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Abstract

As top predators in a rapidly changing environment, Arctic raptors serve as indicator 

species of ecosystem health. The degree to which populations exhibit dietary plasticity and 

partition resources on an interspecific basis under dynamic ecological conditions may be 

indicative of climate change resilience. It is therefore crucial to develop accurate and broadly 

applicable methods for characterizing the diets of wild populations. In this dissertation, I 

assessed the performance of Bayesian stable isotope mixing models (BSIMMs) as a method of 

characterizing diet in free-living raptor populations, developed novel methods to refine their 

accuracy and applicability, and applied an isotopic approach to address broad trophic hypotheses 

within an Arctic raptor guild. First, I evaluated the use of BSIMMs in a population of Gyrfalcons 

(Falco rusticolus) by comparing modelled diet estimates to high-accuracy nest camera diet data. 

I found that the isotopic method effectively characterized diet at the population level and 

accurately ide-ntified temporal shifts in Gyrfalcon diet on a seasonal and interannual basis. 

Second, I developed a novel method for the estimation of trophic discrimination factors (TDFs) 

in wild populations and tested it in three published datasets. The new method outperformed other 

methods of TDF estimation in all cases, ultimately increasing the accuracy and applicability of 

the BSIMM approach under certain circumstances. Third, I applied an isotopic approach to 

characterize interspecific niche overlap and individual specialization in an Arctic raptor guild 

(Gyrfalcons, Golden Eagles [Aquila chrysaetos], and Rough-legged Hawks [Buteo lagopus]) 

under varying degrees of resource abundance. I found the three species overlap in their isotopic 

niche, but that overlap was reduced when more prey types were available (i.e., an influx of cyclic 

arvicoline rodents). In Gyrfalcons, the level of individual specialization increased with 

increasing population niche width in accordance with the niche variation hypothesis.
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Chapter 1: Introduction

Trophic ecology is a fundamental component of biology. Understanding the resources an 

organism consumes provides insight into animal behavior, community structure, and individual, 

population, and community resilience to environmental change. Characterizing a population's 

trophic dynamics can illuminate its role within the structure and function of its ecosystem (Polis 

and Strong, 1996). The spatiotemporal distribution of resources is a key driver of behavioral 

traits that ultimately dictate many aspects of an organism's ecology, including movement (e.g., 

Fortin et al., 2005), life history (e.g., Laurila et al., 1998), and physiology (e.g., Hertz et al., 

2015). Further, determining the dietary diversity and plasticity of an organism provides insight 

into their resilience or vulnerability to changing environmental conditions (e.g., Varner and 

Dearing, 2014). Clearly, it is important to determine trophic relationships in natural ecosystems 

by developing and implementing effective methods to study wild animal diet.

Ecologists have traditionally relied upon direct (e.g., observation) and indirect (e.g., 

fecal/pellet or gut contents) methods for wild animal diet estimation, which have been shown to 

be biased towards certain resource types (e.g., Lewis et al., 2004; Rindorf and Lewy, 2004) or to 

otherwise be prohibitively time-consuming (e.g., Collopy 1983). However, recent technological 

advances have given rise to new direct and indirect approaches that may improve the resolution 

of diet estimates and broaden their spatiotemporal applicability. Motion-sensitive cameras have 

proven to be a highly effective direct method for determining the diet of central place foragers 

(e.g., nest cameras; Lewis et al., 2004), and animal-borne video cameras can provide high- 

quality diet data in large mammals (e.g., Thompson et al., 2012). An array of indirect molecular 

approaches for estimating diet have also been developed, focusing on the analysis of the DNA 

1



composition of gut contents or feces (e.g., DNA metabarcoding; Jesmer et al., 2020) or the 

composition of fatty acids (e.g., Elsdon 2010) and stable isotopes (e.g., Phillips et al., 2005) in 

consumer tissue. Stable isotope methods particularly show promise as an indirect method for 

characterizing diet and identifying trophic dynamics within food webs.

An animal's tissue is comprised of elements derived from the resources it consumes. 

