1971, Pendleton and Sauer 1992), but my results further highlight regional connectivity 

between breeding and harvest areas. Current adaptive harvest management treats the 

black duck population as a continuous entity with population-wide demographic 

parameters (e.g., harvest rates, survival rates) and no regional metrics (USFWS 2021). At 

least for Atlantic Canada, these population-wide parameters may not represent localized 

stock-specific parameters, although collection and interpretation of this regional 

information is difficult. As previously identified, the fall age ratio, and both age-ratio 

components, are greater for black ducks harvested in Canada compared to the United 

States. Despite this difference, Atlantic Canada, which I expected to drive these 

differences between the 2 countries, did not show different age ratios to the other 

Canadian provinces (apart from differences in fall age ratio between Atlantic Canada and 

Quebec).  
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My data showed no difference in origin based on the timing of harvest, indicative of 

migration strategies where a mix of local breeders and northern migrants were harvested 

independently of harvest date. This result has also been seen in Mallard, where even at 

northern harvest locations early in the season, some northern-produced individuals and 

some nearby breeders are harvested (Kucia 2021). Black ducks have been expanding 

their winter range farther north and east (Brook et al. 2009) and some individuals 

breeding in Atlantic Canada, specifically in Nova Scotia, remain in Canada over winter 

(Peck et al. 2022). If some individuals are permanent residents in this area, they should be 

available for harvest early in the hunting season with a larger proportion of the harvest 

representing boreal origins later in the season, especially because the harvest season for 

Canada generally begins as early as 1 September (range of start dates 2021–22: 1–25 Sep 

in ON; 1–25 Sep in QC, 1–15 Oct in NB, 1–8 Oct in NS) compared to the United States 

(e.g., 25 Sep to 9 Oct in MI, 2 Oct to 20 Nov in NY, 27 Sep to 6 Nov in ME). Early 

boreal migrants arriving at the beginning of the harvest season in these northern areas 

likely obscure this temporal effect in natal and moult origin. In the southwestern Canada 

conservation region, the extremely low breeding densities of black ducks likely further 

prevent any temporal effects in origin because so few local black ducks are available to 

hunters early in the hunting season (compare abundance indices in Figure 2.2).  

Adult males showed more northern origins compared to adult females, but not juveniles, 

suggesting similar moulting latitude of adult males and juvenile hatch locations. Across 

waterfowl, the direction of moult migration movements is variable depending on the life-

history of the species but often involves the aggregation of many individuals and 

movement to separate (from the breeding area) communal moulting sites (Salomonsen 

1968). Moult migratory movements are not well documented for black ducks 

(Baldassarre 2014), but studies report moulting birds on the northern coast of Labrador 

(Bowman and Brown 1992) and the Hudson Bay and James Bay lowlands (Bellrose and 

Kortright 1976, Ross 1984, Reed et al. 1996), many of which are generally at the north 

edge of their breeding range or beyond. Two studies have tracked annual cycle 

movements of black ducks, but neither conclusively showed northward moult migratory 

movements (Coluccy et al. 2020, Peck et al. 2022). Coluccy et al. (2020) investigated 

only adult females and treated the breeding and moult location as the same. Although 
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Peck et al. (2022) did acknowledge that two of their five male black ducks may have 

exhibited moult migration to the north, they were not confident in classifying moult 

migration in these cases. Other tracking studies determining moult migratory movements 

have focused more on geese and diving ducks, where northward movements to moulting 

sites such as the Hudson and James Bay lowlands and Ungava Peninsula are documented 

for eastern populations of these groups (Robert et al. 2002, Sheaffer et al. 2007, 

Luukkonen et al. 2008). For black ducks, these coastal moulting habitats are often in tidal 

flats and saltwater or brackish ponds (Ross 1984), suggesting marine inputs for such 

moulting birds. Therefore, I would expect my sample of males, 14 of which were 

excluded because of marine inputs, to show more northern moult origins indicative of 

moult migratory movements if these individuals could be reliably assigned to origin. In 

the interior United States black duck conservation region, adult males originated farther 

south than juveniles and adult females, potentially indicating a southward moult 

migration for these adult males, although this phenomenon was not seen in southwestern 

Canada.  

Harvested adult females showed more southern origin relative to juveniles within any 

given region. Successful adult females and juveniles grow their feathers at the breeding 

site; therefore, the difference in origin indicates natal areas for juveniles are on average 

more northerly compared to the average breeding areas for all adult females for a given 

harvest area. This could indicate increasing productivity of females with increasing 

latitude, where more northern breeding females are more productive. Comparisons 

between agricultural breeding black ducks and those breeding in peatland and forested 

landscapes show that agricultural-origin birds are generally less productive (Maisonneuve 

et al. 2000). Alternatively, the pattern I saw in harvest by latitude could also indicate 

differential harvest vulnerability for juveniles and adult females where southern breeding 

adults are more likely to be harvested compared to juveniles at the same sites. 

Additionally, this effect could be driven by adult females with failed clutches, as they 

abandon the breeding grounds to moult at communal moulting grounds (Salomonsen 

1968) and would show different δ2Hf values. Lastly, although I identified sex-specific 

and age-specific origins, sample sizes for adults were lower than those of juveniles. This 

limitation was due to the reduced representation of adults within the parts collection and 
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harvest surveys compared to juveniles and due to the greater proportion of adult birds that 

were excluded because they moulted in marine systems. 

Despite the relative lack of banding in the northern boreal, band returns as a source of 

connectivity information can be useful for refining origin, but the results should be 

carefully interpreted. Movement between breeding and harvest regions (Robinson et al. 

2016), incorporated as a Bayesian prior for isotopic assignment, provided reliable 

longitudinal refinement, where individuals harvested in the Mississippi flyway (INT) and 

Atlantic flyway (SEC and NATL) generally showed natal or moult origins within the 

same flyway. This flyway fidelity is supported for black ducks, although individuals 

banded in southern Ontario show a higher probability of migrating to the Atlantic coast to 

overwinter (Lavretsky et al. 2014), as my data support for black ducks harvested in the 

south Atlantic United States black duck conservation region. In this case, incorporating 

movement estimates generally mirrored previous methods to restrict waterfowl by flyway 

of origin within probabilistic assignments (Asante et al. 2017, Palumbo et al. 2019), 

whereas movement probabilities provided little useful latitudinal refinement (e.g., SEC, 

NEC). By incorporating these movement estimates, I inferred a Mississippi Flyway stock 

produced in the Boreal Shield and Hudson Plains of Ontario that is harvested in the Great 

Lakes and interior of Canada and the United States and an Atlantic Flyway stock 

harvested both as local breeders and with some migrants from northern Quebec and 

Newfoundland and Labrador in the Boreal Softwood and Taiga Shield. This supports the 

findings of Peck et al. (2022), where some individuals spent the entire annual cycle in 

Nova Scotia, while others migrated north to breed. This is especially important because 

these interior regions showed more negative population trends compared to Atlantic 

Canada, although I did not model the northern breeding individuals because of 

inadequate BBS coverage in the northeastern and northwestern Canada black duck 

conservation regions. Farther down the Atlantic coast, individuals originate from broad 

northern origins across both the Mississippi and Atlantic flyways. 

Despite the usefulness for most harvest regions, for black ducks harvested in the 

southwestern Canada black duck conservation region, movement priors 

disproportionately restricted likely origins away from local breeding regions. Stable-
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isotope values for harvested black ducks in southwestern Canada indicated likely origins 

across much of the Great Lakes and northern Atlantic forests, but movement probabilities 

indicated a low likelihood of origins in these regions compared to the interior United 

States black duck conservation region. This disconnect between the band-return and 

stable-isotope data could indicate a bias for banding data in the southwestern Canada 

black duck conservation region, where northern Ontario breeding black ducks are not 

adequately sampled during banding compared to the less harvested but more heavily 

banded southern breeders. Alternatively, this could represent a true effect where hunters 

in this region are more likely to harvest birds from the United States. I incorporated the 

most contemporary estimates for movement probabilities, estimated using hierarchical 

Bayesian models (Robinson et al. 2016), which indicate a low probability of banding and 

subsequently encountering a black duck within the southwestern Canada black duck 

conservation region (Ψ = 0.002) compared to all other regions such as the interior United 

States black duck conservation region (Ψ = 0.1; Robinson et al. 2016). Looking at 

previous movement estimates for black ducks, likelihood of banding and encounter 

within this area was much higher (Ψ = 0.975 and 0.979, sex-specific estimates; Zimpfer 

and Conroy 2006), although these estimates were calculated using different regions 

where Canada was separated into western, central, and eastern breeding strata with no 

north–south separation. The southwestern Canada black duck conservation region is a 

prime example of where prior information, in this case banding data, needs to be 

critically evaluated before incorporating with probabilistic assignments, which also must 

be interpreted with and without prior information, as I have done here.  

2.5.1 Management implications 

The adaptive harvest management model for black ducks relies on metrics of breeding-

ground abundance, age-specific and sex-specific harvest rates and survival rates, and the 

fall age ratio, and in doing so, assumes that these processes operate across a single, range-

wide population. Although I did not measure population metrics, apart from the fall age 

ratios, my results suggest the possibility of regional difference in these metrics with 

additional evidence of 2 distinct stocks (Mississippi and Atlantic flyway). Based on my 

results, I recommend that regional demographic parameters, particularly for Atlantic 
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Canada, be directly measured. Incorporating demographic information from regional 

stocks will likely be challenging because of a suite of analytical and operational issues, 

but it could help optimize harvest opportunities in the United States and Canada and 

promote more effective conservation of black ducks. 
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Chapter 3  

3 Assigning harvested waterfowl to geographic origin 
using feather δ2H isoscapes: What is the best analytical 
approach? 

A version of this chapter has been published in PLOS One and is reproduced under the 

Creative Commons Attribution 4.0 International (CC BY) license. Citation:  

Kusack, J. W., D. C. Tozer, K. M. Harvey, M. L. Schummer, and K. A. Hobson. 2023. 

Assigning harvested waterfowl to geographic origin using feather δ2H isoscapes: 

What is the best analytical approach? PLOS One 18:e0288262. 

3.1 Introduction 

Establishing links between breeding, stopover, and wintering sites for migratory species 

is important for the effective conservation and management of those species and their 

habitats (Webster et al. 2002, Boulet and Norris 2006). The development of extrinsic 

tracking tools has greatly increased our ability to establish patterns of migratory 

connectivity (Flack et al. 2022), but there are numerous situations involving unmarked 

individuals where only intrinsic markers are possible for inferring these connections. 

Such intrinsic markers typically involve the use of genetic or chemical molecular 

markers. This use of spatially explicit assignments to determine the origin of unmarked, 

migrant individuals using measurements of tissue stable-hydrogen isotopes (δ2H) has 

grown considerably over the past two decades (reviewed in Hobson 2019). In addition to 

numerous non-game animals, this isotopic approach has been applied to determine the 

geographic origins of several hunted waterfowl species across North America (Hobson et 

al. 2009b, Ashley et al. 2010, Asante et al. 2017, Palumbo et al. 2019, 2020, Kusack et al. 

2022) and Eurasia (Guillemain et al. 2014, 2019, Parejo et al. 2015, Caizergues et al. 

2016). In this context using the stable-isotope approach, origin is generally not a specific 

location, but instead describes a probabilistically defined region that likely contains the 

location where an individual previously grew the sampled tissue(s) such as a natal, 

breeding, or non-breeding site. This assignment method has been important in improving 

our understanding of migratory connectivity, especially between breeding and harvest 
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areas (Palumbo et al. 2019, 2020, Kusack et al. 2022, Kucia et al. 2023, Schummer et al. 

2023), and has the potential to contribute considerably to waterfowl management. 
 

Isotopic assignment methods depend on the use of predictable relationships between the 

isotopic composition of environmental hydrogen (H) (e.g., precipitation, standing surface 

water) and non-exchangeable H in animal tissues. This approach relies on the fact that all 

H in animal tissues is derived ultimately from environmental H, either through diet or 

drinking water. Relationships between environmental H and non-metabolically active 

animal tissues formed locally, such as in feathers, allow inference of origins of 

individuals that are otherwise unmarked or tracked remotely, and so are not biased to 

focal (marked) populations within a species’ range. Feather hydrogen-isotope values 

(δ2Hf) reflect the source of H in local food webs following isotopic discrimination (i.e., 

the preferential assimilation of the heavy, 2H, or light, 1H, form), which occurs during 

incorporation through food webs and ultimately into consumer tissues. Feathers are inert 

following formation, so the non-exchangeable δ2H values of feathers are representative of 

the environmental conditions present during feather growth (Hobson and Wassenaar 

1997), assuming no endogenous reserves are used during feather formation (Fox et al. 

2009). As waterfowl exhibit synchronous flight-feather moult after breeding (Pyle 2005), 

stable isotopes within these newly-formed feathers should reflect stable-isotope 

abundance present within the environment at the moulting site for adults. Similarly, 

stable isotopes present in feathers from juvenile waterfowl should reflect stable isotopes 

present within the environment at the natal site of those individuals. 

Relating these baseline environmental H isotope values, driven primarily by precipitation 

(δ2Hp), to δ2Hf values requires a calibration or transfer function (Wunder 2010), often in 

the form of a linear equation (hereafter calibration equation). To derive these 

relationships, researchers primarily target known-origin, wild individuals whose tissues 

can confidently be related to a given location and relate their δ2H values to an averaged 

δ2Hp at that location. For some animals, such as insects, calibrations can be derived in the 

laboratory using isotopically-known, dietary substrates (Hobson et al. 1999, 2018). 

Sample sizes and geographic coverage needed to adequately capture these broad-scale 

relationships often necessitates lumping of taxa with similar life history (Hobson and 
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Wassenaar 1997, Hobson et al. 2004, 2012b, a, Hebert and Wassenaar 2005, Lott and 

Smith 2006, Popa-Lisseanu et al. 2012, Buchanan et al. 2018). Over the past 30 years, 

these relationships have been derived for many taxa (see Table B1), including bats 

(Cryan et al. 2004, 2014, Britzke et al. 2009, Popa-Lisseanu et al. 2012), butterflies and 

moths (Hobson et al. 1999, 2018, 2019), dragonflies (Hobson et al. 2012a), hoverflies 

(Ouin et al. 2011), raptors (Lott et al. 2003, Lott and Smith 2006, Wommack et al. 2020, 

Crowley et al. 2021), songbirds (Bowen et al. 2005, Hobson et al. 2009a, 2012b, 

Procházka et al. 2013, Tonra et al. 2015), and waterfowl (Table 3.1). 

Calibration equations estimating the transfer of H from precipitation to tissue can vary 

among taxa and age classes within taxa (Studds et al. 2012, van Dijk et al. 2014), as life 

history and foraging strategies influence isotopic source and routing (Hobson et al. 

2012b). For example, for individual songbirds captured at the same moulting location, 

species is an important predictor of δ2Hf values (Nordell et al. 2016). Waterfowl species 

can be broadly grouped into two guilds with differing foraging strategies: dabblers (i.e., 

feed on aquatic vegetation and invertebrates beneath the surface of the water) and divers 

(i.e., dive to feed upon fish, invertebrates, and vegetation). Although the diets and 

behaviour of dabbling and diving ducks are varied and can overlap, these broad foraging 

strategies partition the dietary niche of these ducks to different microhabitats (dabblers – 

surface; divers – benthos or water column), which could theoretically influence these 

calibration relationships, although this is largely unknown for waterfowl. 
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Table 3.1 Summary of published calibration equations and associated statistics relating δ2Hp to δ2Hf for waterfowl, 

waterbirds, and shorebirds 

Common name Scientific name Calibration equation δ2Hp
a R2 SDresid Source 

Anseriformes       

Lesser Scaup  Aythya affinis δ2Hf = -31.6 + 0.93 * δ2Hp  MGSB-2005 0.78 12.8 ‰ 
(Clark et al. 

2006, 2009) 

Mallard  

Northern Pintail 

Anas platyrhynchos,  

Anas acuta 
δ2Hf = -57 + 0.83 * δ2Hp MGSM - - 

(Hebert and 

Wassenaar 

2005) 

- - δ2Hf = -61 + 0.67 * δ2Hp MAB-2005 - - 

(Hebert and 

Wassenaar 

2005) 

Mallard Anas platyrhynchos δ2Hf = -21.9 + 1.36 * δ2Hp MGSB-2005 0.61 - 
(van Dijk et 

al. 2014) 

Swan Goose Anser cygnoides δ2Hf = 9.03 + 1.71 * δ2Hp MGSB-2005 0.43 8.89 ‰ 
(Zhu et al. 

2020) 

Waterbirds and Shorebirds       

Virginia Rail, King Rail Rallus limicola, R. elegans δ2Hf = -43.82 + 1.16 * δ2Hp MGSB-2005 0.76 8.6 ‰ 
(Fournier et 

al. 2017) 

4 rail species  δ2Hf = -74 + 1.16 * δ2Hp MMB
b - - 

(Seifert et al. 

2016) 

14 wader species   δ2Hf = -37.56 + 0.34 * δ2Hp MGSB
b - - 

(Buchanan et 

al. 2018) 

SDresid, Standard deviation of residuals. 
a MGSB-2005, Amount-weighted mean growing-season precipitation δ2H (Bowen et al. 2005); MGSM, (Meehan et al. 2004); MAB-2005, Amount-

weighted mean annual precipitation δ2H (Bowen and Revenaugh 2003, Bowen et al. 2005); MMB, Amount-weighted mean monthly 

precipitation (Nov-Feb; Apr-Aug) δ2H (Bowen 2021:202); MGSB, (Bowen 2021:202). 
b Isoscape was downloaded at the time of publication and may not represent the current form available in the reference. 

‘-’ indicates information repeated from the line above; blanks indicate unreported information.
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When using precipitation isoscapes to assign individuals to origin, it is important to 

understand how H in precipitation contributes to H in a consumer’s tissues. For 

terrestrial-foraging species, most current calibrations in North America are done using 

amount-weighted mean growing-season (hereafter MGS) δ2Hp isoscapes, which 

incorporate isotope data for months with average temperatures > 0⁰C (Meehan et al. 

2004, Bowen et al. 2005) (Table B1). These calibrations work on the assumption that 

consumer δ2Hf will relate to the δ2Hp during the period of greatest vegetative growth, as 

these precipitation signals are translated into plant biomass and to consumers. The 

appropriate calibration is less clear for aquatic and semi-aquatic species or those that eat 

foods that occur in aquatic emergent plant communities. Despite this, the focus for 

waterfowl calibration studies has been on the relationship between consumer tissues and 

MGS δ2Hp values, as all but one waterfowl calibration relationship has utilized MGS 

δ2Hp values (Table 3.1), although few studies have directly measured surface water δ2H 

to compare with consumer tissues (Coulton et al. 2009, Solovyeva et al. 2016). The other 

isoscape used is the amount-weighted mean annual (hereafter MA) δ2Hp grid, which 

incorporates precipitation isotope data across all months (Bowen et al. 2005, Terzer et al. 

2013, Terzer-Wassmuth et al. 2021). The main difference for the MA grid is the potential 

contribution of snowmelt to the surface water. Although no studies have directly 

measured this relationship, snowmelt entering waterbodies likely influences dietary δ2H 

especially for northern moulting waterfowl. Therefore, it is not clear which isoscape 

captures this relationship more accurately.  

The efficacy of assigning waterfowl to a geographic origin using the stable-isotope 

approach also depends upon the accuracy of the calibration relationship between δ2Hf and 

δ2Hp, as well as the variance one might expect for such a calibration. This involves 

isotopic measurement error (Wunder and Norris 2008) and intrinsic differences between 

individuals (e.g., behaviour, metabolism), in addition to error associated with the 

derivation of δ2Hp isoscapes (i.e., δ2Hp measurement error, interpolation uncertainty, 

annual environmental effects). As such, modern δ2Hp isoscape grids are generally 

accompanied by a spatially explicit estimate of δ2Hp variability (Bowen 2021), where 

error is generally greater in regions with fewer sampling points (Bowen and Revenaugh 
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2003). To capture the remaining calibration error, variability is often approximated using 

the standard deviation of calibration model residuals (hereafter SDresid), which includes 

uncertainty in δ2Hf values (e.g., measurement error, inter- and intraspecific intrinsic 

variability) and site-specific δ2Hp values (e.g., interpolation error, climatic variability). 

For waterfowl, annual climatic variation such as dry summers leading to increased 

evaporation in shallow ponds and more positive surface water δ2H values (Coulton et al. 

2009) likely contributes to increased variability. Propagating as much of the known error 

as possible into assignments is the objective of most practitioners and with the adoption 

of newer assignment algorithms (Campbell et al. 2020, Ma et al. 2020) these sources of 

error can be incorporated into likelihood-based assignment algorithms, to provide the 

most complete estimates of assignment error. 

The primary goal of my research was to critically evaluate current methods used to 

calibrate precipitation-hydrogen isoscapes to predicted δ2Hf values and, by extension, 

evaluate likelihood-based assignment methods for waterfowl. Specifically, I aimed to test 

whether known-origin waterfowl δ2Hf values correlated better with MA δ2Hp or with 

MGS δ2Hp, and which calibration relationship is best for different foraging guilds of 

ducks (dabbling vs. diving). To test these correlations, I used published δ2Hf data for 

known-origin waterfowl and collected additional data from across northeastern North 

America, a region that has been unrepresented to date. Using these data and published 

isoscapes, I derived calibrations between measured and predicted δ2Hf values and then 

evaluated the accuracy and precision of assignments by applying a cross-validation 

procedure. Lastly, as a proof-of-concept, I reanalyzed a published dataset (Palumbo et al. 

2020), applied my derived calibration methods, and compared the results to the previous 

utilized method.  

3.2 Materials and methods 

3.2.1 Isoscapes  

I compiled three δ2Hp isoscapes from two sources that represent the most complete 

precipitation isoscapes available at the time of publication. Both sources utilized the 

long-term datasets compiled by the Global Network of Isotopes in Precipitation (GNIP) 
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of the International Atomic Energy Association (IAEA) (International Atomic Energy 

Agency and World Meteorological Organization 2023). From the WaterIsotopes website 

(Bowen 2021), I obtained a predicted amount-weighted (i.e., weighted by the monthly 

amount of precipitation) mean annual δ2Hp grid (5 arc-minute resolution, hereafter MAB), 

amount-weighted mean growing-season δ2Hp grid (5 arc-minute resolution, hereafter 

MGSB), and associated uncertainty (1 standard deviation) grids for MGSB and MAB 

predictions. Using monthly station-specific δ2Hp values (largely from GNIP), these 

isoscapes are typically interpolated using algorithms that rely on spatial (e.g., latitude, 

elevation) correlates to account for variation in δ2Hp (Bowen and Revenaugh 2003, 

Bowen et al. 2005), although the versions I used include more recent precipitation δ2Hp 

data (International Atomic Energy Agency and World Meteorological Organization 

2015). From the IAEA (International Atomic Energy Agency and World Meteorological 

Organization 2023), I obtained an amount-weighted mean annual δ2Hp grid (30 arc-

second resolution, hereafter MAT; accessed August 23, 2021), modelled using the 

updated Regionalized Cluster-Based Water Isotope Prediction Version 2 model 

(RCWIP2) (Terzer-Wassmuth et al. 2021). This model updated the previous RCWIP 

model (Terzer et al. 2013) and included an additional seven years of δ2Hp data (1960–

2006). In addition to the spatial correlates included in the (Bowen and Revenaugh 2003, 

Bowen et al. 2005) model (i.e., latitude and altitude), the RCWIP2 model included 

additional climatic (e.g., air temperature, vapour pressure) and geographical predictors 

(e.g., land mass fraction; for a complete list see Terzer-Wassmuth et al. 2021). The 

RCWIP2 isoscape grids are available as 1800 x 1800 arcminute GeoTIFF files (accessed 

May 27, 2022), which I downloaded separately and combined into a global grid (Terzer-

Wassmuth et al. 2021). These RCWIP2 isoscapes provide δ2Hp values at the highest 

resolution available, but this resolution was not logistically feasible because of computer 

processing time. Therefore, I reduced the resolution to match the 5 arc-minute resolution 

of the MGSB and MAB isoscapes (method: bilinear resampling).  