Some of those elements (e.g., carbon and nitrogen) occur naturally in different isotopes (i.e., 

atomic masses), and the ratio of the heavy to the light isotope (expressed as δ) can be accurately 

measured in organic tissue. Stable isotope ratios (e.g., of carbon [δ13C] and nitrogen [δ15N]) vary 

between organisms and are incorporated into consumer tissue from their diet sources in a 

predictable manner, allowing for the estimation of consumer diet (e.g., Parnell et al., 2013). 

Because it uses consumer tissue, this approach is popular with species that are difficult to 

monitor (e.g., marine predators; Marcoux et al., 2012) and has even been applied to extinct 

species (e.g., mammoths; Bocherens, 2003). Because isotopes are incorporated into different 

tissues at different rates (e.g., Carter et al., 2019), this method can also be used to characterize 

diet over different timescales (e.g., Oppel and Powell, 2010) and identify diet shifts (e.g., Phillips 

and Eldridge, 2006). Over the past 10 years, stable isotope ecologists have refined their 

analytical approach to produce a framework of Bayesian stable isotope mixing models 

(BSIMMs; e.g., MixSIAR; Stock et al., 2018), which are capable of producing proportional diet 

estimates while incorporating various sources of error typical of isotopic studies. BSIMMs have 

become a widespread approach in trophic ecology, but very few studies have evaluated their 

performance directly in wild populations (Swan et al., 2020).

Raptors (i.e., birds of prey) provide an excellent model system in which to develop and 

assess stable isotope methods because nest cameras can simultaneously provide highly accurate 
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diet data against which mixing model estimates can be compared. During the brood-rearing 

period (i.e., from when nestlings hatch to when they leave the nest) raptor nestlings are 

exclusively provisioned by their parents, allowing for the identification of each prey delivery via 

motion-sensitive cameras installed at nest sites (e.g., Robinson et al., 2019). If nestlings are 

concurrently sampled for stable isotopes, camera diet estimates can be matched to isotopic 

estimates to assess method agreement (e.g., Swan et al., 2020). Beyond their use as a model 

system, raptors are of particular interest because they occupy the top trophic level in many 

terrestrial ecosystems and thus their diet can serve as a useful indicator of ecosystem health and 

environmental change (Sergio et al. 2008).

Arctic ecosystems are undergoing rapid change: warming is occurring up to three times 

faster than the global average (Post et al., 2009) resulting in changes to habitat composition (e.g., 

shrubification; Wheeler et al., 2018), the hydrological cycle (Bintanja and Andry, 2017), and the 

spatiotemporal availability of resources (e.g., Parmesan 2006; Ims et al., 2007). In the midst of 

this change, it is crucial to monitor the trophic dynamics of the Arctic food web to characterize 

species resilience and ultimately inform conservation and management initiatives (Ims and 

Fuglei, 2005). The top trophic level of Arctic terrestrial ecosystems is occupied by the cliff

nesting raptor guild, largely comprised of three species: Gyrfalcon (Falco rusticolus), Golden 

Eagle (Aquila chrysaetos), and Rough-legged Hawk (Buteo lagopus). These three species have 

similar life history strategies and habitat requirements, presumably co-occurring via slight 

differences in their realized niche space. Although population-level diet studies have been 

conducted for each species individually, the degree to which they partition resources and exhibit 

individual dietary specialization remains largely unknown.
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In this dissertation, I assess the performance of Bayesian stable isotope mixing models 

(BSIMMs) as a method of characterizing diet in free-living raptor populations, develop novel 

methods to refine their accuracy and applicability, and apply an isotopic approach to address 

broad trophic hypotheses within an Arctic raptor guild. Specifically, I address the following 

primary questions: (1) Are Bayesian stable isotope mixing models an effective approach for 

estimating wild animal diet? (2) Can a novel method to estimate trophic discrimination factors 

(TDFCAM) improve the resolution and applicability of the BSIMM approach? and (3) What is the 

role of niche partitioning and individual specialization in an Arctic predator assemblage? 

Collectively, I introduce an approach that combines the high accuracy of nest cameras with the 

broader spatiotemporal reach of stable isotopes and can be effectively applied to characterize diet 

and address broad trophic hypotheses in wild populations. In Chapter 2, I test the efficacy of 

BSIMMs in a free-living population of Gyrfalcons, comparing modeled diet to high-accuracy 

nest camera data and apply a novel method for the estimation of trophic discrimination factors 

(TDFs). In Chapter 3, I further develop this novel framework for TDF estimation, testing it in 

three datasets to assess its ability to improve BSIMM diet estimates. In Chapter 4, I apply an 

isotopic approach to characterize niche overlap and test the Niche Variation Hypothesis in an 

Arctic raptor guild. In Chapter 5, I summarize key findings related to each of the 

aforementioned research questions and make concluding remarks.
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Chapter 2: Bayesian stable isotope mixing models effectively characterize the diet of an Arctic 
raptor

2.1 Abstract

Bayesian stable isotope mixing models (BSIMMs) for δ13C and δ15N can be a useful tool to 

reconstruct diets, characterize trophic relationships, and assess spatiotemporal variation in food 

webs. However, use of this approach typically requires a priori knowledge on the level of 

enrichment occurring between the diet and tissue of the consumer being sampled (i.e., a trophic 

discrimination factor or TDF). TDFs derived from captive feeding studies are highly variable, 

and it is challenging to select the appropriate TDF for diet estimation in wild populations. We 

introduce a novel method for estimating TDFs in a wild population: a proportionally balanced 

equation that uses high-precision diet estimates from nest cameras installed on a subset of nests 

in lieu of a controlled feeding study (TDFCAM). We tested the ability of BSIMMs to characterize 

diet in a free-living population of Gyrfalcon (Falco rusticolus) nestlings by comparing model 

output to high-precision nest camera diet estimates. We analyzed the performance of models 

formulated with a TDFCAM against other relevant TDFs and assessed model sensitivity to an 

informative prior. We applied the most parsimonious model inputs to a larger sample to analyze 

broad-scale temporal dietary trends. BSIMMs fitted with a TDFCAM and uninformative prior had 

the best agreement with nest camera data, outperforming TDFs derived from captive feeding 

studies. BSIMMs produced with a TDFCAM produced reliable diet estimates at the nest level and 

accurately identified significant temporal shifts in Gyrfalcon diet within and between years.

Johnson DL, Henderson MT, Anderson DL, Booms TL, Williams CT. (2020). Bayesian 
stable isotope mixing models effectively characterize the diet of an Arctic raptor. Journal of 
Animal Ecology 89(12): 1-14. doi: 10.1111/1365-2656.13361.
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Our method of TDF estimation produced more accurate estimates of TDFs in a wild population 

than traditional approaches, consequently improving BSIMM diet estimates. We demonstrate 

how BSIMMs can complement a high-precision diet study by expanding its spatiotemporal scope 

of inference and recommend this integrative methodology as a powerful tool for future trophic 

studies.

2.2 Introduction

Predators play key roles in ecosystem dynamics as top-down regulators of population 

structure (Holt, 1977) and also act as useful indicators of bottom-up effects (Rodríguez-Estrella 

et al., 1998). Characterizing how predator diet responds to spatiotemporal shifts in the 

availability of their prey is crucial for understanding their resilience to environmental change 

(Schmidt et al., 2012). Arctic ecosystems are at the forefront of anthropogenic climate change, 

with novel environmental conditions contributing to rapid and large-scale shifts in species 

distributions, phenology, and behavior (review in Post et al., 2009). As the ranges, phenologies, 

and behaviors of species change, predator-prey relations -along with other ecological 

interactions- are altered (Thackeray et al., 2016). It is therefore critical to monitor trophic 

interactions in Arctic ecosystems via dietary analysis of the top predators specializing within 

those systems, particularly in birds of prey (i.e., raptors; Ims and Fuglei, 2005). Arctic raptor diet 

studies have done so through the use of nest camera dietary analysis in recent years (e.g., 

Robinson et al., 2019), which provide high-precision diet estimates for nestlings but are often 

constrained by sample size and geographic scope. There is an apparent need for a robust 

methodology to assess spatial and temporal trends in the diet of Arctic raptors. This paper 

addresses that need by formally evaluating the use of Bayesian stable isotope mixing models 