3.2.2 Samples 

I collected feathers from known-origin waterfowl across eastern Canada and the United 

States (n = 273, 2017–21, hereafter the ‘Kusack’ dataset; see Table 3.2 for sample sizes 
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by province and state and Figure 3.1 for geographic distribution). Most feather samples 

were collected from flightless hatch-year (HY) birds (i.e., ‘locals’) during regular 

banding operations, where feathers were collected opportunistically or during targeted 

sampling. I focused collection on primary (P1; clip ¼ inch of the distal end of the feather) 

and covert (secondary covert; pluck entire feather) feathers, but due to the opportunistic 

nature of sampling and the different ages at which banding occurred for HY birds, 

multiple different feather groups, including breast feathers (n = 17) were included in 

analyses. Samples were collected from HY American Black Duck (Anas rubripes), 

Mallard (Anas platyrhynchos), Ring-necked Duck (Aythya collaris), and Wood Duck (Aix 

sponsa). I also obtained Blue-winged Teal (Spatula discors n = 2) samples that were 

collected by Palumbo et al. (2020). Moulting adults (n = 9) were included if they were 

not flight-capable yet, but only newly moulted primary feathers were sampled from these 

birds to be sure of the local signal. Outside of banding stations, I also obtained primary 

feather tissue (P1) from HY Wood Duck (n = 22) banded during a Maryland breeding 

study, which were sampled within 5 km of their original banding site as flightless young. 

I obtained flight feathers (primary [P1] and primary coverts) from the Species 

Composition Survey (Gendron and Smith 2019) when wings from HY or adults in 

incomplete moult were submitted from known origins (Green-winged Teal Anas crecca n 

= 5, American Black Duck n = 1, Ring-necked Duck = 3, Common Merganser Mergus 

merganser n = 1, Wood Duck n = 2). 

I obtained published known-origin δ2Hf data from the assignR known-origin dataset 

repository (Ma et al. 2020) and authors directly. For dabbling ducks, I obtained δ2Hf data 

on known-origin Mallard and Northern Pintail pre-fledged HY birds captured in western 

North America (Hebert and Wassenaar 2005) (n = 324, hereafter the ‘Hebert’ dataset) 

and known-origin juvenile and moulting adult Mallard across Europe (van Dijk et al. 

2014) (n = 215, hereafter the ‘van Dijk’ dataset). Three samples from the van Dijk dataset 

were excluded from analyses as they did not overlap with the MAT isoscape (IDs 2755, 

2932, and 2933). For diving ducks, I obtained data on known-origin HY Lesser Scaup 

(Aythya affinis) in western North America (Clark et al. 2006, 2009) (n = 75, hereafter the 

‘Clark’ dataset).   
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Table 3.2 Summary statistics for feather stable-hydrogen isotope (δ2Hf) values. 

Country Province Species n Foraging Guild Mean ± SD δ2Hf (‰)a 

Canada NB American Black Duck 3 Dabbling -100.3 ± 1.3 

 NS American Black Duck 1 Dabbling -107.5 

 ON American Black Duck 3 Dabbling -97.3 ± 5.7 

  Green-winged Teal 5 Dabbling -105.5 ± 16.0 

  Blue-winged Teal 2 Dabbling -110.4 ± 1.8 

  Common merganser 1 Diving -112.3 

  Mallard 7 Dabbling -118.4 ± 12.8 

  Ring-necked Duck 9 Diving -132.6 ± 16.7 

  Wood Duck 12 Dabbling -115.6 ± 21.0 

 QC American Black Duck 20 Dabbling -120.0 ± 8.0 

  Mallard 8 Dabbling -130.2 ± 7.3 

USA CT Mallard 1 Dabbling -111.9 

 IN Mallard 1 Dabbling -76.3 

 MA Mallard 10 Dabbling -100.2 ± 4.3 

  Wood Duck 6 Dabbling -97.9 ± 13.2 

 MD Wood Duck 22 Dabbling -94.6 ± 14.8 

 MI Mallard 2 Dabbling -90.03 ± 20.3 

 NJ Mallard 1 Dabbling -82.5 

 NY Mallard 4 Dabbling -123.6 ± 5.8 

  Wood Duck 5 Dabbling -104.1 ± 15.1 

 OH Wood Duck 3 Dabbling -108.2 ± 8.7 

 PA Mallard 2 Dabbling -111.0 ± 9.4 

  Wood Duck 3 Dabbling -108.4 ± 14.6 

 VA Wood Duck 9 Dabbling -88.5 ± 9.8 

 WI Mallard 88 Dabbling -119.8 ± 16.4 

  Ring-necked Duck 23 Diving -119.9 ± 14.1 

  Wood Duck 24 Dabbling -105.3 ± 7.6 

Total   275   
a Mean δ2Hf values were calculated without the outlier samples and sites (see Results) 
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Figure 3.1 Map of sampling sites. Collection locations for North American and 

European known-origin ducks, overlaid on amount-weighted mean growing-season 

precipitation (MGSB) (Bowen 2021) and amount-weighted mean annual precipitation 

(MAB, Bowen 2021; MAT, Terzer-Wassmuth et al. 2021) isoscape grids. Points show 

sampling location for individual samples and symbology shows the source publication 

(triangle, n = 212, ‘van Dijk’, van Dijk et al. 2014; circle, n = 324, ‘Hebert’, Hebert and 

Wassenaar 2005; diamond, n = 275, Kusack; inverted triangle, n = 75, Clark, Clark et al. 

2006, 2009). Stable-hydrogen isotope values within each column are represented by the 

colour (scale is consistent among isoscape sources within the same continent). For more 

specific sampling locations for a given dataset, see the original publications.   
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3.2.3 Stable-isotope measurements 

Feather samples were processed for δ2Hf measurement at the Laboratory for Stable-

isotope Science - Advanced Facility for Avian Research (n = 71; LSIS-AFAR; Western 

University, London, ON, CA) and the Cornell Isotope Laboratory (n = 204; COIL; 

Cornel, Ithaca, NY, USA). Feathers were first cleaned of surface oils by soaking and 

rinsing in a 2:1 chloroform:methanol mixture and allowed to dry under a fume hood. I 

sampled the distal end of the feather vane and weighed 0.350 ± 0.03 mg of feather 

material into silver capsules. At LSIS-AFAR crushed capsules were then placed in a Uni-

Prep carousel (Eurovector, Milan, Italy) heated to 60 °C, evacuated and then held under 

positive helium pressure. Feather samples were combusted using flash pyrolysis (~1350 

°C) on glassy carbon in a Eurovector elemental analyzer (Eurovector, Milan, Italy) 

coupled with a Thermo Delta V Plus continuous-flow isotope-ratio mass spectrometer 

(CF-IRMS; Thermo Instruments, Bremen, Germany). At COIL, the same procedures 

were followed, except feather samples were combusted (> 1400 °C) using a Thermo 

Scientific Temperature Conversion Elemental Analyzer coupled via a Conflo IV (Thermo 

Scientific) to a Thermo Scientific Delta V CF-IRMS. Both labs used the comparative 

equilibration method of Wassenaar and Hobson (2003) using the same two keratin 

standards (CBS, δ2H = -197 ‰; KHS, δ2H = -54.1 ‰) corrected for linear instrumental 

drift. All results are reported for non-exchangeable H expressed in the typical delta 

notation, in units of per mil (‰), and normalized on the Vienna Standard Mean Ocean 

Water (VSMOW) scale. Based on within-run (n = 5 CBS at LSIS-AFAR; n = 7–9 

Keratin at COIL) and across-run (n = 10 at LSIS-AFAR; n = 13 at COIL) analyses of 

standards, measurement error was approximately ± 2.5 ‰ (LSIS-AFAR) and ± 2.2 ‰ 

(COIL). All δ2Hf values are reported relative to the Vienna Standard Mean Ocean Water–

Standard Light Antarctic Precipitation scale. All published data used in this study were 

processed using the same comparative equilibration methods (Wassenaar and Hobson 

2003), using the same standards as Wassenaar and Hobson (2003) (i.e., CFS, CHS, 

BWB) or used standards that have been calibrated relative to the standards in Wassenaar 

and Hobson (2003) (i.e., KHS, CBS), and therefore should be comparable without any 

additional transformations (Magozzi et al. 2021).  
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3.2.4 Statistics 

All statistics were performed within the R statistical environment (version 4.2.2, R Core 

Team 2021) using RStudio (version 2022.12.0, RStudio Team 2021). Spatial data 

manipulations were performed using the packages sf (version 1.0-9, Pebesma 2018) and 

terra (version 1.6-47, Hijmans 2021). All isoscape depictions and assignment procedures 

were done using the original coordinate system of the isoscapes (WGS84; EPSG:4326), 

but final depictions of assignment maps were converted to an Albers equal-area 

projection for North America (NAD83; EPSG:42303).  

I used general linear models to derive calibration equations based on the relationship 

between known-origin δ2Hf values and δ2Hp values at the location of sampling. I removed 

outliers on a site-specific basis, where individuals with δ2Hf values more positive than the 

third quartile + 1.5 x the interquartile range, for that site, were removed from the 

calibration, as were those with δ2Hf values more negative than the first quartile – 1.5 x 

the interquartile range. Separate calibration equations were derived for each published 

known-origin data source (Hebert and Wassenaar 2005, Clark et al. 2006, 2009, van Dijk 

et al. 2014), as well as my data, paired with each precipitation isoscape (Bowen 2021, 

Terzer-Wassmuth et al. 2021). I also grouped all dabbling ducks (American Black Duck, 

Blue-winged Teal, Green-winged Teal, Mallard, Wood Duck; hereafter the ‘Dabblers’ 

dataset) and diving ducks (Common Merganser, Lesser Scaup, Ring-necked Duck; 

hereafter the ‘Divers’ dataset). From each calibration equation, I reported the SDresid and 

adjusted R2 to approximate model fit.  

3.2.5 Model validation 

To validate the performance of known-origin δ2Hf datasets, isoscapes, and any resulting 

calibration (δ2Hf vs δ2Hp) equations, I performed a cross-validation procedure, similar to 

those used by Ma et al. (Ma et al. 2020). Half of the given dataset, chosen at random, was 

used to produce a calibration equation, while the other half was used to validate the 

derived equation. These isoscapes were then converted to predicted δ2Hf isoscapes using 

the calibration equation derived from the calibration subset. As the known-origin data 

were collected within North America and Europe, isoscapes were limited to these 
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continents. Specifically, North America (extent: longitude -170 to -10o, latitude 7 to 84o) 

was masked to exclude South America while Europe (extent: longitude -25 to 50o, 

latitude 35 to 72o) was masked to exclude Africa. Geopolitical shapefiles were obtained 

from the R package rnaturalearth (version 0.1.0, South 2017). Isoscapes were not masked 

to any breeding range since I was assessing multispecies data, and waterfowl can migrate 

to moult outside of the breeding range (Salomonsen 1968).  

I then assessed the likelihood that any given cell within the δ2Hf isoscape was the origin 

of an individual duck using the procedures and functions from the isocat package 

(version 0.2.6, Campbell et al. 2020), which uses normal probability density function 

(Royle and Rubenstein 2004, Wunder 2010) incorporating both calibration error (𝜎cal) 

and isoscape error (𝜎iso) into the expected standard deviation of a given isoscape cell (𝜎𝑐). 

Calibration error was derived directly from the residuals of the calibration relationship 

(SDresid) between the isoscape and calibration data. Isoscape error was extracted directly 

from the isoscape uncertainty raster. For the MAT isoscape, which did not have an error 

grid, I used a placeholder grid with no uncertainty (i.e., 𝜎isoscape = 0), which simplified the 

error calculation to just the calibration error, while still using the isocat functions. 

Probabilities were normalized to sum to 1, estimating a probability of origin, and the 

upper 66.6 % of probabilities of origin (i.e., a 2:1 odds ratio) were selected, creating a 

uniform region of likely origins (i.e., all cells are equally likely). As some of the grouped 

datasets contained samples from both North America and Europe, I limited the likely 

origins for a given individual to the continent (see above) where sampled. I evaluated the 

performance of each known-origin dataset and isoscape using estimates of accuracy, 

precision, and minimum distance. I measured accuracy by determining the proportion of 

individuals that were correctly assigned under the applied odds ratio (i.e., the binary grid 

contains the sampling point for known-origin feathers, Reese et al. 2019). Other 

validation methods examined the performance of these thresholds on a spectrum (0–1) 

(Campbell et al. 2020, Ma et al. 2020), rather than a single odds ratio, but as I was 

focussing on the calibration data and isoscapes rather than the assignment methods, I 

chose to examine the performance of these methods using a single, conservative, odds 

ratio instead (2:1). I measured precision as the proportion of cells in the raster which were 
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likely assigned compared to the total number of cells (Reese et al. 2019). This procedure 

was repeated 25 times for each dataset and isoscape pairing, with precision and minimum 

distance being summarized as the mean value across individuals within a given iteration. 

For inaccurately assigned individuals, I also measured the minimum distance (km) 

between the location of sampling for the known-origin individual and the closest cell of 

the region of likely origin (hereafter ‘minimum distance’). I followed methods from 

Campbell et al. (2020) but used the function ‘distance’ within the package terra.  

3.2.6 Test dataset 

As a proof-of-concept, I reanalyzed data from Palumbo et al. (2020) on Blue-winged Teal 

harvested across Canada (2014–18; n = 144). This study represents a case where a diving 

duck (Lesser Scaup) calibration (Clark et al. 2006, 2009) was used to assign the 

geographic origins of a dabbling duck. This has been common in waterfowl studies to 

date, as six of eight published assignments for unknown-origin dabbling ducks or geese 

have used this equation (Ashley et al. 2010, Gunnarsson et al. 2012, Parejo et al. 2015, 

Roberts and Conover 2015, Asante et al. 2017, Guillemain et al. 2019, Palumbo et al. 

2019, 2020). I chose to reanalyze Palumbo et al. (2020), as this study has direct 

management implications for the connectivity of harvested Blue-winged Teal. To 

facilitate direct comparison to the original publication, as these data were assigned 

separately for each harvest region, I subsetted these data and only analyzed birds 

harvested in the southern Saskatchewan harvest region because of its larger sample size 

(n = 47).  

To assess the consequences of using different calibration equations to assign waterfowl 

origins, I repeated the assignment procedures above, but with the updated δ2Hp grids 

(Bowen et al. 2005, Bowen 2021, Terzer-Wassmuth et al. 2021) and the calibration 

equations derived from the Dabblers and Divers datasets. Therefore, I applied six 

assignments: MGSB + Dabblers, MAB + Dabblers, MAT + Dabblers, MGSB + Divers, 

MAB + Divers, and MAT + Divers. I masked this isoscape to the Blue-winged Teal 

breeding range (BirdLife International and Handbook of the Birds of the World 2021). As 

these are unknown origin samples, there is no way to truly validate the accuracy of any 



 

86 

 

method, but my intention was simply to demonstrate the scale of differences relative to 

each other. 

3.3 Results 

I collected and processed δ2Hf values of 273 known-origin ducks (American Black Duck 

[n = 27], Green-winged Teal [n = 5], Blue-winged Teal [n = 2], Common Merganser [n = 

1], Mallard [n = 124], Ring-necked Duck [n = 32], Wood Duck [n = 82]) across eastern 

North America (2017–21; Table 3.2). One site in Wisconsin showed more positive δ2Hf 

values than expected (mean [SD] = -85.8 ‰ [10.3 ‰]; Mallard [n = 7] and Wood Duck 

[n = 4]) likely due to irrigation and increased effect of evapotranspiration in shallow 

water due to the site’s location on a cranberry farm. I removed 35 outliers whose δ2Hf 

values deviated from the site-specific mean δ2Hf (Clark [n = 2], van Dijk [ n= 10], Hebert 

[n = 19], Kusack [n = 4]). These samples were excluded from all further analyses. 

3.3.1 Calibration equations 

Calibration relationships were generally consistent, with a positive linear relationship 

between δ2Hf and δ2Hp values within each dataset (Figure 3.2 and Figure 3.3). All 

calibration equations had a negative intercept term (range: -82.6 to -9.9 ‰) and a positive 

slope term (range: 0.5 to 1.2), but the magnitude of these terms varied (Table 3.3). Within 

each respective known-origin dataset, calibration equation model fit was only marginally 

different when derived using δ2Hp values that were extracted from the three different 

isoscapes (Table 3.3). Comparing different known-origin datasets there was a greater 

difference in model fit. For dabbling ducks (Figure 3.2), the calibration equation derived 

using the Hebert dataset showed almost double the amount of residual variation (~21 ‰) 

compared to van Dijk (~10 ‰) and Kusack (~14 ‰). For the calibration derived from the 

Dabblers dataset, model fit improved marginally (~17 ‰) compared to Hebert but was 

still greater than the other individual datasets. For diving ducks (Figure 3.3), where only a 

few additional samples (n = 33) were added to the Clark dataset, model fit was reduced 

slightly (Table 3.3).  
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Table 3.3 Summary of derived calibration equations. 

Dataset Isoscapea Calibration n SDresid R2 

Dabblers MGSB  δ2Hf = -69.9 + 0.7 ∗ δ2Hp 734 17.7 0.56 

 MAB  δ2Hf = -71.7 + 0.6 ∗ δ2Hp 734 17.2 0.58 

 MAT  δ2Hf = -62.0 + 0.7 ∗ δ2Hp 734 17.3 0.58 

van Dijk (van Dijk et al. 2014) MGSB  δ2Hf = -38.5 + 1.2 ∗ δ2Hp 202 10.0 0.65 

 MAB  δ2Hf = -52.9 + 0.9 ∗ δ2Hp 202 9.6 0.68 

 MAT  δ2Hf = -54.2 + 0.8 ∗ δ2Hp 202 9.9 0.65 

Hebert (Hebert and Wassenaar 2005) MGSB  δ2Hf = -59.1 + 0.7 ∗ δ2Hp 305 21.7 0.44 

 MAB  δ2Hf = -62.7 + 0.6 ∗ δ2Hp 305 21.6 0.45 

 MAT  δ2Hf = -62.9 + 0.7 ∗ δ2Hp 305 22.0 0.43 

Kusack (Dabblers) MGSB  δ2Hf = -66.9 + 0.8 ∗ δ2Hp 227 14.8 0.28 

 MAB  δ2Hf = -76.7 + 0.5 ∗ δ2Hp 227 14.9 0.27 

 MAT  δ2Hf = -75.1 + 0.5 ∗ δ2Hp 227 14.4 0.32 

Divers MGSB  δ2Hf = -82.6 + 0.5 ∗ δ2Hp 106 14.7 0.54 

 MAB  δ2Hf = -78.4 + 0.5 ∗ δ2Hp 106 14.1 0.58 

 MAT  δ2Hf = -63.1 + 0.6 ∗ δ2Hp 106 14.8 0.54 

Clark (Clark et al. 2006, 2009) MGSB  δ2Hf = -37.5 + 0.9 ∗ δ2Hp 73 12.6 0.63 

 MAB  δ2Hf = -41.7 + 0.7 ∗ δ2Hp 73 12.4 0.64 

 MAT  δ2Hf = -9.9 + 1.0 ∗ δ2Hp 73 13.1 0.60 

SDresid, standard deviation of residuals. 
a MGSB, Amount-weighted mean growing-season precipitation (Bowen 2021); MAB, Amount-

weighted mean annual precipitation (Bowen 2021); MAT, Amount-weighted mean annual 

precipitation (Terzer-Wassmuth et al. 2021). 
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Figure 3.2 Dabbling duck calibration relationships. Linear relationships between δ2Hp (amount-weighted mean growing-season 

precipitation, MGSB, Bowen 2021; amount-weighted mean annual precipitation, MAB, Bowen 2021; MAT, Terzer-Wassmuth et al. 

2021) and δ2Hf from known-origin dabbling ducks. The solid black line shows an overall linear relationship and smaller lines show 

dataset-specific calibration relationships. Points show individual known-origin ducks, separated by dataset (shown in different 

colours). 
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Figure 3.3 Diving duck calibration relationships. Linear relationships between δ2Hp (amount-weighted mean growing-season 

precipitation, MGSB, Bowen 2021; amount-weighted mean annual precipitation, MAB, Bowen 2021; MAT, Terzer-Wassmuth et al. 

2021) and δ2Hf from known-origin diving ducks. The solid black line shows an overall linear relationship. Points show individual 

known-origin ducks, separated by dataset (shown in different colours). 
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3.3.2 Model validation 

Accuracy in assignment did not differ consistently among isoscapes when considering the 

same known-origin dataset but differed marginally among known-origin datasets (Figure 

3.4). Estimates of mean accuracy from cross-validation procedures applied to dabbling 

duck datasets (van Dijk, Hebert, Kusack, Dabblers) all fell within a proportion of 0.66 ± 

0.07 accurately assigned individuals (range = 0.63 to 0.73) while estimates for diving 

duck datasets (Clark, Divers) all fell within 0.66 ± 0.05 (range = 0.61 to 0.71), both 

consistent with the accuracy that I expected for the applied odds ratio (i.e., 0.66 for 2:1). 

The Dabblers dataset showed the highest accuracy, which was greater than expected (> 

0.66), in all but four iterations across all three isoscapes. For the diving duck datasets, 

accuracy was more variable, and consistently lower than expected, on average, for the 

Divers dataset (accuracy < 0.66 for 61 of 75 iterations). Minimum distance showed some 

variability between datasets, but no strong differences were identified between the three 

isoscapes (Figure 3.4). Specifically, the van Dijk and Clark datasets showed the lowest 

values for minimum distance, but otherwise, the datasets showed similar minimum 

distances (mean [SD]; 290 km [52] Dabblers; 298 km [63] Hebert; 246 km [45] Kusack).  

Mean precision was more variable between datasets compared to accuracy (Figure 3.4). 

For the van Dijk, Hebert, Clark, and Divers datasets, the MAB calibrations showed the 

best precision follow by the MAT and MGSB grids respectfully, but again showed no 

consistent differences among the isoscapes for the Kusack and Dabblers datasets (Figure 

3.4). The Kusack and Clark datasets showed the best precision (Figure 3.4), despite the 

Kusack dataset having the lowest R2 (Table 3.3). For the Dabblers and Hebert datasets, 

precision was low and did not exceed 0.4 (Figure 3.4). For the Divers dataset, precision 

and accuracy were lower with the inclusion of the diving ducks from the Kusack dataset 

(Figure 3.4), despite a slight increase in sample size.  
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Figure 3.4 Accuracy, precision, and minimum distance distributions. Box and whisker plots showing distributions of accuracy, 

minimum distance, and precision from cross-validation procedures applied to the listed datasets. Validation results for different 

isoscapes (amount-weighted mean growing-season precipitation, MGSB, Bowen 2021; amount-weighted mean annual precipitation, 

MAB, Bowen 2021; MAT, Terzer-Wassmuth et al. 2021) are shown in different colours. Boxplots show medians (horizontal lines 

within boxes), 25th and 75th quantiles (upper and lower limits of the boxes), upper and lower extreme values (whiskers), and outliers as 

values outside of 1.5 x the interquartile range (points). Dotted line (left) shows the expected accuracy for the applied odds ratio (2:1 or 

0.66).  
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3.3.3 Test dataset 

Likely origins were not noticeably altered by using the updated calibration equations for 

Dabblers or Divers (Figure 3.5), which showed likely origins of Blue-winged Teal in the 

northwestern Boreal Forest of northern British Columbia and Alberta (see Figure B1 for a 

recreation of the figure from Palumbo et al. 2020). This general result matches the results 

in the original publication, although at a higher resolution. Using the calibration equation 

derived from the Divers dataset tended to bias likely origins towards the northwest 

compared to using the Dabblers calibration, which showed similar origins to the original 

publication apart from greater likelihood to the south (Figure 3.5). As the residual 

standard deviation was greater (range = 14.1–17.7 ‰) than what was used in the original 

publication (12.8 ‰), the larger area of potential origin is not unexpected. The original 

publication also did not include isoscape uncertainty, as I have included in the MGSB and 

MAB assignments, which likely contributes to the broader areas. Aside from minor 

fluctuations in the upper and lower range and the maximum number of individuals 

assigned, the use of any specific isoscape did not significantly alter the final depiction, 

within each foraging guild. 
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Figure 3.5 Test dataset results. Likely origins of Blue-winged Teal (Spatula discors) 

harvested in southern Saskatchewan (n = 47, 2014–18, Palumbo et al. 2020) using 

different assignment methods. Panels show likely origins determined using different 

precipitation isoscapes (amount-weighted mean growing-season precipitation, MGSB 

Bowen 2021; amount-weighted mean annual precipitation, MAB Bowen 2021; MAT 

Terzer-Wassmuth et al. 2021) and calibration equations (listed in the panel strip text: 

isoscape + calibration equation). The colour indicates the number of individuals that were 

assigned to a given pixel under a 2:1 odds ratio. Harvest locations for samples are shown 

as red points.  
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3.4 Discussion 

Combining published and newly collected data, I (1) critically evaluated the relationship 

between δ2H values of waterfowl feathers and precipitation at known sites of feather 

growth;( 2) empirically tested the performance of three publicly-available isoscapes and 

four calibration datasets, including newly collected samples; and (3) derived updated 

calibration equations for diving and dabbling ducks that can be applied to future 

waterfowl studies in North America and Europe. As with numerous other studies, I found 

a strong positive relationship between δ2Hf and δ2Hp values, reinforcing the usefulness of 

using stable isotopes to determine likely origin for unknown-origin individuals. The MA 

and MGS isoscapes showed similar relationships with known-origin δ2Hf values, 

suggesting that either MA or MGS is suitable for predicting δ2Hf values. Finally, when I 

applied these different assignment methods to a test dataset, the region of most likely 

origin remained consistent overall, with some minor discrepancies.  