(BSIMMs) in a wild population of Gyrfalcons (Falco rusticolus).
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Raptor diet studies have traditionally employed the use of direct observation and prey 

remain/pellet analysis, but in recent years nest cameras have emerged as a more accurate and 

effective alternative (Lewis et al., 2004). Nest cameras are a useful tool in studying raptor diet 

and behavior during the breeding season: motion-activated cameras installed at nesting sites 

capture prey deliveries (either via video or still image), which are subsequently identified and 

enumerated to create precise estimates of the proportions of different prey species and categories 

in the diet (e.g., Robinson et al., 2015). However, this approach requires repeated visits to 

nesting sites, and even sporadic disturbances early in nesting can influence prey delivery rates 

and cause nest failure in some species (Harrison et al., 2019). Although nest camera analysis can 

provide highly accurate estimates of nestling diet at a limited scale, it can underrepresent the 

contribution of small prey and is often limited in scope due to small sample size; technical failure 

(e.g. battery/card issues, trigger sensor failure, blocked field of view) can further complicate 

raptor nest camera studies, effectively reducing sample size by >50% in some cases (e.g., García- 

Salgado et al., 2015).

Stable isotope approaches provide a complementary methodology to assess broad-scale 

dietary trends, potentially expanding the spatiotemporal scope of inference that can be obtained 

from cameras alone (Swan et al., 2020). Stable isotope analysis is a useful and increasingly 

common method for wildlife diet studies. For example, the isotopic values of carbon (δ13C) and 

nitrogen (δ15N) vary among organisms, and are dependent upon their trophic level and basal 

carbon source (DeNiro and Epstein 1978; 1981). These values are maintained throughout food 

webs often resulting in unique and identifiable positions in isotopic space for different groups of 

taxa (Hobson and Clark, 1992). By iteratively analyzing a consumer's position in isotopic space 

relative to its diet sources, stable isotope mixing models can estimate the relative importance of 
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sources to a consumer's diet (Parnell et al., 2013). Contemporary Bayesian stable isotope mixing 

model (BSIMM) frameworks (e.g., MixSIAR) contain methods to generate proportional dietary 

estimates, unifying multiple error structures and allowing for the incorporation of fixed and 

random effects (Stock et al., 2018).

BSIMMs incorporate the following information to generate diet estimates: isotopic values 

of consumers, isotopic values of source (prey) groups, prior knowledge of expected dietary 

proportions (i.e., an informative prior), and a trophic discrimination factor (Parnell et al., 2013). 

Model performance is reliant upon the careful inclusion of all major source groups for the 

consumer, and their subsequent grouping into categories that are both ecologically relevant and 

isotopically differentiable (Phillips et al., 2014). Informative priors are typically generated using 

another indirect method of diet characterization (e.g., pellet/scat analysis, gut contents, camera 

data), and have been shown to improve model fit in some instances (e.g., Chiaradia et al., 2014). 

However, a prior that is either biased or overconfident can mask isotopic variability, thereby 

generating diet estimates that simply reflect the prior without providing new information about 

the system (e.g., Robinson et al., 2018). Uninformative priors (i.e., where all prey groups are 

weighted evenly) have also proven effective in some instances, particularly when accurate priors 

are unavailable (e.g., Swan et al., 2020).

Diet-tissue discrimination is the process through which the biochemical components of 

food items change when incorporated into the tissue of consumers, and the application of 

appropriate trophic discrimination factors (TDFs) is crucial to the interpretation of stable isotope 

mixing models (Bond and Diamond, 2011). Many factors influence a consumer's TDF, including 

its taxon, environment, diet, stage of development, and the tissue in question (review in Martínez 

del Rio et al., 2009). A common approach for the calculation of a TDF is a controlled feeding 
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experiment, wherein a consumer is maintained on a simple diet with a known isotopic signature, 

and then the consumer's isotopic values are compared against those of its resource (e.g., Hobson 

and Clark 1992; Carleton and Martínez del Rio, 2010). This approach has been expanded to 

include the incorporation of multiple diet items (weighted by proportion) for the calculation of 

TDFs (Greer et al., 2015). Studies often forgo controlled feeding experiments due to logistical 

constraints, instead relying upon published TDF values of species that are taxonomically similar 

to their study organism (e.g., Hedd and Montevecchi, 2006). Choosing or developing an 

appropriate TDF is fraught with logistical challenges, particularly in wild populations that 

express wide degrees of variability (Caut et al., 2009).