Few studies have directly compared the suitability of MA and MGS methods for deriving 

isoscapes and relating them to consumer tissues. Bowen et al. (2005) compared the 

relationship between δ2Hp and δ2Hf for known-origin North American and European 

birds (based entirely on Hobson and Wassenaar 1997 for North America and Hobson et 

al. 2004 for Europe), using their derived MA and MGS grids, and found that neither 

isoscape fit significantly better (North America: MA R2 = 0.67 and MGS R2 = 0.65; 

Europe: MA R2 = 0.85 and MGS R2 = 0.86). In this study and ours, European birds 

showed a slightly better fit compared to North American birds, as demonstrated by the 

van Dijk dataset which had the highest coefficient of determination (R2 = 0.65–0.67) 

compared to the North American datasets (R2 = 0.27–0.45). I found that the van Dijk 

dataset showed the lowest minimum distance measures, which could be driven by the 

relatively smaller area in Europe compared to North America.  

My results suggest that MA or MGS perform equally well for predicting surface water 

inputs into food webs for foraging waterfowl, regardless of foraging strategy, as both 

δ2Hp values correlated comparably with known-origin δ2Hf values. It is worth noting that 

calibration relationships using MA or MGS δ2Hp never explained more than ~ 50–60 % 

of the variance. These values are consistent with what has been seen in other single-
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species or multi-taxa studies (e.g., Accipitriformes and Falconiformes R2 = 0.64, Crowley 

et al. 2021; Charadriiformes, Columbiformes, Galliformes, Passeriformes, and Piciformes 

R2 = 0.54–0.66, Hobson et al. 2004; Northern long-eared bat Myotis septentrionalis R2 = 

0.47–0.53, Britzke et al. 2009), although other, better fitting, examples exist (e.g., 

Chiroptera R2 = 0.72, Popa-Lisseanu et al. 2012; Coleoptera R2 = 0.74–0.78, Gröcke et 

al. 2006; Odonata R2 = 0.75, Hobson et al. 2012a; Passeriformes R2 = 0.83, Hobson and 

Wassenaar 1997; see Table B1 for further examples). The single most likely contributor 

to this variation for waterfowl is the mismatch between predicted food web water δ2H 

based on precipitation and that manifested on the ground. Other authors have pointed to 

the effects of evapotranspiration in small wetlands (Coulton et al. 2009) as well as 

differential inputs from snowmelt and complex hydrology (Cavallaro et al. 2022), but 

other sources of inter- and intraspecific variation, such as diet, timing of moult, and 

metabolic routing (Wunder et al. 2012, Nordell et al. 2016), also undoubtedly contribute. 

This unexplained variability within these calibration models may be enough to mask 

these differences in fit between the MA or MGS methods, nullifying the usefulness of 

more specific or more general δ2Hp measurements.  

I initially expected that MA δ2Hp would provide better integration of water isotope data 

compared to MGS δ2Hp values for northern-origin individuals. The contribution of 

snowmelt to waterfowl feathers would be more pronounced for individuals breeding in 

the far north, where prolonged colder temperatures lead to more snowfall and a greater 

contribution of snowmelt to waterbodies. Here it would be expected to see relatively 

more negative δ2Hf values due to the greater contribution of snowmelt, which for a given 

location should have relatively more negative δ2Hp values compared to rain (Clark and 

Fritz 1997). For my sampling in eastern Canada and the USA, these far northern 

individuals were mostly unavailable as I relied entirely on pre-existing banding 

operations to collect feathers, none of which were farther north than ~50 oN. For 

southern-origin waterfowl, fewer months below freezing means the MGS grid 

approximates the MA grid (Figure B2), so these differences are mostly negligible. At 

more northern latitudes, with colder climates, it would be expected to have a greater 

contribution of snowmelt (Coulton et al. 2009). What I found instead was greater 

variability in δ2Hf for known-origin ducks in regions with more negative δ2Hp values, 
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which generally are found in the far north. In the Hebert dataset, individuals sampled at 

locations with lower δ2Hp values (< -100 ‰), variability in δ2Hf was greater, with more 

δ2Hf values being lower than the predicted δ2Hf values. Many individuals in this range 

were also removed as outliers before analysis (n = 18). From these outliers, the majority 

were found in the prairies (n = 15; 14 Mallard and 1 Northern Pintail) although they were 

not restricted to a specific species/region and did not represent the entirety of samples at 

any given site. This is surprising as I would expect relatively higher δ2Hf values due to 

surface water becoming progressively more enriched in deuterium during evaporative 

processes (Clark and Fritz 1997, Coulton et al. 2009), but this was not the case. For these 

outliers, especially for those in the far north (n = 1 Alaska, n = 2 Northwest Territories), 

this may indicate that snowmelt was disproportionately important, but without further 

investigation, it is difficult to be sure. That said, I still saw many individuals clustered 

around the predicted δ2Hf values. 

Comparing calibration equations derived from dabblers and divers, there were clear 

differences, but the sample size disparity between the two was significant (n = 734 and 

106, respectively). As such, it is difficult to validate the performance of the diving duck 

data. When additional diving duck samples were added from my samples to the Clark 

dataset, performance decreased across all measures, including accuracy. This slight 

decrease in accuracy is not unexpected as this equation included multiple diving duck 

species compared to the Clark dataset which was only Lesser Scaup. It is clear from these 

results that additional samples for known-origin diving ducks should be collected to build 

a more robust diving duck calibration dataset. 

3.4.1 Limitations  

Propagating realistic estimates of error into isotopic assignments using isoscapes is 

integral to achieving realistic results useful for conservation and management (Wunder 

and Norris 2008). Although I incorporated calibration error in these likelihood-based 

assignments, I did not explicitly account for isoscape interpolation error when validating 

the MAT grid, as this measure was unavailable. If these error estimates are available in 

the future, these methods can properly incorporate isoscape error into these assessments. 

Regardless, my current focus on choosing the best calibration algorithm remains 
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unaffected as even without this error measurement, the assignments for the test dataset 

showed overall the same regions of likely origin. 

I did not account for age effects in my models, despite including adults in the samples 

collected here and those from the van Dijk dataset (van Dijk et al. 2014). In van Dijk et 

al. (2014), accounting for age effects, while simultaneously controlling for year effects, 

resulted in a marginally better calibration model fit (0.71 compared to 0.61). Here, 

juvenile feathers showed lower δ2Hf values compared to adults (difference = -6.8 ‰), 

which is consistent across other avian taxa, such as American Redstart Setophaga 

ruticilla (Langin et al. 2007), Bicknell’s Thrush Catharus bicknelli (Studds et al. 2012), 

Cooper’s Hawk Accipiter cooperii (Meehan et al. 2003), and Ovenbird Seiurus 

aurocapilla (Haché et al. 2012). This effect is likely to be driven by adult birds 

experiencing higher body water loss due to increased provisioning effort before moult 

leading to enriched δ2Hf values (Studds et al. 2012), different feather growth rates, or 

dietary routing or microclimate differences between nestlings and adults (Langin et al. 

2007). In practice, this difference in δ2Hf of adults and juveniles may not lead to a 

noticeable difference in the assignment. For example, using the Blue-winged Teal test 

dataset, randomly selecting an individual (ID = 2014_SK-01, δ2Hf = -159.3 ‰), increase 

and decrease the δ2Hf value by 6.8 ‰, and repeat the assignment procedures, I get a 

distance of 192 and 383 km between the centroids of the resulting binary regions and the 

centroid of the binary region from the original value. With the geographic scales that I am 

working with in most of these assignments (usually the breeding range of a species), 

these distances would be negligible. Regardless, for my analyses, this information was 

not available in the assignR database, but access to this information would improve the 

usefulness of these and future known-origin data.  

I relied on published isoscape grids rather than year-specific, month-specific, or other 

custom isoscapes produced using platforms such as isoMAP (Bowen et al. 2014). This 

choice served two main purposes: 1) these freely-available grids are the main isoscapes 

already used in waterfowl calibration studies (only three publications used custom 

surfaces (Tonra et al. 2015, Reese et al. 2019, Wommack et al. 2020), other than the 

kriged surfaces used before 2005) and 2) these grids represent the most user-friendly 



 

98 

 

source of isotope data. Further, while short-term δ2Hp measures may be more specific, 

they often result in increased uncertainty due to reduced spatial coverage from sampling 

points (Vander Zanden et al. 2014). At the time of this publication, the isoMAP server 

was unsupported and may not be available for future studies. Overall, my intention here 

was to provide actionable and easily accessible recommendations that can be used by 

waterfowl managers and researchers.  

I assembled as large a sample of known-origin waterfowl feathers as possible to 

maximize power for describing calibration relationships although this work could be 

further improved with larger sample sizes. For example, banding operations, especially 

those occurring in remote areas, should consider collecting feathers from local HY birds 

during regular banding operations. Several other studies contain known-origin duck 

tissues (Szymanski et al. 2007, Coulton et al. 2009), which could be integrated with the 

growing database to define these relationships. Another valuable, but uncommon, source 

is banded known-origin HY birds submitted to the North American Waterfowl Parts 

Collection (Raftovich et al. 2022) and Species Composition Surveys (Gendron and Smith 

2019), although using these incidental sources of feather collection comes with some 

necessary assumptions (e.g., harvested individuals have not opportunistically regrown 

feathers since banding). These surveys are excellent sources of feathers from harvested 

birds (Palumbo et al. 2020, Kusack et al. 2022, Kucia et al. 2023) but have been 

underutilized to date. All δ2Hf data used here are available (Kusack et al. 2023) for future 

calibration studies and help build upon the literature describing these relationships (see 

Table B1). As this isotopic database grows, researchers will be able to combine and 

compartmentalize the data to directly derive the necessary calibration equations from 

their own environmental water measurements or other custom isoscape. This workflow is 

recommended in packages like assignR (Ma et al. 2020). Adding to these databases 

allows us to not only better describe these δ2Hf ~ δ2Hp relationships, in a changing world, 

but also to refine these into more specific (e.g., by taxa, age, diet) calibration 

relationships, as necessary. 
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3.4.2 Recommendations  

Waterfowl conservation and management can benefit greatly from the adoption of stable-

isotope methods. These assignment techniques are not new to waterfowl applications 

(Hobson et al. 2009b, Ashley et al. 2010, Gunnarsson et al. 2012, Guillemain et al. 2014, 

2019, Parejo et al. 2015, Roberts and Conover 2015, Caizergues et al. 2016, Asante et al. 

2017, Palumbo et al. 2019, 2020) but have yet to be used routinely or other than for a few 

specific species. In the early days of isotopic assignment, use of published calibration 

equations was often necessary, but we are now at the stage where users can use publicly 

available known-origin data to derive or supplement calibrations as needed. Whether 

deriving the calibration using such data or using the equations presented here (see Table 

3.3), I recommend the use of the combined foraging-guild-specific calibration datasets 

(Dabblers, MGSB: δ2Hf = -69.9 + 0.7 * δ2Hp; MAB: δ2Hf = -71.7 + 0.6 * δ2Hp and Divers, 

MGSB: δ2Hf = -82.6 + 0.5 * δ2Hp; MAB: δ2Hf = -78.4 + 0.5 * δ2Hp) for general 

applications to assign unknown-origin waterfowl in North America and Europe. For 

regional and species-specific studies, such as the assignment of unknown origin Mallard 

in Europe, the use of the more specific dataset for that species and/or region (van Dijk ~ 

MGSB in this case) is warranted. Although the Dabblers dataset showed lower precision 

and model fit compared to the individual dabbling duck datasets, I consider the Dabblers 

dataset to be the most conservative and realistic relationship. Similarly, for diving ducks 

my derived calibration equation for the combined Divers dataset offers little 

improvement over the Clark dataset, but I still recommend using the more general dataset 

including multiple diving duck species, unless the application is for Lesser Scaup 

specifically. While the RCWIP2 isoscape has advantages based on more advanced 

algorithms (Terzer-Wassmuth et al. 2021), it is computationally challenging due to 

computer memory requirements and currently has no associated error estimates. 

Although (Terzer-Wassmuth et al. 2021) lists the “40-fold” increase in resolution as an 

overall improvement, use of the RCWIP2 isoscape is currently limited. Ultimately, for 

waterfowl, neither MGSB nor MAB measurements presented a markedly better 

relationship and the use of either grid could is justified, although precision was 

marginally better for MAB. Refining these relationships is important, but understanding 
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the limitations of the approach is absolutely necessary to interpret results from isotopic 

assignment methods. 
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Chapter 4  

4 Spatiotemporal changes in natal sources of waterfowl 
harvested in the Mississippi and Atlantic Flyways 

4.1 Introduction 

To prepare effective harvest management strategies, connectivity between breeding and 

harvest locations must be estimated (Nichols et al. 2007). Much of our understanding of 

connectivity for harvested species is based on leg-band returns (Geis 1971, Munro and 

Kimball 1982, Klimstra and Padding 2012, Szymanski and Dubovsky 2013, De Sobrino 

et al. 2017) through coordinated annual preseason leg-banding programs that target post-

breeding waterfowl near or on the breeding grounds. Bands are recovered and reported by 

hunters through a massive-scale citizen science effort. For management purposes, 

connectivity is described using harvest derivations, which describe the proportion of 

individuals originating from different source (breeding) areas after correcting for regional 

harvest rates and population size (Munro and Kimball 1982). To date, these derivations 

have been performed by stratifying harvest areas into geopolitical boundaries (Szymanski 

and Dubovsky 2013, De Sobrino et al. 2017) or management units (Munro and Kimball 

1982, Powell and Klaasen 1998). Most frequently, derivations have been done on 

species-specific basis (e.g., American Black Duck Anas rubripes, Geis et al. 1971; 

Canada Goose Branta canadensis, Klimstra and Padding 2012; Canvasback Aythya 

valisineria, Stewart et al. 1958, Geis 1974; Mallard Anas platyrhynchos, Geis 1971, 

1972, Munro and Kimball 1982, Powell and Klaasen 1998, Zuwerink 2001; Wood Duck 

Aix sponsa, Bowers and Hamilton 1977; Blue-winged Teal Spatula discors, Szymanski 

and Dubovsky 2013), but range-wide connectivity measures are lacking for many 

species. More recently, multi-species regional derivations such as those defined for the 

entire Pacific Flyway have been performed (De Sobrino et al. 2017).  

Under adaptive harvest management (AHM) in North America, most species are 

managed based on the status of one of three flyway-specific stocks (U.S. Fish and 

Wildlife Service 2023). The assumption with flyway-level management is that the 

population trends for the chosen stock should represent the overall trends of any species 
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in that flyway and management decisions can be made based on a single species. 

Management in the Central and Mississippi flyways (i.e., the midcontinent) is based on 

the status of Mallard breeding primarily in the Prairie Pothole region while management 

in the Atlantic Flyway is based on ‘multi-stock’ trends incorporating data from four 

populations (American Green-winged Teal Anas crecca carolinensis, Wood Duck, Ring-

necked Duck Aythya collaris, and Common / Barrow’s Goldeneye Bucephala clangula 

and B. islandica combined; U.S. Fish and Wildlife Service 2023). While flyways are 

well-established continental corridors that describe the annual cycle movements of 

populations (Lincoln 1935), it is known that there is significant movement between 

flyways (Roberts et al. 2022). Source areas for species managed under this framework 

likely do not match the same precise source areas as the model species (e.g., the Prairie 

Pothole region for the midcontinent Mallard), but the degree of disconnect between 

source areas could violate the assumptions of the current AHM frameworks, especially 

source areas do not overlap at all.  

Although a single continuous population with negligible variation in demographics is 

assumed within these regions, there may also be heterogeneity in connectivity or 

demographics, at smaller scales than flyways, that is not captured by current AHM 

frameworks. For example, harvest connectivity varies across the American Black Duck 

range where individuals from Atlantic Canada are disproportionately harvested as locals 

compared to other harvest regions (Ashley et al. 2010, Roy et al. 2015, Kusack et al. 

2022). This difference in connectivity led to differences in fall age ratios, an important 

metric of productivity used in AHM (Black Duck Joint Venture 2018). Although 

American Black Duck are managed under a separate, species-specific AHM model, this 

model also assumes a single range-wide population (U.S. Fish and Wildlife Service 

2023). This variation in the connectivity between breeding and harvest locations must be 

estimated regularly to validate the underlying assumptions of AHM and ensure 

overexploitation does not occur.  

Whether source areas vary based on the timing and location of harvest and whether these 

changes differ systematically across species are poorly understood. Recent studies have 

explored spatiotemporal trends in band-return data in a spatially explicit way, but much 
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of the focus has been on examining recovery locations (Lavretsky et al. 2014, Cox et al. 

2023, Verheijen et al. 2023) compared to the banding locations (but see Roy et al. 2015). 

Evidence for spatial changes in source areas from other markers is mixed. Studies using 

stable isotopes to determine breeding / natal origins suggest more northerly origins later 

in the harvest period (Palumbo et al. 2019) but other studies suggest that the harvest date 

is not related to the latitude of origin (Palumbo et al. 2020, Kusack et al. 2022). 

Examining these banding locations can provide spatially explicit estimates of source 

areas, allowing for more fine-scale estimation of sources. 

Using 60 years of band-return data, I examined spatiotemporal changes in the spatial 

distribution of natal sources for waterfowl harvested in the Mississippi and Atlantic 

flyways. My objective was to use kernel density estimation to delineate species-specific 

spatially explicit natal sources across the harvest period (September–February), at 

different harvest latitudes (25–30°, 30–35°, 35–40°, 40–45°, 45–50°, 50–55° N), and for 

two flyways (Mississippi, Atlantic). I then examined spatiotemporal changes in natal 

sources across the harvest period, while controlling harvest location (latitude and 

flyway). This kernel density estimation approach is similar to those of Lavretsky et al. 

(2014) and Cox et al. (2023) but uses banding locations in place of harvest locations. As I 

was interested in broad patterns across species, I considered all diving or dabbling duck 

species harvested in the Mississippi and Atlantic flyways as candidates for this 

modelling, contingent on available band return data.  

I tested three main hypotheses. First, I hypothesized that individuals harvested later in the 

harvest season originate from relatively farther north compared to those harvested earlier 

in the season, especially at northern latitudes where harvest of locals is possible (Munro 

and Kimball 1982). I predicted that natal sources would shift and expand to the north 

later in the harvest period. Second, I hypothesized that individuals harvested at lower 

latitudes come from broader catchments, indicative of weaker connectivity at lower 

latitudes. Here, I predicted that natal sources would increase in area for individuals 

harvested at lower latitudes. Third, I hypothesized that the Mississippi and Atlantic 

flyways are the primary sources for their respective harvests, at least for the species with 

possible natal sources in those flyways. I predicted that the harvest in the Mississippi and 
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Atlantic flyways would show natal sources consistent with the management unit 

(midcontinent or Atlantic Flyway) of harvest and match those of the representative 

species for that unit (e.g., Mallard in the Mississippi Flyway), supporting AHM 

assumptions.  

4.2 Methods 

4.2.1 Banding data 

I obtained banding and encounter data for harvested waterfowl in North America (n = 

15,994,986, 1960–2022, Figure 4.1) from the Patuxent Wildlife Research Center (Laurel, 

MD, USA). I considered all diving and dabbling duck species that are harvested in North 

America, excluding geese and any hybrids. I stratified the banding records based on the 

flyway and latitudinal strata of harvest. For the flyways, I used the administrative 

boundary shapefiles from the U.S. Fish and Wildlife Service (U.S. Fish and Wildlife 

Service 2017).  

I restricted these data to birds that met all of the following criteria: (i) were normal wild 

birds banded and released in the same location, (ii) hatch-years, juveniles, or locals, (iii) 

direct recovery (i.e., banded during the preseason (July–September) and recovered during 

the hunting season (September–February) directly following their preseason banding), 

(iv) harvested in the Mississippi or Atlantic Flyway, (v) no external trackers (e.g., Passive 

integrated transponder, GPS, or radio tags), and (vi) locational uncertainty for both 

banding and encounter was ≤ 1°. I focused on hatch-year birds because I was primarily 

interested in the spatial distribution of sources of production for the fall harvest. 
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Figure 4.1 Distribution of historic preseason banding records. Distribution of all 

banding records (n = 5,131,946) relative to the breeding distribution (dark grey; BirdLife 

International and Handbook of the Birds of the World 2021) of that species. Banding 

locations are shown as points and the colour of those points represents the number of 

individuals banded. See Table 4.1 for species alpha-code definitions. 
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The final dataset contained 5,206,634 banding records and 213,107 direct recoveries from 

24 species (Table 4.1): American Black Duck, American Green-winged Teal (Anas 

crecca carolinensis), American Wigeon (Mareca americana), Bufflehead (Bucephala 

albeola), Blue-winged Teal, Canvasback, Cinnamon Teal (Spatula cyanoptera), Common 

Eider (Somateria mollissima), Common Goldeneye, Common Merganser (Mergus 

merganser), Gadwall (Mareca strepera), Greater Scaup (Aythya marila), Hooded 

Merganser (Lophodytes cucullatus), Lesser Scaup (Aythya affinis), Long-tailed Duck 

(Clangula hyemalis), Mallard, Mottled Duck (Anas fulvigula), Northern Pintail (Anas 

acuta), Northern Shoveler (Spatula clypeata), Redhead (Aythya americana), Ring-necked 

Duck, Ruddy Duck (Oxyura jamaicensis), Wood Duck, and White-winged Scoter 

(Melanitta deglandi). 

From these species, in the Mississippi and Atlantic flyways, the most heavily harvested 

(> 100,000 estimated individuals harvested in 2022–23 in at least one flyway; Raftovich 

et al. 2023) are Mallard (981,547 and 169,537 respectively) American Green-winged 

Teal (555,419 and 123,658), Blue-winged Teal / Cinnamon Teal (419,913 and 53,492), 

Gadwall (371,974 and 43,354), Northern Shoveler (110,989 and 16,895), Ring-necked 

Duck (160,342 and 94,165), and Wood Duck (384,182 and 311,549). Among species 

with direct recoveries (see below), Canvasback (27,344 and 3,599), Common Goldeneye 

(20,549 and 3,024, also includes Barrow’s Goldeneye), Common Merganser (3,331 and 

13,465, also includes Red-breasted Merganser Mergus serrator), Common Eider (0 and 

1,516, also includes other eiders), and Ruddy Duck (4,001 and 7,316) exhibited the 

lowest (< 5,000 individuals) number of harvested individuals (Raftovich et al. 2023).  
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Table 4.1 Monthly and total flyway-specific sample sizes for direct recoveries (i.e., banded during the preseason and recovered 

during the hunting season directly following their preseason banding) summarized by species. 

Alpha-code Common name (Scientific name) Flyway    n    

Total Sep Oct Nov Dec Jan Feb 
ABDU American Black Duck (Anas rubripes) Atlantic 9,526 46 3,503 2,376 3,601 1,690 9  

 Mississippi 1,685 17 718 478 472 254 4 

AGWT American Green-winged Teal (Anas crecca carolinensis) Atlantic 2,424 61 860 892 611 569 17  
 Mississippi 1,918 126 564 699 529 341 7 

AMWI American Wigeon (Mareca americana) Atlantic 428 3 140 114 171 111 2  
 Mississippi 620 21 325 164 110 70 1 

BUFF Bufflehead (Bucephala albeola) Atlantic 9 - - 3 6 1 -  
 Mississippi 22 - 12 10 - - - 

BWTE Blue-winged Teal (Spatula discors) Atlantic 1,734 221 931 292 290 197 4  
 Mississippi 10,923 5,344 3,675 1,242 662 361 1 

CANV Canvasback (Aythya valisineria) Atlantic 91 - 4 30 57 34 1  
 Mississippi 812 56 467 201 88 61 - 

CITE Cinnamon Teal (Spatula cyanoptera) Mississippi 3 1 - - 2 - - 

COEI Common Eider (Somateria mollissima) Atlantic 13 1 4 3 5 1 - 

COGO Common Goldeneye (Bucephala clangula) Atlantic 46 - 15 13 18 6 -  
 Mississippi 734 43 480 155 56 18 1 

COME Common Merganser (Mergus merganser) Atlantic 5 - 2 1 2 1 -  
 Mississippi 62 2 34 22 4 - - 

GADW Gadwall (Mareca strepera) Atlantic 197 1 51 59 86 57 2  
 Mississippi 832 6 113 340 373 191 2 

GRSC Greater Scaup (Aythya marila) Atlantic 2 - - 1 1 - -  
 Mississippi 7 1 - 6 - - - 

HOME Hooded Merganser (Lophodytes cucullatus) Atlantic 78 - 8 27 43 55 1  
 Mississippi 181 18 87 47 29 21 - 
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LESC Lesser Scaup (Aythya affinis) Atlantic 39 - 2 8 29 10 -  
 Mississippi 469 - 129 252 88 24 - 

LTDU Long-tailed Duck (Clangula hyemalis) Atlantic 1 - - 1 - - -  
 Mississippi 1 - - 1 - - - 

MALL Mallard (Anas platyrhynchos) Atlantic 22,427 285 10,446 5,724 5,972 3,855 49  
 Mississippi 63,026 2,863 27,274 17,621 15,268 10,051 121 

MODU Mottled Duck (Anas fulvigula) Atlantic 458 14 1 197 246 182 9  
 Mississippi 1,408 2 5 959 442 259 1 

NOPI Northern Pintail (Anas acuta) Atlantic 354 5 124 97 128 64 -  
 Mississippi 1,892 29 419 751 693 463 5 

NSHO Northern Shoveler (Spatula clypeata) Atlantic 59 - 17 15 27 26 1  
 Mississippi 186 2 65 64 55 19 - 

REDH Redhead (Aythya americana) Atlantic 167 - 17 50 100 72 -  
 Mississippi 1,676 55 1,110 376 135 53 1 

RNDU Ring-necked Duck (Aythya collaris) Atlantic 578 - 62 210 306 267 8  
 Mississippi 3,174 242 2,177 488 267 172 1 

RUDU Ruddy Duck (Oxyura jamaicensis) Atlantic 8 - 3 2 3 2 -  
 Mississippi 35 1 21 10 3 1 - 

WODU Wood Duck (Aix sponsa) Atlantic 14,385 301 6,373 3,578 4,133 3,966 69 
 

 Mississippi 40,559 9,577 12,733 9,262 8,987 5,908 97 

WWSC White-winged Scoter (Melanitta deglandi) Atlantic 2 - 1 1 - 1 -  
 Mississippi 3 - - 3 - - - 
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4.2.2 Distributions of natal source 

All statistics and spatial data manipulation were performed in the R statistical computing 

environment (version 4.3.1, R Core Team 2023) within RStudio (version 2023.09.1, 

RStudio Team 2023). Spatial data manipulations were performed using the package sf 

(version 1.0-3, Pebesma 2018) using an Albers equal-area conic projection for North 

America. 

Derivations were done for each monthly period, stratifying samples by flyway and 

latitude of harvest. As determination of natal sources necessitates grouping, I used 5° 

latitudinal zones between 25° and 55° (25–30°, 30–35°, 35–40°, 40–45°, 45–50°, 50–55° 

N) in place of the exact harvest latitude. To convert banding locations (points) into a 

continuous surface representing the banding densities for harvested individuals, I used 

spatial kernel density estimation (KDE) in the package SpatialKDE (version 0.8.2, Caha 

2023). Kernel density estimates were estimated to a raster grid (cell size 1°) using a 

quartic kernel. I performed KDE using a 1° grid to reflect the upper threshold of 

uncertainty with the banding data. As a conservative estimate of the natal sources, I then 

extracted cells representing 90 % of the kernel density estimate and converted this to a 

polygon. This 90 % density polygon was defined as the ‘natal source’. To avoid 

complications with KDE with few banding points, only periods with ≥ 50 encounter 

records were modelled.  

To determine the optimal bandwidth (scaling parameter for the width of the kernel) for 

KDE, I used Scott’s rule-of-thumb for multivariate kernel estimators (Scott 2015) using 

species- (i), month- (j), latitudinal zone- (k), and flyway-specific (m) banding points: 

ℎ𝑖𝑗𝑘𝑚 = (
4

𝑑 + 2
)

1
𝑑+4

 × √𝜎𝑥,𝑖𝑗𝑘𝑚
2 + 𝜎𝑦,𝑖𝑗𝑘𝑚

2 × 𝑛𝑖𝑗𝑘𝑚

−1
(𝑑+4) 

Where hijkm represents the bandwidth, d represents the number of dimensions, 𝜎𝑥,𝑖𝑗𝑘𝑚
2  and 

𝜎𝑦,𝑖𝑗𝑘𝑚
2  represents the variance in x and y coordinates (in °) of banding points, and nijkm 

represents the sample size. As these coordinates are bivariate (i.e., d = 2), the coefficient 

simplifies to 1.  
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I used spatial-temporal analysis of moving polygons (STAMP; package stampr version 

0.3, Long et al. 2018) to analyze changes in natal sources between months of harvest, 

within a flyway-specific latitudinal block. STAMP allows for hierarchical classification 

of spatial changes between polygons at two discrete time points, within which 

overlapping and nearby polygons are grouped for direction- and distance-based metrics 

(Long et al. 2018). I analyzed STAMP events at the first hierarchical level and calculated 

directional movements (cone method, n = 8) for generation (i.e., polygonal areas present 

in the first period but not in the second) and disappearance (i.e., polygonal areas present 

in the second period but not in the first) events relative to polygons in the first period. 

More specifically, I calculated areas of generation and disappearance event polygons 

within cones radiating from the centroid of the polygons in the first period. I defined 

groups using a 100 km distance threshold. Across all groups identified for a given period, 

directionality was summarized by adding the areas captured by each respective 

directional cone together. Lastly, I calculated a circular mean (package circular version 

0.5-0, Angostinelli and Lund 2023) weighted by the area captured by each directional 

cone, for each period and used these as an average directional measure of polygonal 

expansion.  

4.2.3 Statistical modelling 

To examine latitudinal shifts in natal sources, utilizing individual band-returns directly, I 

attempted two approaches: (1) linear mixed-effect model (LMM; package lme4 version 

1.1-34, Bates et al. 2015) including all species that met the sample size threshold (see 

above) and a nested random-effect structure (intercept), where flyway was nested within 

species, to account for the potentially different natal sources for the two flyways and (2) 

separate species-specific LMMs. In both models, I included fixed effects for the harvest 

day (number of days since September 1st; continuous) and harvest latitude (continuous), 

and second-order polynomial terms for both day and latitude of harvest. I included 

polynomial terms here as I expected the relationship between the predictors and banding 

latitude/area to level off, as the upper/limit for the response is theoretically bounded by 

geographic restraints. In the first model, I also included random slope terms which 

allowed the effect of day of harvest and day of harvest2 to vary by species. Day of harvest 
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was defined as the number of days since September 1st. Records with missing information 

on day of harvest were removed from this analysis (n = 8,810) reducing the total sample 

size.  

To examine the trends in the area of the natal sources over time, I used a LMM with 

polygon area (log-transformed) as the response, harvest month (continuous) and harvest 

latitudinal zone(continuous) as fixed effects. Again, I included second-order polynomial 

terms for harvest month and latitudinal zone to account for curvilinear relationships. I 

included the same nested random effect structure as the latitude model above but without 

the random slope due to the low sample size. To account for the increased harvest 

derivation area due to the increased number of band-returns alone, I also included the 

number of monthly band-returns (continuous) as a fixed effect. I considered the removal 

of outliers (i.e., very small banding areas in northern harvest areas), but parameter 

significance was not affected, so they were retained.  

Parameter significance was determined by calculating confidence intervals and 

determining whether they overlapped with zero. Model fit was assessed using the 

Nakagawa et al. (2017) method to determine conditional (considering both random and 

fixed effects) and marginal (considering only fixed effects) R2 values for mixed-effect 

models (package performance version 0.10.8, Lüdecke et al. 2021). Model selection was 

not formally performed, as the random effect structure was necessary to control for the 

hierarchical structure of the data, I only considered < 5 fixed effects in the global models 

(considering polynomial terms as two terms), and polynomial terms in the global model 

were almost always retained in preliminary investigations. Models were fit with restricted 

maximum likelihood to ensure unbiased parameter estimates (Pinhero and Bates 2000). 

All continuous predictors were standardized. Model assumptions (normality and 

homogeneity of variance) were assessed using diagnostic plots and multicollinearity was 

tested using variance inflation factors (cutoff = 2; Zuur et al. 2009), using orthogonal 

polynomial terms when assessing higher-order terms. 
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4.3 Results 

Fifteen of 24 species met the sample-size threshold (≥ 50) to construct at least one 

monthly flyway- and latitudinal-specific natal sources. Of these, two species (Common 

Goldeneye, Hooded Merganser; Figure C4 and Figure C6) had sufficient samples in only 

one period and were omitted from STAMP and modelling. American Black Duck (Figure 

4.2), American Green-winged Teal (Figure 4.3), American Wigeon (Figure C2), Blue-

winged Teal (Figure 4.4), Canvasback (Figure C3), Gadwall (Figure C5), Lesser Scaup 

(Figure C7), Mallard (Figure 4.5), Mottled Duck (Figure C8), Northern Pintail (Figure 

C9), Redhead (Figure C10), Ring-necked Duck (Figure C11), and Wood Duck (Figure 

4.6) all allowed for sequential temporal comparisons, within a specific flyway and 

latitudinal band, of at least two time periods. Canvasback, Gadwall, Lesser Scaup, and 

Redhead, only allowed for temporal comparisons within the Mississippi Flyway, 

although Gadwall had one month with enough returns to estimate a natal source in the 

Atlantic Flyway (December, 35–40° N). Mottled Duck had banding areas restricted to the 

south, as expected, but met the sample size and temporal criteria to be included and was 

retained in the analyses below. For subsequent models, I refer to these 13 species as the 

‘focal’ species. See supplementary materials (Figure C2–Figure C11) for derivation plots 

for all species with at least one monthly natal source.  
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Figure 4.2 Natal sources for American Black Duck. Kernel density estimated natal 

source areas (90 % density area) for American Black Duck (Anas rubripes) harvested in 

the Mississippi (blue; n = 1,685, 1960–2022) and Atlantic (pink; n = 9,526, 1960–2022) 

flyways, separated by month of harvest (September–February) and latitude of harvest 

(25–55, by 5° bands). The upper and lower limits of the harvest area (latitudinal band) are 

shown with dotted curved lines. Points show banding locations when sample sizes were < 

50. 
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Figure 4.3 Natal sources for American Green-winged Teal. Kernel density estimated 

natal source areas (90 % density area) for American Green-winged Teal (Anas crecca 

carolinensis) harvested in the Mississippi (blue; n = 1,918, 1960–2022) and Atlantic 

(pink; n = 2,424, 1960–2022) flyways, separated by month of harvest (September–

February) and latitude of harvest (25–55, by 5° bands). The upper and lower limits of the 

harvest area (latitudinal band) are shown with dotted curved lines. Points show banding 

locations when sample sizes were < 50. 
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Figure 4.4 Natal sources for Blue-winged Teal. Kernel density estimated natal source 

areas (90 % density area) for Blue-winged Teal (Spatula discors) harvested in the 

Mississippi (blue; n = 10,923, 1960–2022) and Atlantic (pink; n = 1,734, 1960–2022) 

flyways, separated by month of harvest (September–February) and latitude of harvest 

(25–55, by 5° bands). The upper and lower limits of the harvest area (latitudinal band) are 

shown with dotted curved lines. Points show banding locations when sample sizes were < 

50. 
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Figure 4.5 Natal sources for Mallard. Kernel density estimated natal source areas (90 

% density area) for Mallard (Anas platyrhynchos) harvested in the Mississippi (blue; n = 

63,026, 1960–2022) and Atlantic (pink; n = 22,427, 1960–2022) flyways, separated by 

month of harvest (September–February) and latitude of harvest (25–55, by 5° bands). The 

upper and lower limits of the harvest area (latitudinal band) are shown with dotted curved 

lines. Points show banding locations when sample sizes were < 50. 
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Figure 4.6 Natal sources for Wood Duck. Kernel density estimated natal source areas 

(90 % density area) for Wood Duck (Aix sponsa) harvested in the Mississippi (blue; n = 

40,559, 1960–2022) and Atlantic (yellow; n = 14,385, 1960–2022) flyways, separated by 

month of harvest (September–February) and latitude of harvest (25–55, by 5° bands). The 

upper and lower limits of the harvest area (latitudinal band) are shown with dotted curved 

lines. Points show banding locations when sample sizes were < 50. 
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4.3.1 Temporal trends 

Looking at temporal trends in the geographic extent of natal sources, within a flyway and 

latitudinal band, most species showed no strong spatial shifts over time. The direction of 

generation events (from STAMP) between time periods also showed no clear patterns 

(Figure 4.7), although a few species (American Green-winged Teal, Mallard, Northern 

Pintail, Redhead) showed directional expansion at northern harvest areas early in the 

season. This was mainly limited to the Mississippi Flyway where natal sources shifted to 

the northwest, particularly between September and November at harvest areas between 

40–50° latitude (Figure 4.7). The only other clear directionality in the expansion of natal 

sources was seen in Wood Duck, which showed strong directional expansion to the west 

for the Atlantic Flyway harvest (Figure 4.7).  

4.3.2 Latitudinal trends 

Changes in natal sources with harvest latitude followed two general patterns or showed 

no obvious directionality, depending on the species and flyway of harvest. First, in more 

southern harvest regions there was a general expansion in natal sources to the northwest 

in the Mississippi Flyway. This occurred most notably in Mallard (Figure 4.5) and 

American Green-winged Teal (Figure 4.3). Second, natal sources expanded to include the 

south while still maintaining the regions in the north, which occurred most prominently in 

Blue-winged Teal (Figure 4.4) and Wood Duck (Figure 4.6) but also in American Black 

Duck in the Atlantic Flyway (Figure 4.2). In these cases, the highest density regions 

shifted to include the harvest latitude (e.g., Wood Duck in Mississippi Flyway; Figure 

C12), suggesting that a significant portion of the harvest was represented by local 

individuals. In all other species, natal sources showed omnidirectional 

expansion/fluctuation or no change with harvest latitude.  
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Figure 4.7 Directionality of STAMP generation events. Direction of generation events 

from Spatial Temporal Analysis of Moving Polygons (STAMP). Points show the 

weighted circular mean direction of generation events, relative to the first time period, for 

each latitudinal band and flyway. Within a flyway, generation events for all latitudinal 

bands (separate points) are shown on the same panel. Colour and distance from center 

signifies the comparison period (e.g., Sep–Oct). See Table 4.1 for species alpha-code 

definitions. 
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4.3.3 Individual banding data 

In the multi-species model, I found evidence for a positive decelerating curvilinear 

relationship between banding latitude and harvest day (LMM; n = 202,762, 

species:flyway = 26, species = 13; βday = 1.39 ± 0.26, 95 % CI [0.85, 1.92], t = 5.24; 

βday^2 = -0.59 ± 0.16, 95 % CI [-0.93, -0.26], t = -3.64) where banding latitude was on 

average lower in the beginning of the season and peaked toward the end of the season 

(Figure 4.8). Although this pattern occurred overall, the model fit Mottled Duck data 

poorly (Figure 4.8). Banding latitude was also strongly related to harvest latitude (βharvest 

latitude = 1.06 ± 0.01, 95 % CI [1.04, 1.09], t = 83.77; βharvest latitude^2 = 0.71 ± 0.01, 95 % CI 

[0.70, 0.73], t = 75.54; Figure S13). The random intercept (variance components: 

species:flyway = 35.52, species = 2.58, residual = 11.32) and slope terms (βday = 0.89, 

βday^2 = 0.33) accounted for a significant amount of variability (R2
conditional = 0.76, 

R2
marginal = 0.03).  

The relationship between banding latitude and timing of harvest was supported by the 

species-specific models (Figure C14), where all species except American Wigeon, 

Mottled Duck, and Northern Pintail showed positive relationships between banding 

latitude and harvest day. American Black Duck and Gadwall showed evidence of a 

positive linear relationship rather than a curvilinear one (Figure C14). Many of these 

species had overall low sample sizes, leading to model singularity being an issue in 

species-specific models. 
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Figure 4.8 Change in banding latitude over the hunting season. Relationship between 

banding latitude (°) and harvest day (standardized) for 13 species of waterfowl harvested 

in the Great Lakes region (n = 202762, 1920–2020). The line colour represents the 

flyway of harvest. Lines are the estimated marginal means from the multi-species linear 

mixed-effect model (fitted with ‘ggpredict’ from ggeffects package version 1.3.2, 

Lüdecke 2018), holding the effect of sample size and date constant. The grey region 

represents the prediction intervals. Raw data are shown as grey points. Mean banding 

latitude for each unique harvest day in a given latitudinal band are shown in colour to 

give a visual representation of centrality. See Table 4.1 for species alpha-code 

definitions. 
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4.3.4 Natal source area 

I detected a positive decelerating curvilinear relationship between area and harvest month 

(LMM, n = 206, species:flyway = 23, species = 13; βmonth = 0.19 ± 0.05, 95 % CI [0.09, 

0.28], t = 3.83; βmonth^2 = -0.19 ± 0.04, 95 % CI [-0.27, -0.11], t = -4.81), where natal 

source area was smallest at the beginning of the season, peaked mid-to-late season, and 

decreased toward the end of the season (Figure 4.9). Natal source area also showed a 

negative curvilinear relationship with harvest latitude (βharvest latitude = -0.30 ± 0.05, 95 % 

CI [-0.40, -0.20], t = -5.82; βharvest latitude^2 = -0.27 ± 0.05, 95 % CI [-0.36, -0.18], t = -

5.98), where area was greatest at lower latitudes and decreased at higher latitudes (Figure 

S12). The number of band-returns was not significantly related to natal source area (βn = 

0.0024 ± 0.04, 95 % CI [-0.08, 0.08], t = -0.06). The random effects (variance 

components: species:flyway = 0.35, species = 2.21, residual = 0.32) accounted for a 

significant amount of variability (R2
conditional = 0.90, R2

marginal = 0.11). For random 

intercept terms, natal source area was generally consistent between the two flyways, but 

it was noticeably greater in the Mississippi Flyway for American Green-winged Teal and 

in the Atlantic Flyway for Ring-necked Duck (Figure 4.9). 
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Figure 4.9 Change in harvest derivation area over the hunting season. Relationship 

between natal source area (log(Ha)) and harvest month (standardized) for 13 species of 

waterfowl harvested in the Great Lakes region (n = 206, 1920–2020). The line colour 

represents the flyway of harvest. Lines are the estimated marginal means from a linear 

mixed-effect model (fitted with ‘ggpredict’ from ggeffects package version 1.3.2, 

Lüdecke 2018), holding the effect of sample size and date constant. The grey region 

represents the prediction intervals. For species with derivations in only one flyway, 

marginal means were only shown for that flyway. See Table 4.1 for species alpha-code 

definitions. 
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4.3.5 Flyway-specific natal sources 

Comparing natal sources between the flyways, the Mississippi Flyway showed natal 

sources in the Central and Mississippi flyways in all species but the American Green-

winged Teal which showed natal sources in all four flyways (Figure 4.3). Northern 

Pintail harvested in the Mississippi Flyway also showed natal sources in the Pacific 

Flyway, but not the Atlantic Flyway (Figure C9). Although constrained to the Mississippi 

Flyway, Wood Duck natal sources were considerably more south than other species 

(Figure 4.6). Overall, natal sources for all other species harvested in the Mississippi 

Flyway matched those of Mallard, showing origins in the Prairie Pothole and Boreal 

Taiga Plains (Figure 4.5).  

For the Atlantic Flyway, natal sources were shown to be consistent with within-flyway 

origins for American Black Duck (Figure 4.2), American Green-winged Teal (Figure 

4.3), Gadwall (Figure C5), Mallard (Figure 4.5), Mottled Duck (Figure C8), Northern 

Pintail (Figure C9), and Wood Duck (Figure 4.6). American Wigeon (Figure C2), Blue-

winged Teal (Figure 4.4), and Ring-necked Duck (Figure C11) showed natal sources 

within the Atlantic Flyway but also in the Central and Mississippi flyways. Lastly, 

Canvasback, Redhead, and Lesser Scaup showed natal sources in the Central and 

Mississippi flyways regardless of the flyway of harvest. As in the Mississippi Flyway, 

natal sources for Wood Duck were considerably more south compared to other species 

(Figure 4.6). 

Despite the longitudinal separation in natal sources between the Mississippi and Atlantic 

flyways in some species, natal sources regularly showed areas of overlap. For American 

Black Duck (Figure 4.2), Blue-winged Teal (Figure 4.4), Mallard (Figure 4.5), and Wood 

Duck (Figure 4.6), overlap in flyway-specific natal sources was more pronounced at 

lower harvest latitudes.  

4.4 Discussion 

Across the 13 focal species, I found some evidence for northward directional expansion 

of natal sources over the harvest period. Species-specific natal sources and their 

spatiotemporal relationships with harvest timing and location differed. Still, I detected a 
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general trend of increased catchment area and more northern sources later in the harvest 

period. Rather than a complete shift, natal sources generally expanded, as regions 

included in the sources early in the season were still sources later in the season despite 

increasing overall catchment area. On average, flyway and latitude of harvest explained 

more variation in natal sources than the timing of harvest. I found evidence for flyway-

specific natal sources for seven of 13 species harvested in the Atlantic Flyway and natal 

sources in the midcontinent (i.e., Central and Mississippi flyways) for all species 

harvested in the Mississippi Flyway except American Green-winged Teal.  

4.4.1 Spatiotemporal trends 

Consistent with my original hypothesis, I found some evidence of northern expansion for 

natal sources over the harvest period, at least for the Mississippi Flyway. Examining the 

geographic extent of natal sources showed more ambiguous temporal differences, as all 

species other than American Green-winged Teal and Northern Pintail did not show 

visually obvious shifts in natal sources over the harvest period at a given latitude. Instead, 

temporal shifts in banding latitude were detected when examining the individual band 

returns. This suggests a northward shift in the density of natal sources but less drastic 

changes in these source areas' absolute upper and lower margins. Further, these 

differences could be driven by the different treatment of harvest timing as natal source 

polygons were analyzed month-by-month, while the individual banding data was 

analyzed treating harvest timing as a continuous predictor. Overall, this effect suggests a 

chain migration strategy where individuals later in the harvest period originate from natal 

sources farther north (Palumbo et al. 2019). Alternatively, sampled individuals were 

unlikely to be at their wintering locations, especially earlier in the season, and this chain 

migration pattern could just indicate a delayed migration timing towards the same 

wintering location. 

Temporal shifts in natal sources were less clear for the Atlantic Flyway. Evidence from 

stable isotopes from American Black Duck supports that harvest date is not related to 

breeding latitude (Kusack et al. 2022), at least for this species in the Mississippi and 

Atlantic flyways. The lack of a shift in natal sources may be due to reduced banding 

effort in the far north of Quebec and Labrador (Figure 4.1). It is unclear whether temporal 
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shifts would be seen with greater banding effort in the northeast. Alternatively, as the 

harvest in the Atlantic Flyway was mainly derived from within that flyway, which is 

supported by AHM frameworks (U.S. Fish and Wildlife Service 2023), the smaller 

geographic area of available breeding habitats in the northeast may limit my ability to 

detect these spatial trends. In the Mississippi Flyway, natal sources were spread across 

the boreal forest, and into Alaska in some cases, allowing for larger potential source 

areas.  

The interpretation of chain migration is complicated as some species showed natal 

sources that suggest differential migration patterns. Even late in the harvest period 

(December–January) Mallard and Wood Duck harvested at northern latitudes showed 

local natal sources. Previous derivations have shown early-season northern harvested 

birds showed some local origins (Munro and Kimball 1982), but these local natal sources 

in the north appear more prevalent in my derivations. This is not unexpected, as both 

species exhibit strategies to remain on the breeding grounds as north as possible despite 

harsh winter temperatures (Bellrose and Holm 1994, Baldassarre 2014) and wintering 

locations have been shifting north in recent decades (Cox et al. 2023, Verheijen et al. 

2023). 

4.4.2 Future directions 

Future analyses should continue to explore these spatiotemporal changes between historic 

and more recent banding data. I used direct recoveries of hatch-year birds, which 

necessitated lumping all available data across many years of collection, but the yearly 

distribution of band returns differed between species (Figure C1). American Black Duck, 

Blue-winged Teal, and Redhead had more direct recoveries in the 1950s compared to the 

2000s, whereas Mallard, Green-winged Teal, and Wood Duck showed the opposite 

distribution (Figure C1). For the species where banding records mainly reflect historic 

banding, it is not clear whether the trends I found reflect contemporary harvest 

derivations. Recent studies have shown that harvest locations, and by extension wintering 

locations, have been shifting to the north (Cox et al. 2023, Verheijen et al. 2023) and 

autumn migration has been more delayed in recent years (Thurber et al. 2020, Frei et al. 
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2024). Despite this, other studies have shown that transition probabilities between the 

flyways have remained relatively constant among species (Roberts et al. 2022). 