We introduce a simple and novel method for the estimation of δ13C and δ15N TDFs in 

wild populations (TDFCAM), applying estimated dietary proportions from high-precision diet data 

from nest cameras in lieu of the known dietary proportions typical of a traditional controlled 

feeding study (e.g., Greer et al., 2015). We posit that in situations where high-quality dietary data 

are available for a subset of the population, the TDFCAM method can be used to produce more 

realistic estimates of TDFs in a wild population than traditional approaches, consequently 

improving BSIMM diet estimates.

We aimed to test the efficacy of BSIMMs as a method of diet characterization in a wild 

population, applying a novel method for TDF estimation. We used Gyrfalcons as a model 

organism due to their role as specialist predators in a threatened ecosystem, and due to the 

availability of high-precision diet data for a subset of the population. First, we generated a 

TDFCAM from a subset of nestlings, which were then removed from subsequent analysis. Then, 

we tested BSIMMs using the TDFCAM against published TDF values by comparing model output 

to high-precision dietary estimates from nest cameras. We also assessed model sensitivity to an 
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informative vs uninformative prior using the same approach. Applying the TDF and prior that 

corresponded with the top model, we tested BSIMM and nest camera method agreement at three 

spatiotemporal scales: 1) dietary proportions for individual nest-years; 2) seasonal dietary trends 

within the brood rearing period; and 3) interannual dietary trends. Our case study of an Arctic 

raptor demonstrates the power and potential of combining the use of nest cameras and BSIMMs 

to characterize diet in wild populations.

2.3 Methods

2.3.1 Study Design

We studied a Gyrfalcon population on the Seward Peninsula on the west coast of Alaska 

(64°N - 65°N, 164°W - 166°W; Fig. A.1). Gyrfalcons are tundra ecosystem specialists 

occupying a narrow ecological niche across the circumpolar north, and require a high energy 

input to raise nestlings throughout their 40-50 day brood rearing period (from egg hatch to 

nestling fledge; Booms et al. 2020). This ecosystem is currently undergoing a rapid change in 

community composition associated with climate change (Post et al. 2009), which has the 

potential to alter trophic dynamics across the Gyrfalcons' range. We use the term “nest-year” as 

a sampling unit for this study, which refers to a breeding pair and their young at a nest within a 

year, which may or may not be independent from nesting sites, territories, or breeding pairs 

across the years of the study. Territories (i.e., nest sites and their surrounding areas) were 

delineated by a set of decision rules following Anderson et al., (2019).

We monitored and sampled 113 Gyrfalcon nestlings at 42 nest-years within 24 discrete 

territories (2016-2019; Table A.1). These were divided into the following subsets: high- 

confidence nests (HC subset, n=20 nest-years) are those for which we have continuous nest 
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camera diet data from when nestlings hatched to when blood samples were first collected; 

unknown nests (UNK subset, n=20 nest-years) are those for which we have blood samples but 

nonexistent or incomplete nest camera data; and the TDF subset (n=2 nest-years) had highly 

reliable nest camera diet data but was analyzed separately to generate TDFCAM estimates.

2.3.2 Nest Cameras

To locate occupied Gyrfalcon nests, we conducted large-scale aerial surveys of ca. 500 

cliffs with potential or historically occupied raptor nesting sites (Fig. A.1; specific methodology 

in Robinson et al., 2019). We installed motion-activated cameras (Reconyx Hyperfire I & II) at 

Gyrfalcon cliff nests to quantify and characterize prey deliveries throughout the brood rearing 

period (following Robinson and Prostor, 2017). We recorded each prey delivery to the lowest 

possible taxonomic level, and visually estimated the proportion of prey consumed by nestlings 

(to the nearest 10%), because adults often consume or remove portions of prey items. These 

percentage values were also used to estimate the size of juvenile prey relative to adult prey for 

biomass values. We applied mass values from the literature for each prey species (Table A.2) 

and multiplied by percent consumed to attain a consumed biomass estimate for each delivery. 

For several prey groups, we applied biomass values derived from specimens we collected rather 

than using a literature value; either because that species has been shown to vary substantially in 

biomass across its geographic range (e.g., Arctic ground squirrels; Sheriff et al., 2013) or 

because we were unable to differentiate between species from a photograph of a partially 

consumed carcass (e.g., with rock & willow ptarmigan (Lagopus muta & Lagopus lagopus); 

Table A.2).
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Prey items were grouped into the following taxonomically and ecologically distinct 

categories (based on Robinson et al., 2019): ptarmigan (Lagopus spp.), Arctic ground squirrels 

(Urocitellus parryii), insectivorous birds (shorebirds and passerines), arvicoline rodents 

(Microtus, Lemmus, & Myodes spp.), and jaegers (Stercorarius spp.). Prey deliveries of other 

categories (i.e., ducks & raptors) constituted a small proportion of dietary biomass (<1% 

combined) and were not considered to be major prey categories for this analysis (Table A.2). 

Prey deliveries that could not be identified to species level were instead assigned to groups (i.e., 

“small passerine”, “medium shorebird”), for which we estimated biomass values (Table A.2). 

The proportional contribution (Pij) of each prey category to the nestling's diet was calculated for 

each nest-year by dividing the sum of that category's biomass by the sum of the total prey 

biomass consumed by nestlings over the observation period, where (i) represents one of five prey 

categories, (j) represents the subset of Gyrfalcon nestlings used.

To generate posterior density distributions for our nest camera diet estimates and make 

them directly comparable to the output of BSIMMs, we bootstrapped 3,000 replicates of dietary 

proportions for each prey category using the bayesboot package in R (Baath, 2018). To assess 

the seasonality of Gyrfalcon diet from nest camera data, we calculated dietary proportions of 

each prey category separately for three time intervals corresponding to the following nestling 

ages: early (1-12 days), intermediate (13-25 days), and late (26-37 days). We analyzed the 

effect of time interval on dietary proportions in a linear mixed model framework with a post-hoc 

Tukey's test using the lme4 and multcomp packages in the R statistical platform (version 3.6.3; R 

Core Team, 2019; Bates et al., 2015; Hothorn et al., 2008), treating Territory and Year as random 

effects. We applied the same statistical approach to analyze the effect of interannual variability
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on dietary proportions, treating Year as a fixed effect and Territory as a random effect. Due to 

small sample size in 2016, we only included data from 2017-2019 in this portion of the analysis.

2.3.3 Stable Isotope Analysis

We collected blood samples from 113 ca. 25-day-old Gyrfalcon nestlings, a subset of 

which were resampled when they were ca. 35 days old (n=28; Table A.1). From each nestling 

sampled, we collected blood from the brachial vein and immediately deposited it into a 

heparinized vacutainer. Samples were kept on ice for <6 h until centrifugation. After removing 

the plasma, red blood cells were immediately frozen at -20°C until they could be processed for 

stable isotope analysis.

During the 2018 & 2019 field seasons, we collected 185 muscle samples from prey 

species representative of five predetermined categories of the Gyrfalcon diet (ptarmigan, Arctic 

ground squirrel, insectivorous birds, arvicoline rodents, and jaeger; Table A.3). We collected 

samples from only those species that constituted 95% of each prey category by biomass in the 

2014-2015 Gyrfalcon diet (Robinson et al., 2019), and our sampling intensity was also reflective 

of these values. Prey species were sampled with higher frequency dependent on their perceived 

importance to Gyrfalcon diet and relative availability on the landscape, then values were 

averaged across species for each prey category. We distributed our sampling efforts across the 

study site throughout the Gyrfalcon brood rearing period. The majority of tissue samples were 

collected opportunistically from prey remains at raptor nests, but some samples were collected 

actively via shotgun (9.1% of all samples) or snap-trap (12.9% of all samples) when necessary, 

to account for underrepresented groups. From each prey specimen, we collected ca. 1 g of 
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muscle tissue (breast for birds and thigh for mammals) and stored samples at -20° C until they 

could be processed for stable isotope analysis.