Harvest pressures, banding effort, and reporting rates differ spatially and temporally, 

limiting the interpretation of my results. Rather than summarize the harvest derivation by 

geopolitical boundaries, which would have allowed me to incorporate many of these 

metrics, I chose to analyze these data in a spatially explicit framework. Although this 

approach has the advantage of ignoring biologically arbitrary geopolitical boundaries, it 

also comes with some drawbacks. First, I was unable to account for spatially explicit 

estimates of population size and banding effort which would have provided a direct 

recovery rate (De Sobrino et al. 2017). As such, the density of these estimates should not 

be overinterpreted. To avoid this, I used polygonal boundaries for these distributions 

rather than explicit density surfaces. Second, I only included hatch-year birds and lumped 

locals with juveniles/hatch-year birds. Many traditional derivations include adult males 

and females, estimating cohort-specific direct recovery rates (Munro and Kimball 1982, 

De Sobrino et al. 2017). Munro and Kimball (1982) showed that the differences in 

harvest derivations between age classes, including locals and immature birds, were 

significant. Here I was primarily interested in outlining natal sources and general 

spatiotemporal patterns seen across species, which necessitated spatially and temporally 

stratified data.  

Intrinsic markers can also be used to derive regions of past occupancy (e.g., genetics, 

Inman et al. 2003; stable isotopes, Palumbo et al. 2019, 2020), but have yet to receive full 

support in AHM. I encourage comparing multiple harvest derivation estimates between 

those derived from different data sources (e.g., banding, genetics, stable isotopes, radio 

tagging). For example, our recent publication on harvested Blue-winged Teal (Palumbo 

et al. 2020) provided evidence that breeding origin based on stable-isotope assignment 

contrasted with previous banding derivations (Szymanski and Dubovsky 2013). These 

derivations should be carefully interpreted, as banding information is limited to areas 

where banding occurs. Many waterfowl species or populations are banded unequally 

throughout their range (see Figure 4.1), especially if a portion of their breeding range 

reaches remote northern regions where banding is logistically and financially prohibitive. 
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Using banding data alone to derive connectivity estimates has the potential to introduce 

bias, especially for some far northern breeding species like the Greater Scaup where 

banding on the breeding grounds is rare. There is concern that parameters derived from 

banding may be biased to southern portions of the population (Roy et al. 2015), as 

population models assume that the banded cohort is representative of the population of 

interest (Munro and Kimball 1982). To circumvent these biases, band-return data should 

be analyzed in tandem with intrinsic markers to estimate these harvest derivations.  

4.4.3 Conclusions 

Understanding the connections between breeding and harvest areas is integral for the 

maintenance and health of waterfowl populations. Here I have shown evidence for 

latitudinal shifts and general expansion of natal source areas over the harvest period for 

harvested waterfowl in the Mississippi and Atlantic flyways. These expansions generally 

maintained management unit-specific (i.e., midcontinent or Atlantic Flyway) harvest, 

supporting the assumptions of AHM. Notably, American Green-winged Teal harvested in 

the Mississippi Flyway did not strictly follow the assumptions of AHM and instead 

showed natal sources from Alaska to the Atlantic Coast. These broad natal sources may 

not pose a significant mismatch between teal population trends and midcontinent Mallard 

trends, especially for a species of minimal conservation concern, but at the very least 

these connectivity metrics should be further explored. Here I provide an initial look into 

spatiotemporal dynamics of source areas and connectivity for waterfowl harvested in 

eastern North America, but these metrics can be explored in more detail on a species-by-

species basis. This research provides a framework to spatiotemporally visualize flyway- 

and species-specific source areas and derive subsequent connectivity estimates (e.g., 

Cohen et al. 2018, Roberts et al. 2022) that can directly inform AHM decisions and 

maintain effective conservation efforts for these species.  
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Chapter 5  

5 Combining stable-hydrogen isotopes with band-returns 
to determine the natal origins of Great Lakes harvested 
waterfowl 

5.1 Introduction 

Although waterfowl are one of the most heavily managed (North American Waterfowl 

Management Plan 2018) and tracked group of birds in North America (Scarpignato et al. 

2023), much of our understanding of where harvested individuals originate is based on 

leg-band returns (Munro and Kimball 1982, Klimstra and Padding 2012, Szymanski and 

Dubovsky 2013, De Sobrino et al. 2017). Waterfowl banding programs in North America 

are unrivalled worldwide, with a staggering 303,000 ± 61,000 bands put out each year 

since 1960 onto over 50 species (Celis-Murillo et al. 2022). Banding data support diverse 

uses including estimating population size (Alisauskas et al. 2014), fine-scale regional 

demographics (e.g., Ellis et al. 2022), annual survival (e.g., Devers et al. 2021), migration 

phenology (e.g., Cox et al. 2023), and movement probabilities (e.g., Robinson et al. 

2016). Mark-recapture data produced by banding and subsequent recoveries also provide 

important connections between breeding and harvest areas (Munro and Kimball 1982, 

Klimstra and Padding 2012, Szymanski and Dubovsky 2013, De Sobrino et al. 2017). To 

establish many of these connections, coordinated annual preseason leg-banding 

programs, which target post-breeding waterfowl near or on the breeding grounds, are 

used. However, one of the assumptions of this method is that banded samples are 

representative of population mortality, movement, and migration (Munro and Kimball 

1982). However, this assumption is often violated when at least a portion of the 

population breeds in remote areas and is not marked. Logistic and financial difficulties 

often preclude banding of remote waterfowl populations. 

Intrinsic markers, such as naturally occurring stable isotopes of various elements (Ashley 

et al. 2010, Fowler et al. 2018, Palumbo et al. 2019, 2020, Kusack et al. 2022, Kucia et al. 

2023) and genetics (Inman et al. 2003), can be used to estimate these breeding / natal 

source areas. Stable isotopes stored in animal tissues are particularly useful in the context 



 

141 

 

of harvest as they are naturally occurring and provide a snapshot of the recent life history 

of the individual. Stable-hydrogen isotopes (δ2H) have been used to assign regions of 

likely origin to harvested migratory species including Sandhill Crane (Grus canadensis, 

Hobson et al. 2006), European Woodpigeon (Columba palumbus, Hobson et al. 2009), 

American Woodcock (Scolopax minor, Sullins et al. 2016), several shorebird species 

harvested in the Caribbean (Reed et al. 2018), the illegal harvest of Ortolan Bunting 

(Emberiza hortulana, Jiguet et al. 2019), and many waterfowl species. This technique 

relies on the predictable patterns of δ2H values in amount-weighted precipitation (δ2Hp), 

which vary on a continental scale and are incorporated into local food webs. After 

accounting for expected isotopic discrimination (i.e., change in isotopic ratio) that occurs 

between precipitation δ2H values and that of consumer tissues (see Clark et al. 2006, van 

Dijk et al. 2014, Kusack et al. 2023), we can assign individuals to regions of origin using 

spatially explicit likelihood-based assignment methods (Royle and Rubenstein 2004). 

Feathers, and other inert keratinous tissue, are useful, as they ‘lock-in’ the dietary 

isotopes at the time of tissue growth (Hobson and Clark 1992). For example, feathers 

from adult waterfowl provide information about the previous moulting site as adults 

exhibit a post-breeding synchronous moult, while feathers from juveniles provide 

information about the natal site, both of which can be used to establishing patterns of 

connectivity across the annual cycle.  

A major advantage of using intrinsic markers is that every capture is essentially a 

recapture as the stable-isotope approach only requires a single capture compared to at 

least two captures for traditional extrinsic markers (Hobson 2019). However, stable 

isotopic assignment methods are not without their drawbacks. If two regions are 

isotopically identical, we cannot differentiate between them using isotopes alone. In 

North America, precipitation δ2H isoclines allow for latitudinal differentiation but 

longitudinally are less useful to inform origins. As well, spatial δ2H patterns are broadly 

consistent across North America showing a strong latitudinal gradient, but this pattern 

reverses in Alaska, where δ2Hp values become more positive westward and resemble 

more southern values (Bowen et al. 2005, Terzer-Wassmuth et al. 2021). These issues 

can complicate the application of stable isotopes to determine the origin of waterfowl 

because many species breed across large areas, often including Alaska, unless other prior 
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information can refine isotopic assignment based on Bayesian methods (Royle and 

Rubenstein 2004). Prior probabilities of origin can involve multiple sources of 

information that can be integrated to inform the posterior probability of origin. These can 

be applied on an individual-by-individual basis based on intrinsic traits, such as genetic 

profiles (Ruegg et al. 2017), or could apply to all individuals in a given cohort or 

population, such as using predicted relative abundance (Fournier et al. 2017).  

Banding data has been used as a prior for assignment to origin for waterfowl research 

primarily as a way to longitudinally restrict regions of likely origins to a given flyway 

(Asante et al. 2017, Palumbo et al. 2019, Kucia et al. 2023, Schummer et al. 2023). Some 

studies have instead used these data to establish directional movement vectors 

(Gunnarsson et al. 2012, Guillemain et al. 2014) and movement probabilities among 

regions (Ashley et al. 2010, Kusack et al. 2022). The latter approach can be useful in 

species-specific applications, where movement between established management regions 

can be estimated (Robinson et al. 2016), while the flyway approach can be more broadly 

applied as it relies on well-established continental movement patterns based on political 

boundaries (Roberts et al. 2022). The directional movement vector approach relies on 

estimating of movement direction (for a given season) through individual encounter 

histories, assuming that movement direction between banding and encounter locations 

represents population-wide migratory behaviour. In situations with few band returns, 

such as those for songbirds in North America, these individual movements can be 

summarized across the entire range to estimate population-wide seasonal movement 

directions (e.g., van Wilgenburg and Hobson 2011). In cases with ample band returns, as 

is the case with many waterfowl species, these movement directions can be summarized 

based on encounters in management regions and geopolitical boundaries, or specific 

harvest sites (e.g., Gunnarsson et al. 2012). With the robust banding datasets available for 

many waterfowl species, priors can, in theory, be established with band returns from 

portions of a study area, to allow for multiple priors within a given study area.  

Under adaptive harvest management (AHM), outside of a few select examples of species-

specific management (e.g., Northern Pintail Anas acuta, American Black Duck Anas 

rubripes, Greater Scaup Aythya marila and Lesser Scaup Aythya affinis), North American 
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waterfowl are managed at the flyway scale (U.S. Fish and Wildlife Service 2021). Within 

these flyways, a single population is assumed, but a species may exhibit moderate to high 

harvest connectivity (e.g., American Black Duck; Ashley et al. 2010, Roy et al. 2015, 

Kusack et al. 2022) or significant movement between regions (Roberts et al. 2022). As 

such, it is important to estimate the degree of harvest connectivity to ensure current 

management matches the underlying population. 

Using feathers collected from 11 species of harvested waterfowl across the Great Lakes 

region, I determined their likely natal origins using direct band returns and stable-

hydrogen isotope measurements of feathers (δ2Hf), directly combining and comparing 

two different sources of connectivity information. I focused on the Great Lakes as my 

harvest area, as this provided an opportunity to compare origins among a wide suite of 

species breeding across Canada including some species breeding locally. I first explored 

how these two complementary data sources can realistically be integrated into likelihood-

based assignment methods to refine origin estimates for harvested waterfowl. 

Specifically, I compared the use of band returns as prior probabilities of origin (hereafter 

‘priors’) in three frameworks: (1) by flyway, (2) by 5° longitudinal zone, and (3) by 

treating movement as a directional vector. I also explored the scale at which these priors 

are defined, where I compared the use of a prior derived for the entire Great Lakes region 

versus one derived at a finer spatial scale based on harvest location within the Great 

Lakes region. Lastly, I directly compared origin based on δ2Hf, origin based on direct 

band returns, and banding effort to evaluate the overlap, determine potential gaps in the 

current banding program, and highlight priority areas of future banding efforts to 

supplement the existing framework.  

5.2 Methods 

5.2.1 Study area 

The Great Lakes region is a prime breeding, stopover, and overwintering location for 

many waterfowl, with more than 30 species occupying the area at some point during the 

year (Prince et al. 1992). The Great Lakes region includes waterfowl harvest from the 

Mississippi and Atlantic flyways of North America. This region is a mix of abundant 
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open waterbodies, diverse wetland types, and extensive river systems that flow into the 

Great Lakes. Terrestrially, the southern portions of the Great Lakes are heavily modified 

environments with several large urban centers (e.g., Chicago, Cleveland, Detroit, 

Toronto) and regions of intensive row crop agriculture. Moving south to north, the basin 

covers four ecoregions (Level II, U.S. Environmental Protection Agency 2010), 

representing a gradient from mixed forest and grasslands to the Boreal Forest: Mixed 

Woods Plain, Central USA Plains, Mixed Wood Shield, and Softwood Shield. 

5.2.2 Study species 

I examined the natal origins of 11 species of harvested ducks: American Black Duck, 

American Green-winged Teal, Bufflehead (Bucephala albeola), Canvasback (Aythya 

valisineria), Greater Scaup, Lesser Scaup, Mallard, Northern Pintail, Redhead (Aythya 

americana), Ring-necked Duck (Aythya collaris), and Wood Duck (Aix sponsa). Species 

were chosen as a broad representation of the Great Lakes harvest, with variable harvest 

rates, band returns, and banding effort. I also specifically wanted to compare species with 

southern (e.g., Wood Duck) versus far northern breeding areas (e.g., Greater Scaup), as I 

expect southern breeding species to have greater banding effort, in terms of spatial 

coverage, as their range overlaps more with human-occupied areas. Within Ontario and 

Michigan, which represent the most significant provinces/states of the Great Lakes region 

in terms of area, number of harvested individuals (for 2020) were greatest in Mallard 

(72,743 and 74,043, respectively) and Wood Duck (44,657 and 39,001) with Bufflehead 

(3,753 and 13,209), Canvasback (1,952 and 1,584), and Greater Scaup (4,004 and 5,543) 

exhibiting some of the fewest harvested individuals for my study species (Raftovich et al. 

2022).  

5.2.3 Feather samples  

Feathers (first primary, P1; n = 1,073) were collected from wings submitted to the 

Species Composition (Canada) and Parts Collection (USA) surveys in the 2017–18 (n = 

241), 2018–19 (n = 417), 2019–20 (n = 39), and 2020–21 (n = 50) harvest seasons (Table 

5.1 and Figure 5.1). Most of the sampling was done in the first two seasons, with some 

target species (Canvasback and Redhead) sampled specifically in later years. Through 
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these annual surveys, hunters are systematically randomly selected and must send in an 

entire wing from each individual they harvest in a season, providing information on the 

location and date of harvest for each individual. Wings were identified, aged, and sexed 

by trained biologists (Carney 1992). I limited the collection to feathers from juvenile 

birds, which are grown at the natal site for that individual. 

For wings submitted to the Species Composition Survey, I had specific harvest locations 

(latitude and longitude), but for the Parts Collection Survey, I used the centroid of the 

county of harvest in place of the specific harvest location. Using these harvest locations, I 

then filtered the data to only include feathers that were collected within the Great Lakes 

watershed (Grannemann 2010), which reduced the number of feathers to 747. Some 

Northern Pintail feathers came directly from another concurrent project (n = 238; 

Wojtaszek 2022) but were included in this study because they were harvested in the Great 

Lakes.  

Due to sampling based on hunter-killed birds and the inclusion of data collected for other 

projects, the spatial coverage of certain species was not homogenous throughout the 

Great Lakes watershed. As expected, fewer samples were collected in the northern areas 

compared to more populated areas in the south (Figure 5.1). Mallard collection, in 

particular, was biased toward the eastern edge of the watershed, as 62 % of the samples 

included there were harvested in New York state. I included these samples to increase the 

sample size of Great Lakes harvested Mallard, but this introduced some spatial 

heterogeneity in the Mallard dataset.  
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Table 5.1 Sample sizes and summary statistics (sample size [n], mean [μ], standard 

deviation [SD]), by species and country of harvest, for feather stable-hydrogen 

isotope values (δ2Hf).  

   δ2Hf 

Species Scientific name Country n μ SD 

American Black Duck Anas rubripes CA 31 -118.75 14.18 

  USA 39 -120.86 11.26 

American Green-winged Teal Anas crecca carolinensis CA 41 -123.35 15.16 

  USA 19 -127.43 18.99 

Bufflehead Bucephala albeola CA 59 -144.14 18.92 

  USA 19 -147.97 21.02 

Canvasback Aythya valisineria CA 21 -159.87 25.45 

  USA 1 -166.4  

Greater Scaup Aythya marila CA 13 -150.17 22.99 

  USA 18 -163.46 22.4 

Lesser Scaup Aythya affinis CA 17 -137.68 15.88 

  USA 25 -152.66 20.57 

Mallard Anas platyrhynchos CA 55 -120.8 16.5 

  USA 114 -119.46 17.38 

Northern Pintail Anas acuta CA 64 -144.77 19.89 

  USA 42 -142.51 22.94 

Redhead Aythya americana CA 50 -146.97 18.26 

  USA 37 -140.44 21.14 

Ring-necked Duck Aythya collaris CA 37 -126.54 22.75 

  USA 14 -134.51 27.66 

Wood Duck Aix sponsa CA 31 -108.52 11.05 

Total  CA 419   

  USA 328   
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Figure 5.1 Harvest locations for juvenile ducks in the Great Lakes region. Harvest 

locations, or approximations (see Methods), for individual ducks are shown as points, 

with species represented by the points colour. The Great Lakes watershed is shown in 

light grey (Grannemann 2010) and the Great Lakes waterbodies are shown in light blue. 

Labels show state and province abbreviations for those overlapping the Great Lakes 

region.  

  



 

148 

 

5.2.4 Stable-isotope analysis 

Feather samples collected for this project were processed for stable-hydrogen isotopes 

(δ2Hf) at Western University’s Advanced Facility for Avian Research Laboratory for 

Stable-Isotope Science (n = 612; LSIS-AFAR, London, ON, Canada). Feathers were first 

cleaned of surface oils by soaking and rinsing in a 2:1 chloroform:methanol mixture and 

allowed to dry under a fume hood. I sampled the distal end of the feather vane and 

weighed 0.350 ± 0.03 mg of feather material into silver capsules. Crushed capsules were 

then placed in a Uni-Prep carousel (Eurovector, Milan, Italy) heated to 60 °C, evacuated 

and then held under positive helium pressure. Feather samples were combusted using 

flash pyrolysis (~1350 °C) on glassy carbon in a Eurovector elemental analyser 

(Eurovector, Milan, Italy) coupled with a Thermo Delta V Plus continuous-flow isotope-

ratio mass spectrometer (CF-IRMS; Thermo Instruments, Bremen, Germany), using the 

comparative equilibration method of Wassenaar and Hobson (2003) using the same two 

keratin standards (CBS, δ2H = -197 ‰; KHS, δ2H = -54.1 ‰) corrected for linear 

instrumental drift. All results are reported for non-exchangeable H expressed in the 

typical delta (δ) notation, in units of per mil (‰), and normalized on the Vienna Standard 

Mean Ocean Water (VSMOW) scale. Based on within-run and across-run analyses of 

standards, measurement error has been previously shown to be approximately ± 2.5 ‰ 

(Kusack et al. 2023).  

A smaller proportion of Mallard and Northern Pintail samples, incorporated from other 

projects, were processed at the Cornell University Stable Isotope Laboratory (n = 136; 

COIL, Ithica, NY, USA). For detailed lab methods see Chapter 3. Measurements from 

both labs are comparable as both labs use the same comparative equilibration method, 

standards, and values for those standards (i.e., old ECCC scale) (Magozzi et al. 2021).  

5.2.5 Direct band recoveries 

I obtained band encounter data from the USGS, representing all banding and encounter 

records from 1960–2022 (Celis-Murillo et al. 2022). I first filtered this dataset to only 

include my species of interest which fit all of the following criteria: (i) normal wild birds, 

(ii) banded preseason (July–September), (iii) banded as a hatch-year bird (including 
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locals and juveniles), and (iv) not tagged with any extrinsic trackers (e.g., PIT, GPS, VHF 

tags). I removed any encounter or banding records where the spatial uncertainty exceeded 

1°. This dataset represented the preseason banding effort, for hatch-year birds of my 

species (n = 4,027,431; Table 5.2).  

To obtain direct recoveries, I filtered the preseason records to only include records where 

birds were shot in the harvest season (Sep–Mar) directly following banding and harvested 

in the Great Lakes watershed (Grannemann 2010). After filtering I identified 47,102 

direct recoveries across the 11 species (Table 5.2). 

Lastly, for the directional movement vector analysis, I also restricted this dataset to only 

direct recoveries originating (banded) from outside the Great Lakes watershed as a more 

focused sample of migrating birds. I also removed any samples encountered within 100 

km of the original banding location, regardless of whether the banding location was 

within or outside of the Great Lakes. After filtering I identified 8,593 direct recoveries of 

migrants across the 11 species (Table 5.2). Throughout the manuscript, these three 

datasets will be referred to as the preseason banding effort, direct recoveries, and 

migratory direct recoveries datasets. These datasets are not independent as they are fully 

nested (i.e., preseason banding effort > direct recoveries > migratory direct recoveries).  

5.2.6 Statistics 

All statistics and geospatial exploration were done in the R Statistical Framework version 

4.3.1 (R Core Team 2023) in RStudio version 2023.09.1 (RStudio Team 2023). Wherever 

possible I used the spatial packages terra (version 1.7-46, Hijmans 2023) and sf (version 

1.0-14, Pebesma 2018) to work with spatial data and reverted to raster (version 3.6-23, 

Hijmans 2020) when necessary.  
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Table 5.2 Sample sizes for band-return data (n = 4,027,431, 1960–2022), separated 

by total banding effort (b), direct recoveries (r) for the Great Lakes, and direct 

recoveries for migrants in the Great Lakes (see methods).  

  n 

Species Scientific name 

b r r 

(migrants) 

American Black Duck Anas rubripes 301,816 3,780 1,122 

American Green-winged Teal Anas crecca carolinensis 188,943 671 358 

Bufflehead Bucephala albeola 1,984 7 7 

Canvasback Aythya valisineria 25,461 229 229 

Greater Scaup Aythya marila 561 1 1 

Lesser Scaup Aythya affinis 36,724 44 43 

Mallard Anas platyrhynchos 1,965,401 36,240 5,678 

Northern Pintail Anas acuta 330,241 235 133 

Redhead Aythya americana 82,548 787 662 

Ring-necked Duck Aythya collaris 48,093 251 177 

Wood Duck Aix sponsa 1,045,659 4,857 183 
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To define the spatial extent of the flyways, I used the shapefile from the USFWS (U.S. 

Fish and Wildlife Service 2017). For Canada, I followed the changes from Roberts et al. 

(2022). British Columbia and the Yukon Territories were assigned to the Pacific Flyway. 

Alberta, Saskatchewan, and the Northwest Territories were assigned to the Central 

Flyway. Manitoba and Ontario / Nunavut west of -80° latitude were included in the 

Mississippi Flyway. The Maritimes provinces (NB, NS, PEI), Quebec, Newfoundland 

and Labrador, and Ontario / Nunavut east of -80° latitude were included in the Atlantic 

Flyway.  

Before assignment to origin, I explored the raw δ2Hf data in a linear modelling 

framework, to test for relationships between δ2Hf values and harvest season and country 

of harvest across species. To test for systematic differences across species, I also included 

species as a predictor, but only included data from species that were sampled in the same 

season within a given model to avoid collinearity between season and species. Normality 

and heterogeneity of variance in the residuals were assessed visually. Collinearity was 

assessed via variance inflation factors (Zuur et al. 2009), using 2 as a cutoff.  

5.2.7 Regional priors 

For the entire Great Lakes region, I defined three priors per species (see “Subregional 

priors” section below for details on fine-scale within region priors for Mallard): (1) 

flyway of origin, (2) 5° longitudinal zone of origin, (3) movement direction. All priors 

were defined relative to being encountered (harvested) in the Great Lakes. For the likely 

flyway and longitudinal zone of origin, methods were similar. I determined relative 

harvest rates (f) for each flyway or longitudinal zone as: 

𝑓𝑖,𝑗 =  
𝑟𝑖,𝑗

𝑏𝑖,𝑗
  

where b is the total number of hatch-year birds banded (i.e., preseason banding effort) 

and r is the number of direct recoveries originating from a given flyway or longitudinal 

zone (i) in a given year (j). These harvest rates were normalized to sum to 1 within each 

year. In cases where no direct recoveries occurred, but banding effort existed, I treated 

those as 0 while cases where no banding effort existed were treated as null values. To 
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determine the overall prior probability of origin, for a species, I calculated the mean value 

across all years (ignoring null values) and normalized the resulting values to sum to 1.  

To determine likely movement direction, I used the migratory direct recoveries dataset. 

For each individual, I determined the azimuth between the encounter (harvest) and 

banding location using the ‘bearing’ function from the geosphere package (version 1.5-

18, Hijmans 2022). Previous applications of this method have applied a von Mises 

circular distribution to these angular trajectories to estimate the population distribution 

for movement direction (van Wilgenburg and Hobson 2011, Gunnarsson et al. 2012, 

Guillemain et al. 2014), but I wanted to allow for multimodal distributions. Therefore, I 

used the package BAMBI (version 2.3.5, Chakraborty and Wong 2021) to fit a Bayesian 

univariate angular mixing model for each species. I used the function 

fit_incremental_angmix to determine the optimal number of components (i.e., clustered 

groups with different parameters; max = 5) via stepwise model selection (MCMC 

parameters: iterations = 10,000, thin = 1, chains = 3, burn-in = 5,000). To favour 

parsimony in the final model, I used a Bonferroni adjustment with decreasing adjusted 

alphas within an increasing number of components. From the final model, I estimated the 

mean (μ), concentration parameter (κ), and mixing proportion (pmix) for each 

component.  

To create the surface for movement direction priors, I used a circular buffer, split into 5° 

wedges created using a modified version of the function ‘buffer_wedge’ from the buffeRs 

package (version 0.31, https://github.com/cran/buffeRs). I estimated probability densities 

for each wedge, based on the midpoint, using the model components derived above and 

normalized the probabilities to sum to 1. Although previous applications of this method 

have used a singular capture point, I had unique harvest locations for each individual. 

Therefore, this circular prior probability surface was centered on the harvest location for 

each individual assignment (see “Assignment to origin” section below). Although each 

individual had a unique prior probability surface, as the center points were spatially 

shifted, the circular probability distribution remained the same. 

https://github.com/cran/buffeRs
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5.2.8 Subregional priors 

For Mallard, which had the largest sample sizes for all datasets, I also evaluated the use 

of a more fine-scale prior estimation that varied by harvest location within the Great 

Lakes region (i.e., subregional priors). Specifically, I subset the Great Lakes region into 

5° cells (4 x 2 grid) and summarized direct recoveries to each of the cells based on the 

location of harvest. Following the same prior estimation as above, I determined eight 

priors (one for each cell) for each method (flyway, longitudinal zone, direction). The 

movement direction prior surface was still centered on the harvest location for each 

individual but used the cell-specific circular distribution. I used 5° cells to reflect the 

uncertainty at which these banding data are provided (< 1°). Although these grid cells 

also included areas outside of the Great Lakes watershed, only data from the Great Lakes 

were included in the prior estimation.  

5.2.9 Assignment to origin 

I created foraging guild-specific (dabblers and divers) isoscapes for the expected feather 

stable-hydrogen isotope (δ2Hf) values, across North America. I used the calibration 

equations derived for these guilds in Kusack et al. (2023) (Dabblers: δ2Hf = δ2Hp x 0.6 – 

71.7 ‰, 𝜎𝑐𝑎𝑙 = 17.2 ‰; Divers: δ2Hf = δ2Hp x 0.5 – 78.4 ‰, 𝜎𝑐𝑎𝑙 = 14.1 ‰) and used a 

mean-annual precipitation surface (δ2Hp) (Bowen et al. 2005, Bowen 2021). While I 

previously found that amount-weighted mean growing-season δ2Hp compared to mean 

annual δ2Hp isoscapes did not show markedly better predictive accuracy or precision 

(Kusack et al. 2023), I chose the mean annual isoscape as it is the most parsimonious 

interpretation of environmental δ2Hp values, including amount-weighted δ2Hp 

measurements from all months regardless of season. Predicted δ2Hf isoscapes were then 

clipped and masked to the species’ breeding range (including permanent resident areas). 

All breeding range shapefiles were sourced from Birdlife international (BirdLife 

International and Handbook of the Birds of the World 2022) except for American Black 

Duck, which I used the range depiction from Baldassarre (2014).  

I determined the likely natal regions following likelihood-based assignment methods 

within the isocat package (version 0.2.6, Campbell et al. 2020). For each individual of 
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unknown origin, spatially explicit likelihood of origin was estimated on a cell-by-cell 

basis, applying a normal probability density function: 

 
𝑓(𝑦∗|𝜇𝑐, 𝜎𝑐) = (

1

𝜎𝑐√2𝜋
) exp [−

(𝑦∗ − 𝜇𝑐)2

2𝜎𝑐
2

]  

where, 𝑦 is the δ2Hf of the individual, 𝜇𝑐 is the predicted mean δ2Hf at that cell (𝑐), and 

𝜎𝑐 is the predicted error at that cell. This error incorporates both isoscape error (𝜎𝑖𝑠𝑜) and 

calibration error (i.e., standard deviation of calibration residuals; 𝜎𝑐𝑎𝑙): 

𝜎𝑐 =  √𝜎𝑖𝑠𝑜
2 +  𝜎𝑐𝑎𝑙

2 

Priors were rasterized to match the resolution and extent of the isoscape and were 

incorporated into likelihood-based assignment using Bayes’ Rule:  

𝑓𝑥 =
𝑓(𝑦|𝜇𝑐, 𝜎𝑐) 𝑓𝑏

∑ 𝑓(𝑦|𝜇𝑐, 𝜎𝑐) 𝑓𝑏

 

Where 𝑓𝑥 is the posterior probability of origin, 𝑓𝑏 is the prior probability of origin, and 

𝑓(𝑦|𝜇𝑥, 𝜎𝑥) is the likelihood. Posterior probability of origin surfaces were normalized to 

sum to 1 and converted into binary regions of origin using a 2:1 odds ratio (i.e., upper 66 

% of probability density), to estimate regions of likely origins and compare origins across 

individuals. Finally, all surfaces for given species were summed to produce a final map 

showing the number of individuals assigned to each cell.  

For the assignments using directional movement vectors as the prior probability of origin, 

I restricted the assignment to only include individuals that showed a δ2Hf value consistent 

with migratory (non-local) origins, to match the band-return data. If the difference 

between observed δ2Hf and the predicted δ2Hf (𝜇𝑐) exceeded the predicted error (𝜎𝑐) at 

the harvest site, the bird was considered a migrant. Isoscape error (𝜎𝑖𝑠𝑜) in the Great 

Lakes is low (0.1–2.5 ‰), so the predicted area at the harvest sites was equivalent to the 

𝜎𝑐𝑎𝑙 (17.2 ‰ for dabblers, and 14.1 ‰ for divers). 
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All assignment procedures and prior probability estimation procedures were done in the 

WGS 84 coordinate system (EPSG:4326) and reprojected to an Albers equal-area conic 

projection (EPSG:42303) for final visualization. 

5.2.10 Overlap 

Finally, I compared the regions of likely origins derived above to the spatial extent of (1) 

direct recoveries (r) and (2) preseason banding (b). I first created raster grids (1° 

resolution) that summarized the number of birds that were banded in each cell (preseason 

banding) and the number of those birds that were recovered as direct recoveries, for each 

species. I simplified these surfaces into binary values and compared these surfaces to the 

individual binary regions of likely origin from δ2Hf assignment procedures. Specifically, I 

compared the proportional area of the binary regions of likely origin that overlapped with 

the source areas for direct recoveries and the preseason banding. This procedure was 

done for each assignment framework, including each prior and no priors. Regions of 

likely origin were resampled to match the coarser preseason banding rasters.  

As a final visualization, I highlighted regions indicated by the likely origins where no 

banding effort has been undertaken in the last 60 years. To be conservative, I used the 

likely origins based on the flyway of origin prior and subset the regions of likely origin to 

only include cells where at least 50 % of individuals, from a given species, were 

assigned.  

5.3 Results 

5.3.1 Priors 

Across species, the number of direct recoveries and the banding effort varied greatly 

(Table 5.2). Mallard had the most band returns and effort (n = 36,240 and 1,965,401) and 

Greater Scaup had the fewest recoveries and least effort (n = 1 and 561). Using these 

recoveries, I derived priors for all species (Figure D2–Figure D5, Figure D7–Figure D12) 

except for Greater Scaup because of the lack of direct recoveries to estimate meaningful 

probabilities (Figure D6).  
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Flyway of origin priors showed the Mississippi Flyway as the most likely origins for all 

species except Northern Pintail and Wood Duck, which were most likely to originate in 

the Atlantic Flyway, although Wood Duck had more equal probability of origin across 

both flyways. Longitudinal zone of origin priors followed a descending pattern where 

zones adjacent to high probability longitudinal zones gradually decreased with distance. 

Redhead, for example, showed high probabilities near the eastern edge of the prairie 

breeding range and the western edge of Great Lakes breeding range with gradually 

decreasing probabilities further west and east, respectively (Figure D10). Comparing the 

flyway and longitudinal zone of origin, both generally supported the same regions of 

origin, unless the longitudinal prior indicated the highest probabilities of origin along a 

flyway border, as was the case most notably with American Green-winged Teal (Figure 

5.2 and Figure D3) and Northern Pintail (Figure D9). In most cases, the longitudinal zone 

provided more fine-scale resolution within the flyway(s) of origin where certain areas 

were given lower probabilities and excluded from the final likely region (e.g., American 

Black Duck, Figure 5.2 and Figure D2).  

Movement direction priors showed focused directional probabilities to the northwest for 

most species but showed northward origins for American Black Duck (Figure D2), 

northeastern origins for American Green-winged Teal (Figure D3), and southeastern 

origins for Wood Duck (Figure D12). Almost all species, other than those with low 

sample size (Bufflehead, Canvasback, Lesser Scaup), showed multiple components to the 

circular mixing model, but in most cases the circular means were in similar directions 

(e.g., American Black Duck μ1 = 28.31, pmix1 = 0.41, μ2 = 8.37, pmix2 = 0.58) or the 

mixing proportions favoured a single direction (e.g., Northern Pintail, μ1 = 22.86, 

proportion = 0.71, μ2 = 305.96, proportion = 0.29). Mallard was the only species to 

exhibit markedly bimodal directional probabilities of origin (μ1 = 117.43, pmix1 = 0.41, 

μ2 = 298.63, pmix2 = 0.22, μ3 = 68.97, pmix3 = 0.37). The variance of these distributions 

varied among species, with some showing high variance (Wood Duck κ = 2.34 and 3.86) 

and others, especially those with low sample sizes, showing low variance (Bufflehead κ = 

56.41). There was also low variance when the most frequent direct recoveries were from 

the upper edge of the banding effort (Canvasback κ = 76.41 and Redhead κ = 144.44), 

leading to a highly focused directional distribution.  
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In general, movement direction priors contrasted with the flyway and longitudinal zone 

priors. Northern Pintail in particular, which showed strong Atlantic Flyway origins using 

the previous two priors, showed likely movement probabilities to the northwest (Figure 

D9 and Figure D11).  

5.3.2 Stable-hydrogen isotopes  

For the two seasons with the most harvest data (2017–18 and 2018–19), there were only 

marginal differences in δ2Hf values between harvest seasons (t = -1.70, p = 0.09) after 

controlling for differences in the among species (F8,615 = 31.32, p < 0.0001). I found no 

differences in the δ2Hf values between the countries of harvest (t = -0.29, p = 0.77). Only 

Canvasback, Northern Pintail, and Redhead were sampled across ≥ 3 years (see Table 

D1). For these species, I still saw no effect of the season (F2,170 = 1.07, p = 0.34) or 

country of harvest (t = 1.05, p = 0.30). 

5.3.3 Likelihood-based assignment 

Regions of likely origin determined using δ2Hf values alone were, as expected, broad 

(Figure 2 and Figure D2–Figure D12). Latitudinally, American Green-winged Teal 

(Figure 5.2) and Lesser Scaup (Figure D7) showed origins in the southern portions of 

their ranges, while Canvasback (Figure D5), Redhead (Figure D10), and Wood Duck 

(Figure 5.2) had more northern origins within their ranges. Northern Pintail showed 

origins in the latitudinal center of their range. Bufflehead, Greater Scaup, and Ring-

necked duck showed variable origins with individuals showing origins across the entire 

breeding range (but see discussion on Greater Scaup). 

After the integration of priors, there was marked restriction in the region of likely origin 

in almost all cases (Figure 5.2), but again, regions of likely origins did not agree in all 

cases, especially when considering the movement direction method. Using American 

Green-winged Teal as an example, all three priors concentrated likely origins to the 

eastern portion of the range (east of Manitoba), but within that area regions showing the 

most support differed (Figure 5.2). Specifically, applying the flyway prior showed 

probable origins in Ontario and Manitoba, to the northwest of harvest areas, while the 

movement direction prior showed origins in northern Quebec, to the northeast. In the 
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middle of these, the longitudinal zone prior showed likely origins in northern Ontario and 

Quebec along the flyway margin.  

For Canvasback, applying the priors led to a bimodal distribution of likely origins, where 

likely origins based on δ2Hf favoured origins in the northwest, but banding data were 

concentrated in the southeast (Figure D5). Therefore, likely origins were concentrated 

around gaps in the banding data. Here the longitudinal band of origin prior suggests 

origins in Prairie Pothole region with some minor probabilities in Alaska and the flyway 

of origin prior suggested some origins in northwestern boreal. Similarly, for Bufflehead, 

longitudinal zone of origin priors strongly restricted origin to areas where banding occurs 

compared to the flyway of origin prior, which included broader areas across the boreal 

portion of the Mississippi Flyway, where almost no banding occurs (Figure D4). 

Compared to a species like American Green-winged Teal, where banding effort is more 

consistent (longitudinally) across the range, these focused regions of origin may be more 

suspect. 
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Figure 5.2 Likely origins of American Black Duck (ABDU), American Green-

winged Teal (AGWT), Bufflehead (BUFF), Wood Duck (WODU) based on 

likelihood-based assignment using δ2Hf and different priors: flyway (Flyway), 5° 

longitudinal zone (Longitude), and movement direction (Direction). Values were 

rescaled to be a proportion of the maximal value, to better visualize relative differences. 
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5.3.4 Regional vs. subregional priors 

Mallard origins, without any priors applied, showed likely origins in the southern portion 

of their breeding range (Figure D8). Using the regional priors, estimated for the entire 

Great Lakes region, the most likely origins were consistent with the Mississippi and 

Atlantic flyways (Figure 5.3). As with many of the other species, when the longitudinal 

prior was applied, it allowed for more precise estimation of origins along the border of 

the two flyways. This suggested more local origins around the Great Lakes. Interestingly, 

when the subregional explicit priors were used, the flyway of origin was most focused on 

the Atlantic Flyway both in the flyway prior and the longitudinal zone prior (Figure 5.3). 

This was likely driven by the spatial bias in the Mallard δ2Hf data where most samples 

came from New York state.  

  



 

161 

 

 

Figure 5.3 Comparison of regional priors (top row) and spatially explicit priors 

(bottom row) to establish the likely origins of harvested juvenile Mallard. Values 

were rescaled to be a proportion of the maximal value, to better visualize relative 

differences. 
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5.3.5 Overlap 

Overlap between likely regions of origin and banding locations varied among species, 

with Wood Duck showing the greatest overlap (0.81 ± 0.07) and most other species 

showing moderate overlap (range in means = 0.11–0.60, Figure 5.4). Similarly, overlap 

between likely regions of origin and direct recoveries was highest for Wood Duck, but 

the overlap was on average lower (e.g., 0.27 ± 0.07 for Wood Duck). When the flyway of 

origin prior was incorporated, there were no major changes in either overlap measure. On 

average, the overlap with direct recoveries increased slightly, which makes sense as this 

region was informed by these data. Overlap with the banding locations fluctuated slightly 

with some species showing greater overlap (e.g., 0.47 ± 0.15 for Redhead) and others 

showing less overlap (e.g., 0.27 ± 0.17 for Northern Pintail).  

For the Great Lakes harvest, priority banding regions were concentrated in northwestern 

Ontario and northern Manitoba (Figure D1). American Black Duck, American Green-

winged Teal, Bufflehead, Lesser Scaup, Mallard, Northern Pintail, and Ring-necked 

Duck all showed priority banding regions in this area (Figure 5.5). Wood Duck and 

Redhead both showed patchy scattered regions where banding effort could be increased, 

indicating decent coverage already. Northern Pintail also showed priority areas in 

northern Quebec (Ungava Peninsula) and the north coast along the Gulf of St. Lawrence 

and Labrador (Figure 5.5).  
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Figure 5.4 Overlap estimates (mean and SD) between regions of likely origin based 

on stable isotopes (δ2Hf – left, δ2Hf + flyway prior – right) and band returns, by 

species. Proportional overlap shows an estimate of (a) agreement between the regions of 

likely origin based on the two data sources (direct recoveries; yellow) and (b) the current 

coverage of all likely origins by banding effort (blue). 
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Figure 5.5 Species-specific target regions for future banding effort. Polygons shown 

in blue depict regions of disagreement between likely origin (δ2Hf + flyway prior) and 

banding effort.  
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5.4 Discussion 

Use of mark-recapture data from waterfowl banding has always been plagued with spatial 

and temporal bias that inevitably occurs during banding. Here I have demonstrated the 

usefulness of combining stable isotopes and 60+ years of band returns to probabilistically 

derive the origins of waterfowl harvested in the Great Lakes. Across all species, the use 

of flyways and longitudinal zones as a prior probability of origin showed the most 

promising results, where longitudinal zones provided more fine-scale estimation of 

origins while providing the same longitudinal differentiation as the flyway priors. To my 

knowledge, this is the first application of fine-scale longitudinal zones as a prior 

probability of origin. Conversely, I did not find the directional movement vector to be a 

useful prior when applied to the Great Lakes, but I discuss why in more detail below. 

Notably I also highlight the importance of assessing these priors at different spatial 

scales, as deriving priors at the regional level vs. sub regionally significantly affected 

final regions of likely origins. Finally, taking advantage of δ2Hf as an intrinsic marker, I 

identified regions in northwestern Ontario and northern Manitoba as potential targets for 

future multi-species banding efforts to fill gaps in the current banding framework. This 

study joins an ever-growing body of work using stable isotopes to establish harvest 

connectivity (Ashley et al. 2010, Guillemain et al. 2014, 2019, Asante et al. 2017, 

Palumbo et al. 2019, 2020, Kucia et al. 2023, Schummer et al. 2023), and my study 

reinforces the fundamentals of these methods in an effort to better integrate stable-isotope 

data with current waterfowl management frameworks. 

This discussion was intended not as a critique of banding frameworks but, rather, as a 

demonstration of how intrinsic markers can supplement harvest derivations. Banding data 

are publicly accessible, annually updated datasets (https://www.usgs.gov/labs/bird-

banding-laboratory/data) that are often underused considering the massive amount of 

effort done annually to mark these birds. Interpretation of the banding data can be 

complicated, especially with an ever-growing number of banded birds (> 19 million 

between 1960–2022; Celis-Murillo et al. 2022), but these data provide a rich source of 

mark-recapture data to answer myriad questions about waterfowl migration. 
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5.4.1 Effect of scale 

Flyway priors were less specific than longitudinal zones, as longitudinal priors 

highlighted likely origins in narrower regions for many species. However, careful 

interpretation is needed, as narrower or more fine-scale prior probabilities of origin can 

also be derived by fewer band returns, in cases like Bufflehead. Priors cannot provide 

information on regions where no effort has been applied. The other benefit of 

longitudinal priors was the ability to show likely origins along the borders of established 

flyways, as seen in American Green-winged Teal, Mallard, Northern Pintail, and Wood 

Duck. This is likely a result, again, of a relatively northern harvest area, where shorter-

distance movement and local origins are supported over flyway-level migration patterns. 

This highlights the need to establish regional priors rather than relying on those derived at 

a scale much larger than the given harvest area. For example, transition probabilities 

between breeding and wintering areas for American Green-winged Teal derived 

continentally show some movement from the Pacific and Central flyways to the 

Mississippi and Atlantic flyways (Roberts et al. 2022), but band recoveries derived here, 

for the Great Lakes, showed greatest probabilities of breeding origin along the border of 

the Mississippi and Atlantic flyways. Nonetheless, for species with fewer band returns, 

the use of flyway transition probabilities derived at the continental scale may be 

necessary.  

The only species I was unable to establish any priors for was Greater Scaup. This was 

unfortunate, as Greater Scaup is an ideal example of how intrinsic markers alone cannot 

adequately determine regions of likely origin. Their breeding range in North America 

spans a latitudinally narrow region across northern Canada and Alaska (Figure S6), 

which shows overlap in expected δ2Hf values between areas in Alaska, northern Quebec 

and Labrador, and the Canadian territories (the Yukon, the Northwest Territories, 

Nunavut) as isoclines run parallel to the breeding range (Bowen 2021). At this time, even 

with band returns, it is difficult to differentiate between these areas using δ2Hf alone, as 

banding data only exists for Alaska. Alternative markers (e.g., genetics, strontium 

isotopes) or additional preseason banding effort in other areas, or with the inclusion of 

banding data from outside of the preseason (Fleming 2022), this may be possible in 
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future derivations. Highlighting the importance of these banding data, there is some 

discussion on band-return data for scaup as an additional breeding population estimator to 

compliment those produced by the Waterfowl Breeding Population and Habitat Survey 

(Schummer et al. 2018).  

Here I also provided evidence of how sub regional compartmentalization of band 

recoveries can allow for more appropriate estimation of priors for isotope-based 

assignments, especially when sampling is unbalanced, as is usually the case. Subregional 

priors showed that sources for Mallard were more likely from the Atlantic Flyway, which 

is more consistent with derivations for the New York state harvest, where the bulk of 

Mallard samples were collected. This exercise worked for Mallard, as it is the most 

widespread and the most banded duck in North America (Celis-Murillo et al. 2022), and 

worldwide. Unfortunately, not all species will have adequate band returns to allow for 

this fine-scale prior derivation. Regardless, this exercise demonstrates the nuance 

required when estimating prior probabilities of origin.  

5.4.2 Locality 

One of the primary benefits of flyway and longitudinal zone priors over movement 

direction priors was their ability to detect the probability of ‘local’ (i.e., within region) 

origins. This was especially important as the Great Lakes is home to 21 species of 

breeding waterfowl (Cadman et al. 2007), although from my study species only Mallard, 

Ring-necked Duck, and Wood Duck breed regularly across much of the Great Lakes 

basin. It is inappropriate to apply movement direction priors to birds that could show 

local origins because the wedge shape of the prior distorts probability densities away 

from the capture site. For example, in Gunnarsson et al. (2012) the final assignments after 

incorporation of the prior probability showed no likelihood of local origins despite a clear 

overlap between the origins based on isotopes and the study site where these birds were 

captured. In this case, if local origins are not biologically possible, then the prior can be 

useful to eliminate local origins, but careful consideration must be taken if the sampling 

location overlaps with the breeding range. 
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Movement direction priors may be applicable in some cases, especially when harvest 

areas are relatively more distant from potential breeding areas, but the power of band-

return data in these applications comes from the ability to longitudinally restrict the 

region of likely origin. These directional vectors influence the probabilities latitudinally 

and longitudinally, an effect more pronounced in northern harvest areas. This method 

also does not account explicitly for banding effort, as circular priors were calculated from 

individual movement vectors. That said, some species showed partial agreement across 

all three priors, such as Wood Duck. Still, even in these cases the movement direction 

prior was not able to accurately assess local origins. 

An alternative framework may be to establish movement probabilities in a state-space 

mark-recapture model where the probability of being a local can be explicitly accounted 

for (Patterson et al. 2008). Mark-recapture models assessing movement under scenarios 

with local breeders and migrants exist (Gourlay-Larour et al. 2014), but incorporating 

directional movement probabilities, similar to the way presented here, has not been 

explored to date. Ideally, this could be in a fully spatial framework where recovery 

probabilities are estimated across the breeding range for a given harvest location. 

However, this introduces the same concerns about spatial biases and gaps in banding in 

the north.  

5.4.3 Gaps and biases 

The agreement between derived regions of likely origins and origins based on the band 

returns for waterfowl harvested in the Great Lakes was low, as expected. It is worth 

noting that even if the direct recoveries perfectly outlined the source origins, I did not 

expect complete overlap for direct recoveries and regions of likely origin. Within the 

isotopic assignment methodology, any area within the binary region of likely origin is 

just as likely as the other. Therefore, the region of likely origin for an individual could 

encompass its true origins but also include other areas with no direct recoveries, or 

banding effort. This overlap metric was meant to be a relative comparison between 

species and between assignment methods, not an absolute measure of accuracy. For the 

overlap between likely origins and banding effort, these measures can approach complete 

overlap, if banding is constant across the entire range, as was the case with Wood Duck. 
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But even for Wood Duck, however, breeding densities are not constant within this range. 