To prepare samples for stable isotope analysis, we freeze dried prey muscle tissue and 

Gyrfalcon red blood cell samples for 48 h, then ground to a fine powder and subsampled 0.05 g 

into tins. We analyzed carbon and nitrogen stable isotope ratios using a Costech ECS 4010 

Elemental Analyzer (Costech Analytical Technologies, California, USA) connected to a Delta V 

Plus XP Isotope Ratio Mass Spectrometer via the Finnigan Conflo IV interface (IRMS; Thermo 

Fischer Scientific). Isotope ratios are expressed as δX‰, where δX = [(RsampleZRstandard)-1]*1000, 

and R is a ratio of heavy:light isotopes of a given element. Vienna PeeDee Belemnite and 

atmospheric nitrogen were used as standards for δ13C and δ15N respectively. TDFs are expressed 

as ∆X‰, where ∆X = (δX consumer - δX sources ). We calibrated our analyses using within-run 

alkaline peptone standards, achieving an analytical precision estimate of ± 0.127‰ (nitrogen) 

and ± 0.096‰ (carbon) across all runs. Analyses were performed in the Alaska Stable Isotope 

Facility in the Institute of Northern Engineering (University of Alaska Fairbanks, Fairbanks, 

Alaska).

2.3.4 Estimation of Trophic Discrimination Factors

Because no published values exist for the trophic discrimination factors of Gyrfalcons (or 

the juveniles of any falconid species) and a controlled feeding experiment was impractical for the 

scope of this study, we implemented a novel approach for the estimation of TDFs in a wild 

population. We chose a subset of our study population that exhibited variability in isotopic 

values and applied a proportionally balanced version of a traditional TDF calculation (Equations

2.1 & 2.2) using estimated dietary proportions from high-precision nest camera data in lieu of the 
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known proportions typical of a controlled feeding study. We assumed several factors could 

contribute to the variability in TDFs within the study population: year, nestling age at sampling, 

differences in diet, and distance between nests. Thus, we selected a subset of our population (8 

individuals in two nests during different years; Table A.1) for which we had precise nest camera 

dietary data from the time nestlings hatched to when they were sampled, and which exhibited the 

highest variability of the listed factors. Nestlings at Nest A (2016, sampled at 34 days old) 

consumed mostly ptarmigan (82.7%), and nestlings at Nest B (2017, sampled at 25 days old) 

consumed mostly Arctic ground squirrels (55.3%); the nests were also at opposite ends of the 

study site (81 km apart).

We estimated Gyrfalcon TDFcam for δ13C and δ15N using the following equations, where 

(i) represents one of (n) prey categories, (j) represents an individual in the subset of consumers 

used, (m) is the number of consumers in that subset, and (P) is a dietary proportion estimate from 

nest camera analysis:

TDFCAMs (Table 2.1, Fig. A.2) were then applied to the other nestlings in the population, and the 

subset of nests used to generate TDFCAMs was excluded from further analysis.

2.3.5 Statistical Methods

We implemented BSIMMs using the MixSIAR package in R (Stock and Semmens, 2018).

The input parameters for the models were the raw δ13C and δ15N values of Gyrfalcon nestlings, 
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which were tested against the mean and standard deviations of δ13C and δ15N values for each of 

five prey categories (Table 2.1). All BSIMMs were formulated with 100,000 iterations thinned 

by 25 and a burn-in of 50,000 with 3 chains, which were considered to have converged when 

they passed the Geweke and Gelman-Rubin Diagnostics (following Stock and Semmens, 2018). 