Therefore, lower proportions of overlap in some species could be driven by gaps in 

banding effort within the inner portions of the range, rather than in cases of species 

breeding in northern areas, which likely is not contributing to systematic gaps in the 

banding framework. 

My spatial assignment suggested that most of the sampled individuals came from the 

Mississippi Flyway. This was not surprising as the Great Lakes are mostly covered by 

that flyway. Across species, northwestern Ontario and northern Manitoba were identified 

as regions to target banding efforts for American Black Duck, American Green-winged 

Teal, Bufflehead, Lesser Scaup, Mallard, Northern Pintail, and Ring-necked Duck, to 

better understand connectivity for the Great Lakes. Northern areas in these regions are 

mostly inaccessible by road, as is the case with much of the Boreal and Hudson Bay 

Lowlands. Looking at recent waterfowl banding data (post-2000) from this target banding 

region (focusing on Ontario and Manitoba only), some ducks and geese are being banded 

here (total bands = 151,592, American Black Duck n = 528, American Green-winged 

Teal n = 346, American Wigeon Mareca americana n = 110, Blue-winged Teal Spatula 

discors n = 1,846, Canada Goose Branta canadensis n = 116,452, Hooded Merganser 

Lophodytes cucullatus n = 223, Mallard n = 12,166, and Ring-necked Duck n = 205,, 

Snow Goose Anser caerulescens n = 18,675). All other species (e.g., Common 

Goldeneye Bucephala clangula, Lesser Scaup, Northern Pintail) have fewer than 100 

banded birds in the past 22 years. Increasing regular banding efforts across these regions 

may not be practical, for the same reasons it has not been done to date, but targeted 

banding of locals (flightless young) can help to establish better estimates for these natal 

source areas. Further, my results only highlight these regions as target banding areas for 

the Great Lakes harvest, but the importance of these areas to the overall harvest in the 

Mississippi and Atlantic flyways is not clear and should be explored by applying these 

methods on a larger scale and at more southern harvest areas.  

5.4.4 Recommendations 

My recommendation when performing likelihood-based assignment that pairs stable-

isotope and band-return data, is to use flyways and longitudinal zones as a prior 
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probability of origin, depending on the number of band-returns available. As an initial 

exploration, I recommend exploring the use of both priors, for a given species and study 

area. For example, Bufflehead and Lesser Scaup showed narrow and patchy longitudinal 

zone priors due to low band returns (< 100). These gaps likely do not represent zero 

probability of origin. In these cases, I recommend the use of a flyway-level prior over the 

longitudinal zone prior. Further, in cases with abundant band-returns and a large study 

area, consider spatially segmenting band encounters when deriving priors to better 

represent variations in connectivity across the study area. As an alternative to band-

returns, for species with very few band returns, there are also alternative intrinsic markers 

such as Strontium (δ86Sr) stable isotopes that can provide some longitudinal 

differentiation to perform multi-isotope assignments based on a single encounter (Bataille 

et al. 2020, Reich et al. 2021). Finally, when depicting origins, I encourage others to 

show estimates of likely origin estimated using all sources of data (i.e., δ2H + prior) and 

each source of data separately, to allow for evaluation of all data sources independently.  

5.4.5 Future directions 

A major assumption of the priors we developed is that all hatch-year birds are banded at 

or near their natal sites. For birds banded as locals (i.e., flightless young) this assumption 

is valid, but there is some evidence from δ2Hf that suggests some hatch-year birds are 

likely immigrants from other, possibly northern, areas (Harvey 2022). If these differences 

are short-distance movements, this assumption may be valid at the scale I have derived 

these priors (> 5° longitude). One option would be to explore the use of more 

conservative criteria, limiting these banding records to only local birds, to see how prior 

probabilities change. This was beyond the scope of this multispecies project but could be 

explored in the case of a data-rich species like Mallard. As a proof-of-concept, when I 

applied this filter to the Great Lakes direct recoveries, sample sizes dropped significantly 

(-95 % overall, -98 % for Mallard), potentially limiting the estimation of more spatially 

explicit priors. Overall, this further justifies the use of intrinsic markers to elucidate the 

origins of these birds.  

The temporal mismatch between the isotope data and the band returns data may also lead 

to spurious relationships, especially when the historic banding effort (prior to 1990) 
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outnumbers contemporary effort (post 1990), as is the case with species like American 

Black Duck (n = 2,842 for 1960–90, n = 938 for 1991–2022). Here year-specific priors 

were calculated and probabilities were averaged across all years, which assumes that 

movement patterns or population densities are not changing over time. For a species like 

American Black Duck, which experienced drastic population declines (50 % between 

1950–80) that differed in intensity across the breeding range (Conroy et al. 2002), this 

effect may be more pronounced. Across waterfowl species in North America, evidence 

suggests that under climate change, autumn migration behaviour is changing as migration 

timing has become more delayed in recent years (Thurber et al. 2020, Frei et al. 2024) 

and northern shifts in wintering grounds (Cox et al. 2023, Verheijen et al. 2023). Whether 

these patterns would lead to longitudinal shifts that could affect these priors remains to be 

seen but should be considered moving forward.  

I also acknowledge that my interpretation of the band-return data does not account for 

band reporting probabilities and harvest probabilities (Arnold et al. 2020). Further, I only 

incorporated the direct preseason band returns for juveniles here, but other mark-

recapture models include more broad classifications of band returns, including multi-year 

recoveries and adults. These methods involve estimating survival and recovery rates 

across the years (Brownie 1978), which was beyond the scope of this project. To improve 

these models, these considerations should be incorporated into these priors to more 

formally derive these probabilities of origin, especially if adults are included in the 

likelihood-based assignment.  

5.4.6 Conclusions 

Connectivity studies, like this, which examine more fine-scale harvest connectivity are 

important as they can identify regions or species within a region that do not follow the 

assumptions of AHM models. While the Great Lakes may not be a significant region in 

terms of harvest pressures, it is an ecologically important region for many breeding and 

non-breeding waterfowl. For species with population-wide management (e.g., American 

Black Duck, Northern Pintail), I found restricted natal origins that never spanned the 

entire breeding range, suggesting moderate connectivity for the harvest in this region. I 

also showed that harvest connectivity, for the Great Lakes in general, seems to match the 
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assumptions of AHM for species in this region where most species showed likely origins 

consistent with the Mississippi and Atlantic flyways (U.S. Fish and Wildlife Service 

2023), but I was not able to segment this region into specific management regions to 

explicitly evaluate this. Considering Mallard, which has the most straightforward 

expectations based on the delineation of the three stocks, I found that Mallard showed 

origins consistent with origins in the eastern stock. This is just one piece of the puzzle for 

each of these species, but I hope that more of these studies are undertaken to further 

establish the harvest connectivity at continental scale.  
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Chapter 6  

6 General Discussion 

My dissertation examined the harvest connectivity of waterfowl in North America using 

multiple intrinsic markers (stable isotopes) and an extrinsic marker (bands) to inform 

direct connections between harvest and individual bird source areas. I focused on 

critically assessing and improving current methods to assign waterfowl to origin using 

stable-isotope measurements of feathers. Below, I summarize my results and discuss 

recommendations for future research.  

6.1 Methodological advancements 

Much of my dissertation evaluated current approaches to assign migratory wildlife to 

likely origins using stable isotopes. In just the past five years, the assignR (Ma et al. 

2020) and isocat (Campbell et al. 2020) packages in the R statistical framework have 

made isotope assignments more user-friendly. With downloadable pre-processed gridded 

isoscapes (Terzer et al. 2013, Bowen 2021, Terzer-Wassmuth et al. 2021) and 

laboratories offering continuous-flow isotope ratio mass spectrometry at a relatively low 

cost (~20–30$ CDN per sample), researchers can collect tissue samples and perform 

assignments to origin with relative ease. Although the process is more streamlined, the 

statistics of isotopic assignment have remained fundamentally unchanged since their 

inception (Hobson and Wassenaar 1997). Recent advancements are undoubtedly positive, 

but with an ever-advancing field, there are few direct recommendations to follow for best 

practices when performing isotopic assignments, especially for waterfowl. Although my 

dissertation is focused entirely on waterfowl in North America, the recommendations and 

discussion below are relevant to anyone using metabolically inert keratinous tissue (e.g., 

feathers, hair, claw, chitin) to assign origin to migratory animals.  

6.1.1 Isoscapes and calibration 

Understanding the relationship between the stable isotopic composition of environmental 

hydrogen (δ2H) and δ2H in animal tissues is essential when predicting tissue-specific 

isoscapes. Although these isoscapes can be summarized in many different ways (e.g., 
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monthly, growing-season, or mean annual δ2Hp values), growing-season precipitation δ2H 

surfaces (i.e., months with average temperatures > 0 °C) are the most widely applied in 

wildlife in temperate areas compared to mean annual precipitation surfaces. To better 

understand which isoscape to use for waterfowl, in Chapter 3 I evaluated the strength of 

the relationships between known-origin δ2Hf and δ2Hp values and found a strong positive 

relationship between δ2Hf values and both mean growing-season and mean annual δ2Hp 

measurements. Neither isoscape presented a calibration relationship with greater model 

fit and, in practice, neither resulted in markedly better precision or accuracy in 

assignment. This is a promising result, as it suggests that the use of these calibrations is 

flexible for waterfowl and either mean growing-season or mean annual δ2Hp 

measurements could be justified for use in stable-hydrogen isotopic assignment. This is 

likely because of the high variability in these calibration relationships, which minimizes 

the benefit of using isoscapes derived at more specific temporal scales. A similar trade-

off is seen when using year-specific isoscapes rather than the long-term averaged 

surfaces, where these surfaces show significantly lower predictive power due to fewer 

δ2Hp sampling points in a given year (Vander Zanden et al. 2014).  

Traditionally, the approach to calibrate environmental isoscapes has been to collect 

known-origin tissue isotope data (e.g., Hobson et al. 1999) or to use published calibration 

equations (e.g., δ2Htissue = δ2Hp * slope + intercept ‰) derived from known-origin tissue 

isotope data. With the shift towards greater data accessibility in publications, it is 

becoming considerably easier to calculate relevant calibration equations on a study-by-

study basis using open-access known-origin δ2Htissue data (e.g., assignR ‘knownOrig’ 

database; Ma et al. 2020). Using raw known-origin δ2H values instead of a calibration 

equation requires the selection of relevant calibration data that matches the context of the 

study system (e.g., geographic location, timing of tissue growth, taxonomic similarity, 

diet). Ultimately, this may introduce more user error, but can also allow for a better 

understanding of the underlying calibration process. With raw calibration data, 

workflows to convert δ2H values into different reference scales (Magozzi et al. 2021), 

such as those in assignR (Ma et al. 2020), can minimize many of the issues with 

comparing samples analyzed using different laboratory methods. To further this effort, I 

have made all of the known-origin data obtained in Chapter 3 available (Kusack et al. 
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2023a) and I encourage others to do the same. Adding to these databases allows us to 

better describe δ2Hf ~ δ2Hp relationships in a changing world. 

Although there are > 60 studies with derived calibration equations (Table B1 and Table 

1.1), some of which provide open-access data, these are not the only available known-

origin δ2HTissue data. Many studies have analyzed known-origin individuals for δ2H 

independent of the context of developing calibration equations (e.g., Szymanski et al. 

2007, Coulton et al. 2009). Aggregating the data and metadata (e.g., calibration 

standards) for these studies would be an incredibly valuable undertaking. These data can 

fill spatial and temporal gaps and allow for additional taxa-specific calibration 

relationships, where possible. Most importantly, continuing to collect these data allows 

for better estimation of the variability in these calibration relationships, which can be 

propagated into assignment likelihoods. Propagating as much of the known error as 

possible into assignments is the objective of most practitioners and with the adoption of 

newer assignment algorithms (Campbell et al. 2020, Ma et al. 2020) these sources of 

error, including spatially explicit estimates of δ2Hp variability (Bowen 2021), can be 

incorporated directly into likelihood-based assignment algorithms, to provide the most 

complete estimates of assignment error. 

6.1.2 Recommendation 

For waterfowl applications, I recommend the use of the combined foraging-guild-specific 

calibration datasets (Kusack et al. 2023b) paired with a mean annual δ2Hp surface 

(Bowen 2021). Compared to the mean growing-season surface, the mean annual δ2Hp 

surface is the most parsimonious interpretation of environmental H when considering 

waterfowl that extensively use surface waters. Considering near identical calibration 

model fits, the mean annual surface should be used for waterfowl. The foraging-guild 

approach to calibration is supported by other work in songbirds (Hobson et al. 2012). If a 

more relevant (species- or geographic-specific) calibration dataset is available, the more 

specific dataset should be explored, but at this time the only robust datasets are for 

Mallard (Anas platyrhynchos, Hebert and Wassenaar 2005, van Dijk et al. 2014, Kusack 

et al. 2023b) and Lesser Scaup (Aythya affinis, Clark et al. 2006). I found that combining 

species within a foraging-guild increased the variability in the calibration relationship, 
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leading to lower overall precision but higher accuracy in the resulting assignment. 

Despite lower precision, I consider these foraging-guild datasets to be the most 

conservative and realistic relationship that accounts for the best error estimates for those 

groups.  

6.1.3 Prior probabilities of origin 

The use of prior probabilities of origin in likelihood-based assignment informs regions of 

likely origin based on known prior information in the study system (Royle and 

Rubenstein 2004). Although Bayesian methods allow for broad data sources including 

genetics (e.g., Ruegg et al. 2017) and relative abundance (e.g., Fournier et al. 2017), the 

most commonly applied prior probabilities of origin for waterfowl applications are based 

on band-return data. Using band returns, likely origins have been delineated by the 

flyway of origin (Asante et al. 2017, Palumbo et al. 2019), directional movement vectors 

(Gunnarsson et al. 2012, Guillemain et al. 2014), and movement probabilities among 

regions (Ashley et al. 2010). Despite waterfowl having the most band returns of any 

wildlife group, the consequences of using band-return priors have received little 

attention. In Chapter 5, I explored prior probabilities of origin based on band returns in 

several frameworks (flyway, 5° longitudinal zone, movement direction). Using a multi-

species approach, I found flyway and longitudinal zone to be the most promising 

frameworks, as they take advantage of longitudinal movement information that 

supplements the latitudinal information gained from δ2H isoscapes (at least for North 

America). The number of band returns will dictate what resolution the prior can be 

estimated at. Still, I recommend initial exploration to explore the use of both flyway and 

longitudinal-block priors.  

When available, the use of published movement probabilities between flyways or other 

management units can be used as prior probabilities of origin. For Chapter 2, I used 

movement probabilities between American Black Duck management regions. For 

Chapter 5, there were no published movement probabilities for the Great Lakes harvest 

specifically. There are published flyway-level movement probabilities (Roberts et al. 

2022), but these are estimated using encounters outside of the Great Lakes area, which 

also spans two flyways (Mississippi and Atlantic). In Chapter 5, my estimated prior 
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probabilities of origin did not match these flyway-scale estimates. For example, flyway-

scale transition probabilities for American Green-winged Teal (Anas crecca carolinensis) 

showed some movement from the Pacific and Central flyways to the Mississippi and 

Atlantic flyways (Roberts et al. 2022), but the priors I derived showed the only non-zero 

probabilities of origin along the border of the Mississippi and Atlantic flyways. If 

possible, estimating priors at the scale of a given study can and should be explored using 

available band-return data (Nakash et al. 2023). Taking this concept further, I also found 

that subdividing the study area and estimating priors separately for each region allowed 

for a more fine-scale representation of priors within the study area. This necessitates 

abundant band-return data across the study area, which for the Great Lakes was only 

possible for Mallard. Unfortunately, not all species will have adequate band returns to 

allow for this fine-scale prior derivation.  

Despite the usefulness of prior probabilities of origin, careful interpretation is needed, as 

priors can strongly influence these regions of likely origin. Priors cannot provide 

information on regions where no information is available. Creating more spatially explicit 

probability surfaces can lead to spurious results when the underlying data is patchy. In 

these cases, the use of flyway transition probabilities derived at the continental scale may 

be necessary. At the very least, when depicting origins, I encourage depicting likely 

origins estimated using all sources of data (i.e., δ2H + prior) and each source of data 

separately, to allow for independent evaluation of all data sources.  

6.2 Harvest connectivity 

Understanding migratory connectivity is key for adaptive harvest management (AHM) 

because it provides information on zones of production (sources) leading to the 

recruitment of individuals into the fall harvest. Under AHM in North America, species 

are managed based on the status of one of three flyway-specific stocks (U.S. Fish and 

Wildlife Service 2023) under the assumption that the population trends and production 

zones for the chosen stock represent the species in that flyway. This is complicated as we 

are currently in a time of unprecedented climatic and anthropogenic change resulting in 

changes in migratory behaviour of waterfowl (Thurber et al. 2020, Cox et al. 2023, 

Verheijen et al. 2023, Frei et al. 2024, but see Roberts et al. 2022), necessitating regular 
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estimation of connectivity to validate the underlying assumptions of AHM and ensure 

overexploitation does not occur.  

6.2.1 Banding-bias and gaps 

As stable isotopes are an intrinsic marker, requiring no initial capture to provide 

information on source origins, they effectively turn every capture point into a recapture 

(Hobson 2019). This makes stable isotopes extremely useful for species with limited 

marking efforts, especially those breeding in the far north where banding is logistically 

difficult. Relying entirely on band returns obtained in the southern portion of breeding 

ranges to derive parameters for AHM (e.g., survival, age-ratios, sex-ratios, etc.) may also 

introduce bias. Therefore, in Chapter 5, I determined likely origins of harvested 

individuals using direct band returns and δ2H measurements of feathers, directly 

comparing two different sources of connectivity information. Overlap between the two 

estimates of origin was low across all species, except for Wood Duck (Aix sponsa) which 

breeds entirely in proximity to human-populated areas. Species with very minimal 

banding effort, like Bufflehead (Bucephala albeola) and Lesser Scaup, showed the lowest 

overlap. For Greater Scaup (Aythya marila), banding on the breeding grounds is 

practically non-existent. In these cases, stable isotopes are incredibly valuable as they 

may be one of the only sources of connectivity information available. Although these 

results are specific to the Great Lakes harvest, they highlight the need to multiple sources 

of connectivity information to establish source areas.  

6.2.2 American Black Duck 

Current harvest management of black ducks assumes a single population (U.S. Fish and 

Wildlife Service 2023), despite evidence of different stocks within the breeding 

population (Geis et al. 1971, Pendleton and Sauer 1992, Conroy et al. 2002). In Chapter 

2, I focused on the American Black Duck (Anas rubripes) to test the ‘flyover hypothesis’, 

which proposed that ducks produced in the Boreal are less susceptible to harvest by 

hunters in Atlantic Canada and the northeastern United States, areas that primarily 

harvest birds produced relatively close to harvest sites (Ashley et al. 2010, Roy et al. 

2015, Black Duck Joint Venture 2018). Using feathers from across their range and 



 

185 

 

incorporating adults for the first time, I was able to more completely test the flyover 

hypothesis. I found evidence in support of the ‘flyover hypothesis’, where American 

Black Duck harvested in Atlantic Canada had more southern origins, indicative of nearby 

breeding locations with relatively few individuals assigned to breeding regions farther 

north. This contrasted with all other management regions, which showed origins in the 

northern boreal areas, well north of harvest areas. I inferred a Mississippi Flyway stock 

produced in the Boreal Shield and Hudson Plains of Ontario that is harvested in the Great 

Lakes and interior of Canada and the United States and an Atlantic Flyway stock 

harvested both as local breeders and with some migrants from northern Quebec and 

Newfoundland and Labrador in the Boreal Softwood and Taiga Shield. My results 

combined with the findings of Ashley et al. (2010) and Roy et al. (2015) suggest that 

regional black duck harvest regulations may improve harvest management.  

Although it was not among my major initial objectives, I was also able to test the 

consequences of using two different calibrations δ2Hf and δ2Hp measurements and 

different prior probabilities to assign American Black Duck in the Great Lakes, as I used 

different methods in Chapter 2 and 5. In Chapter 2 I used the calibration equation for 

Mallard moulting in Europe (van Dijk et al. 2014) which at the time was the most 

recently derived dabbling duck calibration equation. Since then, I aggregated additional 

known-origin data into a larger and more robust calibration dataset in Chapter 3, which I 

used to assign the waterfowl to origin in Chapter 5. Directly comparing the results 

(without priors) for American Black Duck harvest in the Great Lakes, the regions of 

likely origin were slightly more north when the van Dijk et al. (2014) equation was used. 

These slight differences were similar to those seen in Chapter 3 where I tested the 

consequences of using a diving duck calibration on a dabbling duck. Regions of likely 

origin varied slightly, but at this scale, differences in origin were not enough to suggest 

different broad-scale origins.  

For the prior probabilities of origin, in Chapter 2 I used movement probabilities between 

management regions, which indicated zero probability of American Black Ducks 

remaining within southern Ontario after banding (Robinson et al. 2016). My approach in 

Chapter 5, which used longitudinal or flyway-level regions, mirrored the previous 
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management estimates of movement within the American Black Duck range where three 

flyway-like strata (western, central, eastern) were used (Zimpfer and Conroy 2006). 

Likely origins using these two methods did not match for the Great Lakes birds. As 

discussed in Chapter 2, stable isotopes indicated origins across much of the Great Lakes 

and northern Atlantic forests, but movement probabilities indicated a low likelihood of 

origins in these regions. This disagreement between the band-return and stable-isotope 

data highlights the importance of considering all sources of information.  

6.3 Management implications  

Migratory movements of waterfowl require collaborative international strategies to 

ensure fair allocation of harvested birds among countries (Nichols et al. 2007) and 

effective conservation efforts (North American Waterfowl Management Plan 2018). 

Current adaptive harvest management (AHM) frameworks make flyway-level 

management decisions based on a representative population or populations in that flyway 

(U.S. Fish and Wildlife Service 2023), with a few species-specific exceptions where 

species have been highlighted as conservation concerns (e.g., American Black Duck, 

Northern Pintail Anas acuta). AHM models rely on metrics derived from aerial surveys, 

harvest surveys, and banding to estimate breeding population size and other population 

parameters to set fall bag limits.  

6.3.1 Flyway-level management 

Flyways are the fundamental management unit for AHM in North America (U.S. Fish 

and Wildlife Service 2023). The underlying assumption is that populations in a given 

flyway follow similar population trends to the chosen candidate species (e.g., Mallard in 

the midcontinent) and that source areas match. In both Chapter 4 and 5, I explored the 

natal origins of waterfowl harvest in eastern North America. I found evidence for flyway-

specific natal sources, despite northward shifts in natal areas later in the harvest period. 

At the flyway scale (Chapter 4 - Mississippi and Atlantic flyways) and for a specific 

harvest area within these flyways (Chapter 5 – Great Lakes), these results were consistent 

with unit-specific (i.e., midcontinent or Atlantic Flyway) harvest, supporting the 

assumptions of AHM. The only notable exception to this American Green-winged Teal 
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harvested in the Mississippi Flyway which did not strictly follow the assumptions of 

AHM and instead showed natal sources from Alaska to the Atlantic Coast. 

In the Mississippi Flyway, which is part of the midcontinent management unit, AHM is 

based on Mallard breeding primarily in the Prairie Pothole region (U.S. Fish and Wildlife 

Service 2023). In Chapter 4 I showed that spatiotemporal patterns and geographic 

location of for Mallard natal sources in the midcontinent matched all other species except 

American Green-winged Teal. In this case broad natal sources may not pose a significant 

mismatch between teal population trends and midcontinent Mallard trends, especially for 

a species of minimal conservation concern, but at the very least, these connectivity 

metrics should be further explored. 

Here I provide an initial look into spatiotemporal dynamics of source areas and 

connectivity for waterfowl harvested in Eastern North America, but these metrics can be 

explored in more detail on a species-by-species basis. This research provides a 

framework to spatiotemporally visualize flyway- and species-specific source areas and 

derive subsequent connectivity estimates (e.g., Cohen et al. 2018, Roberts et al. 2022). 

6.3.2 Future sampling opportunities 

The vast majority of feathers collected for my research were sourced from harvest 

surveys (Parts Collection Survey, Raftovich et al. 2023; Species Composition Survey, 

Gendron and Smith 2019) and preseason banding. These existing surveys provide a 

unique opportunity to collect feathers at a continent scale. These surveys already 

facilitate project-specific sampling, but the suggestions below provide a broader sampling 

method to collect feathers while ensuring the use of current resources. 

For the harvest surveys, wings (> 15,000/year in Canada; Gendron and Smith 2019) are 

brought to a central location for processing, and unless the wings are needed for research 

or educational purposes they are destroyed. It is not reasonable or useful to collect 

feathers from all of these wings every year, but I suggest some potential priorities that 

could be considered moving forward. The most valuable feather samples are those from 

species of direct conservation concern (e.g., Greater Scaup), species with few wings 
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submitted each year, and samples with additional data, such as marked birds. If these 

marked birds are a direct recovery, they are effectively a known-origin sample, assuming 

no feather regrowth. From a stable-isotopes perspective, these samples are valuable as 

additional validation, that can be applied over a greater geographic and temporal scale 

across many species. Storing feathers requires very minimal space and once cleaned the 

feathers can be stored at room temperature indefinitely. The same protocol could apply to 

other harvested species that are processed through these surveys such as American 

Woodcock (Scolopax minor), Mourning Dove (Zenaida macroura), and Sandhill Crane 

(Grus canadensis).  

These surveys could be leveraged to explore continent-wide estimates of connectivity for 

harvested species, similar to those done using band-return data (e.g., Szymanski and 

Dubovsky 2013). Similar continent-wide efforts have been done in songbirds to delineate 

banding station catchment areas (Wassenaar and Hobson 2001, Hobson et al. 2015), but 

this would be on a much larger scale as samples are collected wherever hunting occurs. 

To date, range-wide estimates of connectivity have only been done for American Black 

Duck (Kusack et al. 2022) and Northern Pintail (Wojtaszek 2022). These connectivity 

estimates could be paired with band returns, as I did in Chapter 5, to achieve the most 

robust estimates of source areas.  

The other primary source of feathers I took advantage of was from birds caught during 

preseason banding. In North America, 300,000 individuals are banded each year (Celis-

Murillo et al. 2022). Many of these preseason banding stations, especially those in 

Canada, are targeted close to or on the breeding grounds. Although many are still more 

south than the core breeding areas, many stations catch locally produced hatch-year birds. 

Feathers could be collected from local birds during regular banding operations as a 

supplement to calibration datasets, especially in remote locations. Introducing system-

wide sampling protocols would likely face push-back, but if metrics gained from stable-

isotope assignment (see below) are incorporated into AHM models, then maintaining a 

robust calibration dataset is integral.  
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6.3.3 Supplementing AHM frameworks 

Many metrics are incorporated in AHM models, to best predict population size for the 

fall harvest (Nichols et al. 2007, U.S. Fish and Wildlife Service 2023). For example, in 

the 2010 Northern Pintail AHM model, average breeding latitude estimated from the 

aerial survey is included to account for latitudinal changes in productivity (US Fish and 

Wildlife Service 2010). Similar information could be gained using δ2Hf measurements. 

This does come with a cost, per wing, to process samples in the lab. This approach has 

the benefit of representing the actual harvest, as opposed to the overall breeding 

population, as the samples are gained directly from harvested birds. Using existing 

monitoring surveys to collect feathers and derive estimates of origin could supplement 

annual parameter estimation through AHM frameworks with minimal additional logistics.  

6.4 Concluding remarks 

Many of the current waterfowl monitoring programs (e.g., preseason banding) are 

spatially limited due to accessibility, but intrinsic markers provide a complementary 

method to directly assess harvest source areas and evaluate bias. As I have demonstrated 

here, intrinsic markers can also be used to derive regions of past occupancy but have yet 

to receive full support in AHM. Across four data chapters, I used stable isotopes to 

inform direct connections between harvest and source areas for harvested waterfowl. 

These contributions address key conservation questions for a species of conservation 

concern, inform best practices when utilizing stable isotopes, and demonstrate the value 

of stable isotopes as a tool for waterfowl management.  
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Appendix A 

A Supplementary Information for Chapter 2  

Table A1 Age ratios (juveniles/adults) and fall age ratio (R) for black duck 

harvested in Canada (CA) and the United States (USA) based on harvested parts 

survey data (harvested juveniles/harvested adults [Wj/Wa]) and band-return data 

(juvenile band returns/adult band returns [Bj/Ba]; Gendron and Smith 2019, 

Raftovich et al. 2021), 2000–18.  

 CA  USA 

Year Wj/Wa Bj/Ba R  Wj/Wa Bj/Ba R 
2000 2.69 5.75 0.47  0.76 2.65 0.29 

2001 3.87 6.98 0.55  1.09 2.70 0.40 

2002 3.53 7.40 0.48  1.06 2.44 0.44 

2003 4.93 7.59 0.65  1.11 2.66 0.42 

2004 3.34 5.26 0.64  0.97 2.46 0.39 

2005 3.56 4.36 0.82  1.58 2.48 0.64 

2006 3.74 8.53 0.44  1.47 2.92 0.50 

2007 4.27 4.71 0.91  1.22 3.01 0.41 

2008 4.20 6.48 0.65  0.98 2.49 0.39 

2009 4.43 3.49 1.27  1.27 3.03 0.42 

2010 5.02 12.18 0.41  1.58 3.08 0.51 

2011 3.02 3.97 0.76  1.27 2.77 0.46 

2012 3.27 6.61 0.49  1.47 3.88 0.38 

2013 2.58 4.58 0.56  1.56 3.01 0.52 

2014 2.00 4.47 0.45  1.12 2.54 0.44 

2015 4.10 2.55 1.61  1.55 2.48 0.63 

2016 2.56 3.77 0.68  1.46 2.70 0.54 

2017 3.26 5.95 0.55  1.02 2.96 0.34 

2018 2.63 7.24 0.36  1.11 2.69 0.41 
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Table A2 Age ratios (juveniles/adults) and fall age ratio (R) for Canadian harvested black duck stratified by province or 

region (Ontario [ON], Quebec [QC], Atlantic Canada [ATL]), based on harvested parts survey data (harvested 

juveniles/harvested adults [Wj/Wa]) and band-return data (juvenile band returns/adult band returns [Bj/Ba]), 2000–18 

(Gendron and Smith 2019, Raftovich et al. 2021).  

 ON  QC  ATL 

Year Wj/Wa Bj/Ba R  Wj/Wa Bj/Ba R  Wj/Wa Bj/Ba R 
2000 2.20 5.22 0.42  2.34 2.60 0.90  2.97 7.38 0.40 

2001 4.15 12.25 0.34  4.07 2.16 1.89  3.67 8.27 0.44 

2002 2.73 4.80 0.57  3.33 6.58 0.51  3.87 8.59 0.45 

2003 7.07 12.00 0.59  3.74 2.78 1.34  5.09 9.31 0.55 

2004 2.26 6.11 0.37  2.95 3.95 0.75  4.01 5.84 0.69 

2005 3.06 2.75 1.11  3.21 3.70 0.87  4.05 5.92 0.68 

2006 3.50 7.57 0.46  3.98 6.52 0.61  3.67 10.80 0.34 

2007 2.23 3.50 0.64  3.54 4.76 0.74  5.04 4.95 1.02 

2008 3.43 3.83 0.90  4.67 3.74 1.25  4.11 8.21 0.50 

2009 3.36 1.78 1.89  6.33 4.07 1.56  3.57 3.67 0.97 

2010 5.57 15.50 0.36  5.46 20.83 0.26  4.51 4.52 1.00 

2011 2.05 2.29 0.90  3.20 4.82 0.66  3.19 3.89 0.82 

2012 4.13 13.00 0.32  4.39 5.07 0.87  2.71 6.04 0.45 

2013 3.31 5.33 0.62  3.16 2.85 1.11  2.20 5.03 0.44 

2014 1.91 1.57 1.21  2.52 3.32 0.76  1.75 5.86 0.30 

2015 2.32 2.38 0.98  3.67 2.89 1.27  4.91 2.44 2.02 

2016 2.91 6.20 0.47  3.20 2.61 1.23  2.21 3.71 0.60 

2017 1.91 4.25 0.45  2.03 3.89 0.52  4.52 7.88 0.57 

2018 1.84 7.67 0.24  2.16 4.07 0.53  3.10 8.72 0.36 
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Figure A1 Likely origins of black ducks harvested within Canada from 2017–19. Individuals were grouped by age/sex cohort 

(columns; juvenile, adult female, adult male) and black duck conservation region of harvest (rows; southwestern Canada [SWC], 

southeastern Canada-Quebec [SECQC], southeastern Canada-Atlantic [SECATL]). Sample sizes show the number of individuals within 

a given group. Scale represents the number of individuals assigned to a given pixel, under a 2:1 odds ratio.   
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Figure A2 Likely origins of black ducks harvested within the United States from 2017–20. Individuals were grouped by age/sex 

cohort (columns; juvenile, adult female, adult male) and black duck conservation region of harvest (rows; interior United States [INT], 

north Atlantic United States [NATL], south Atlantic United States [SATL]). Sample sizes show the number of individuals within a 

given group. Scale represents the number of individuals assigned to a given pixel, under a 2:1 odds ratio.  
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Appendix B 

B Supplementary Information for Chapter 3  

Table B1 Summary table for published calibration equations and known-origin 

data. Supplementary table available at: 

https://doi.org/10.1371/journal.pone.0288262.s003 

 

Figure B1 Recreation of original figure from Palumbo et al. (2020). Likely origins of 

Blue-winged Teal (Spatula discors) harvested in southern Saskatchewan (n = 47, 2014–

18 (Palumbo et al. 2020)) using the assignment methods from the original publication 

(calibration: δ2Hf = -31.6 + 0.93 * δ2Hp; SDresid = 12.8). The colour indicates the number 

of individuals that were assigned to a given pixel under a 2:1 odds ratio. Harvest 

locations for samples are shown as red points. 

  

https://doi.org/10.1371/journal.pone.0288262.s003
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Figure B2 Spatial representation of differences in δ2Hp between precipitation 

isoscape methods, for North America and Europe. Each panel shows the difference 

(first isoscape minus second) between paired isoscapes (MGSB – MAB, MGSB – MAT, 

MAB – MAT): amount-weighted mean growing-season precipitation (Bowen 2021) 

(MGSB) and amount-weighted mean annual precipitation (MAB, (Bowen 2021); MAT, 

(Terzer-Wassmuth et al. 2021)). Blue regions represent areas where the first isoscape is 

much more positive than the second and yellow regions represent areas where the first 

isoscape is more negative than the second.  
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Appendix C 

C Supplementary Information for Chapter 4  

 

Figure C1 Direct recoveries distributions 1960–2022. Histograms for the number of 

direct recoveries 1960–2022 by species. See Table 4.1 for species alpha-code definitions. 
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Figure C2 KDE harvest derivation for American Wigeon. Kernel density estimated 

harvest derivations (90 % density area) for American Wigeon (Mareca americana) 

harvested in the Mississippi (blue; n = 620, 1960–2021) and Atlantic (pink; n = 428, 

1960–2022) flyways, separated by month of harvest (September–February) and latitude 

of harvest (25–55, by 5° bands). Upper and lower limits of harvest area (latitudinal band) 

are shown with dotted curved lines. Points show banding locations when sample sizes 

were < 50. 
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Figure C3 KDE harvest derivation for Canvasback. Kernel density estimated harvest 

derivations (90 % density area) for Canvasback (Aythya valisineria) harvested in the 

Mississippi (blue; n = 812, 1960–2019) and Atlantic (pink; n = 91, 1960–2019) flyways, 

separated by month of harvest (September–February) and latitude of harvest (25–55, by 

5° bands). Upper and lower limits of harvest area (latitudinal band) are shown with dotted 

curved lines. Points show banding locations when sample sizes were < 50. 
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Figure C4 KDE harvest derivation for Common Goldeneye. Kernel density estimated 

harvest derivations (90 % density area) for Common Goldeneye (Bucephala clangula) 

harvested in the Mississippi (blue; n = 734, 1962–2022) and Atlantic (pink; n = 46, 1960–

2021) flyways, separated by month of harvest (September–February) and latitude of 

harvest (25–55, by 5° bands). Upper and lower limits of harvest area (latitudinal band) 

are shown with dotted curved lines. Points show banding locations when sample sizes 

were < 50. 
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Figure C5 KDE harvest derivation for Gadwall. Kernel density estimated harvest 

derivations (90 % density area) for Gadwall (Mareca strepera) harvested in the 

Mississippi (blue; n = 832, 1960–2022) and Atlantic (pink; n = 197, 1960–2022) flyways, 

separated by month of harvest (September–February) and latitude of harvest (25–55, by 

5° bands). Upper and lower limits of harvest area (latitudinal band) are shown with dotted 

curved lines. Points show banding locations when sample sizes were < 50. 
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Figure C6 KDE harvest derivation for Hooded Merganser. Kernel density estimated 

harvest derivations (90 % density area) for Hooded Merganser (Lophodytes cucullatus) 

harvested in the Mississippi (blue; n = 181, 1962–2021) and Atlantic (pink; n = 78, 1964–

2022) flyways, separated by month of harvest (September–February) and latitude of 

harvest (25–55, by 5° bands). Upper and lower limits of harvest area (latitudinal band) 

are shown with dotted curved lines. Points show banding locations when sample sizes 

were < 50. 
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Figure C7 KDE harvest derivation for Lesser Scaup. Kernel density estimated harvest 

derivations (90 % density area) for Lesser Scaup (Aythya affinis) harvested in the 

Mississippi (blue; n = 469, 1960–2021) and Atlantic (pink; n = 39, 1960–2021) flyways, 

separated by month of harvest (September–February) and latitude of harvest (25–55, by 

5° bands). Upper and lower limits of harvest area (latitudinal band) are shown with dotted 

curved lines. Points show banding locations when sample sizes were < 50. 
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Figure C8 KDE harvest derivation for Mottled Duck. Kernel density estimated 

harvest derivations (90 % density area) for Mottled Duck (Anas fulvigula) harvested in 

the Mississippi (blue; n = 1,408, 1963–2022) and Atlantic (yellow; n = 458, 1961–2022) 

flyways, separated by month of harvest (September–February) and latitude of harvest 

(25–55, by 5° bands). Upper and lower limits of harvest area (latitudinal band) are shown 

with dotted curved lines. Points show banding locations when sample sizes were < 50. 
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Figure C9 KDE harvest derivation for Northern Pintail. Kernel density estimated 

harvest derivations (90 % density area) for Northern Pintail (Anas acuta) harvested in the 

Mississippi (blue; n = 1,892, 1960–2022) and Atlantic (pink; n = 354, 1960–2019) 

flyways, separated by month of harvest (September–February) and latitude of harvest 

(25–55, by 5° bands). Upper and lower limits of harvest area (latitudinal band) are shown 

with dotted curved lines. Points show banding locations when sample sizes were < 50. 
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Figure C10 KDE harvest derivation for Redhead. Kernel density estimated harvest 

derivations (90 % density area) for Redhead (Aythya americana) harvested in the 

Mississippi (blue; n = 1,676, 1960–2022) and Atlantic (pink; n = 578, 1961–2022) 

flyways, separated by month of harvest (September–February) and latitude of harvest 

(25–55, by 5° bands). Upper and lower limits of harvest area (latitudinal band) are shown 

with dotted curved lines. Points show banding locations when sample sizes were < 50. 
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Figure C11 KDE harvest derivation for Ring-necked Duck. Kernel density estimated 

harvest derivations (90 % density area) for Ring-necked Duck (Aythya collaris) harvested 

in the Mississippi (blue; n = 3,174, 1960–2022) and Atlantic (pink; n = 578, 1960–2022) 

flyways, separated by month of harvest (September–February) and latitude of harvest 

(25–55, by 5° bands). Upper and lower limits of harvest area (latitudinal band) are shown 

with dotted curved lines. Points show banding locations when sample sizes were < 50. 
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Figure C12 KDE harvest derivation for Wood Duck in Mississippi flyway. Monthly 

(columns) harvest derivation, based on band returns, for Wood Duck (Aix sponsa) 

harvested in the Mississippi Flyway (n = 40,559, 1960–2022). Derivation limits were 

derived from kernel density estimates, extracting all cells (i.e., density = 1, in blue) or 

cells representing the upper 50 % or 90 % of density estimates (i.e., density = 0.5 and 0.9, 

in yellow and pink). Upper and lower limits of harvest area (latitudinal band — rows) are 

shown with dotted curved lines. For panels (month × latitudinal band) with less than 50 

band recoveries, banding locations are shown with red points.  
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Figure C13 Change in harvest derivation area at different harvest latitudes. 

Relationship between natal source area (log(Ha)) and harvest latitude (standardized) for 

13 species of waterfowl harvested in the Great Lakes region (n = 206, 1920–2020). Line 

colour represents the flyway of harvest. Lines are the estimated marginal means from a 

linear mixed-effect model (fitted with ‘ggpredict’ from ggeffects package version 1.3.2, 

Lüdecke 2018), holding the effect of sample size and date constant. The grey region 

represents the prediction intervals. For species with derivations in only one flyway, 

marginal means were only shown for that flyway. See Table 4.1 for species alpha-code 

definitions. 
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Figure C14 Change in banding latitude at different harvest latitudes. Relationship 

between banding latitude (°) and harvest latitude (standardized) for 13 species of 

waterfowl harvested in the Great Lakes region (n = 202,762, 1920–2020). Line colour 

represents the flyway of harvest. Lines are the estimated marginal means from the multi-

species linear mixed-effect model (fitted with ‘ggpredict’ from ggeffects package version 

1.3.2, Lüdecke 2018), holding the effect of sample size and date constant. The grey 

region represents the prediction intervals. Raw data are shown as grey points. Mean 

banding latitude for each unique harvest day in a given latitudinal band are shown in 

colour to give a visual representation of centrality. See Table 4.1 for species alpha-code 

definitions. 
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Figure C15 Parameter estimates for species-specific models. Parameter estimates from 

species-specific linear mixed-effects models evaluating the relationships between both 

harvest day and harvest latitude (standardized) and banding latitude (response). Points 

show the parameter coefficients with the 95 % confidence interval. Intervals overlapping 

zero are shown in red, with those not overlapping zero in black. See Table 4.1 for species 

alpha-code definitions.  
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Appendix D 

D Supplementary Information for Chapter 5 

Table D1 Sample size for feathers, by species and harvest season of collection.  

 Season 

Species 2017–18 2018–19 2019–20 2020–21 

American Black Duck 48 22 0 0 

American Green-winged Teal 41 19 0 0 

Bufflehead 27 51 0 0 

Canvasback 1 14 0 7 

Greater Scaup 13 18 0 0 

Lesser Scaup 17 25 0 0 

Mallard 19 150 0 0 

Northern Pintail 14 34 39 19 

Redhead 12 51 0 24 

Ring-necked Duck 18 33 0 0 

Wood Duck 31 0 0 0 
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Figure D1 Overlapping target regions for future banding effort (i.e., regions of 

disagreement between likely origin [δ2Hf + flyway prior] and banding effort). The 

scale depicts the number of species overlapping in a given cell. 
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Figure D2 Direct recoveries (r), banding effort (b), priors (Flyway, 5° longitudinal 

zone = “Longitude”, movement direction = “Direction”) and likely origins of 

juvenile American Black Duck (Anas rubripes) harvested in the Great Lakes. Titles 

for panels specify whether the likely origin is based on stable isotopes (n = 70, 2017–18 

and 2018–19) alone (δ2H) or whether a prior (n = 3,780 and nmigrants = 1,122, 1960–2022) 

is included (δ2H + prior). Within each panel, the values were rescaled to be a proportion 

of the maximal value, to better visualize relative differences.  
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Figure D3 Direct recoveries (r), banding effort (b), priors (Flyway, 5° longitudinal 

zone = “Longitude”, movement direction = “Direction”) and likely origins of 

juvenile American Green-winged Teal (Anas crecca carolinensis) harvested in the 

Great Lakes. Titles for panels specify whether the likely origin is based on stable 

isotopes (n = 60, 2017–18 and 2018–19) alone (δ2H) or whether a prior (n = 671 and 

nmigrants = 358, 1960–2022) is included (δ2H + prior). Within each panel, the values were 

rescaled to be a proportion of the maximal value, to better visualize relative differences.  
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Figure D4 Direct recoveries (r), banding effort (b), priors (Flyway, 5° longitudinal 

zone = “Longitude”, movement direction = “Direction”) and likely origins of 

juvenile Bufflehead (Bucephala albeola) harvested in the Great Lakes. Titles for 

panels specify whether the likely origin is based on stable isotopes (n = 78, 2017–18 and 

2018–19) alone (δ2H) or whether a prior (n = 7 and nmigrants = 7, 1960–2022) is included 

(δ2H + prior). Within each panel, the values were rescaled to be a proportion of the 

maximal value, to better visualize relative differences.  
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Figure D5 Direct recoveries (r), banding effort (b), priors (Flyway, 5° longitudinal 

zone = “Longitude”, movement direction = “Direction”) and likely origins of 

juvenile Canvasback (Aythya valisineria) harvested in the Great Lakes. Titles for 

panels specify whether the likely origin is based on stable isotopes (n = 22, 2017–18, 

2018–19, and 2020–21) alone (δ2H) or whether a prior (n = 229 and nmigrants = 229, 1960–

2022) is included (δ2H + prior).Within each panel, the values were rescaled to be a 

proportion of the maximal value, to better visualize relative differences.  
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Figure D6 Direct recoveries (r), banding effort (b), and likely origins of juvenile 

Greater Scaup (Aythya affinis) harvested in the Great Lakes (n = 42, 2017–18 and 

2018–19). Within each panel, the values were rescaled to be a proportion of the maximal 

value, to better visualize relative differences.  
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Figure D7 Direct recoveries (r), banding effort (b), priors (Flyway, 5° longitudinal 

zone = “Longitude”, movement direction = “Direction”) and likely origins of 

juvenile Lesser Scaup (Aythya affinis) harvested in the Great Lakes. Titles for panels 

specify whether the likely origin is based on stable isotopes (n = 42, 2017–18 and 2018–

19) alone (δ2H) or whether a prior (n = 44 and nmigrants = 43, 1960–2022) is included (δ2H 

+ prior). Within each panel, the values were rescaled to be a proportion of the maximal 

value, to better visualize relative differences.  
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Figure D8 Direct recoveries (r), banding effort (b), priors (Flyway, 5° longitudinal 

zone = “Longitude”, movement direction = “Direction”) and likely origins of 

juvenile Mallard (Anas platyrhynchos) harvested in the Great Lakes. Titles for panels 

specify whether the likely origin is based on stable isotopes (n = 169, 2017–18 and 2018–

19) alone (δ2H) or whether a prior (n = 36,240 and nmigrants = 5,678, 1960–2022) is 

included (δ2H + prior).Within each panel, the values were rescaled to be a proportion of 

the maximal value, to better visualize relative differences.  
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Figure D9 Direct recoveries (r), banding effort (b), priors (Flyway, 5° longitudinal 

zone = “Longitude”, movement direction = “Direction”) and likely origins of 

juvenile Northern Pintail (Anas acuta) harvested in the Great Lakes. Titles for panels 

specify whether the likely origin is based on stable isotopes (n = 106, 2017–18, 2018–19, 

2019–20, and 2020–21) alone (δ2H) or whether a prior (n = 235 and nmigrants = 133, 1960–

2022) is included (δ2H + prior).Within each panel, the values were rescaled to be a 

proportion of the maximal value, to better visualize relative differences.  
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Figure D10 Direct recoveries (r), banding effort (b), priors (Flyway, 5° longitudinal 

zone = “Longitude”, movement direction = “Direction”) and likely origins of 

juvenile Redhead (Aythya americana) harvested in the Great Lakes. Titles for panels 

specify whether the likely origin is based on stable isotopes (n = 88, 2017–18, 2018–19, 

and 2020–21) alone (δ2H) or whether a prior (n = 787 and nmigrants = 662, 1960–2022) is 

included (δ2H + prior). Within each panel, the values were rescaled to be a proportion of 

the maximal value, to better visualize relative differences.   
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Figure D11 Direct recoveries (r), banding effort (b), priors (Flyway, 5° longitudinal 

zone = “Longitude”, movement direction = “Direction”) and likely origins of 

juvenile Ring-necked Duck (Aythya collaris) harvested in the Great Lakes. Titles for 

panels specify whether the likely origin is based on stable isotopes (n = 51, 2017–18 and 

2018–19) alone (δ2H) or whether a prior (n = 251 and nmigrants = 177, 1960–2022) is 

included (δ2H + prior). Within each panel, the values were rescaled to be a proportion of 

the maximal value, to better visualize relative differences.  
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Figure D12 Direct recoveries (r), banding effort (b), priors (Flyway, 5° longitudinal 

zone = “Longitude”, movement direction = “Direction”) and likely origins of 

juvenile Wood Duck (Aix sponsa) harvested in the Great Lakes. Titles for panels 

specify whether the likely origin is based on stable isotopes (n = 31, 2017–18) alone 

(δ2H) or whether a prior (n = 4,857 and nmigrants = 183, 1960–2022) is included (δ2H + 

prior). Within each panel, the values were rescaled to be a proportion of the maximal 

value, to better visualize relative differences. 
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