To test the sensitivity of BSIMMs to different inputs, we formulated models using different 

TDFs and prior sets and compared the agreement of their outputs against nest camera dietary 

proportions using Bhattacharyya's Coefficient (BC; e.g., Swan et al., 2020). BC is a method of 

analyzing overlap in posterior density distributions, and ranges from 0-1; in this instance a value 

of 1 would reflect complete similarity between nest camera estimates and BSIMM output, and 0 

would indicate no similarity (Bond and Diamond, 2011). For TDFs, we compared our TDFCAM 

against reported values from controlled feeding studies of the following taxonomically related or 

functionally relevant species: peregrine falcon (Falco peregrinus; Hobson and Clark, 1992), 

California condor (Gymnogyps californianus; Kurle et al., 2013), and snowy owl (Bubo 

scandiacus; Therrien et al., 2011; Table 2.1). We also calculated a TDF for Gyrfalcon using the 

SIDER package in R, which applies a phylogenetic regression model to a database of TDFs 

published in the literature (Healy et al., 2018). To test model sensitivity to the incorporation of 

an informative prior, we generated Gyrfalcon dietary proportions based on nest camera data for 

20 nest-years over the 2014-2015 brood rearing periods on the Seward Peninsula published by 

Robinson et al., (2019). Proportions were rescaled into Dirichlet hyperparameters before their 

incorporation into BSIMMs (following Stock et al., 2018). We also generated BSIMMs using 

uninformative priors where the five prey categories were weighted evenly. After testing six 

models in a BC framework (Table 2.2), we selected the model incorporating the most 

parsimonious TDF and prior set for use in further analysis.
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To analyze spatial, seasonal, and interannual variation in diet, we formulated a mixing 

model using the TDFCAM and uninformative priors (i.e., the top model; Table 2.2) and applied it 

to three subsets of Gyrfalcon isotope samples using a random and fixed effects framework in 

MixSIAR. To assess the resolution of BSIMMs at the nest-year scale, we applied the model to the 

high-confidence subset (n=20 nest-years), with Nest-Year as a fixed effect. We tested for 

correlations between mean mixing model diet proportions and nest camera diet proportions for 

each nest-year in each prey category using Pearson's correlation coefficient and linear models. 

To test for seasonal shifts in prey use, we applied the model to the subset of nestlings that were 

measured at both ca. 25 and ca. 35 days of age (n=28 individuals), with Age Group as a fixed 

effect, nested within Nestling ID as a random effect. We compared modeled dietary proportions 

of each prey category across the two age classes using a paired t-test. To test for interannual 

differences in prey use, we applied the model to all Gyrfalcon nest-years measured at ca. 25 days 

from 2017-2019 (n=31 nest-years) with Year as a fixed effect and Territory as a random effect. 

We compared modeled dietary proportions across four years using ANOVA and post-hoc 

Tukey's tests.

2.4 Results

2.4.1 Nest Cameras

From the high-confidence nest camera diet data (n=20 nest-years), we recorded 2092 

prey deliveries (104.6 ± 43.34 deliveries per nest) from the hatch date of the first nestling at each 

site to the date of first sampling (nestlings 26.4 ± 3.42 days of age), of which a small percentage 

(n=15; 0.7%) could not be identified to the species level. Gyrfalcon nestlings on the Seward 

Peninsula consumed primarily ptarmigan (53.14%), but Arctic ground squirrel (22.64%) and 
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insectivorous birds (16.8%) were also important resources during this time interval (Fig. 2.3). In 

the nest camera data, we found a significant effect of nestling age group on dietary proportions 

of Arctic ground squirrel (p <0.01), insectivorous birds (p=0.024), and arvicoline rodents 

(p=0.038), and no significant effect on ptarmigan or jaegers. Post-hoc Tukey's tests indicated the 

following: younger nestlings ate significantly fewer Arctic ground squirrels and more 

insectivorous birds and arvicoline rodents than older nestlings (Fig. 2.4A). In the nest camera 

data, there was significant interannual variability in dietary proportions of arvicoline rodents 

(p=0.037); they constituted a substantially higher proportion of the diet in 2019 compared to the 

other years of the study (Fig. 2.5A). There were no significant interannual trends for the other 

prey groups.

2.4.2 Mixing Models

There was significant isotopic differentiation in muscle tissue among the five prey 

categories (MANOVA, p <0.01; Fig. 2.1), with no significant effect of the year the prey tissue 

was sampled (p=0.103). Post-hoc pairwise Tukey's tests indicated no simultaneous overlap in 

δ13C and δ15N between any two categories (ANOVA, Tukey's test, p <0.01). We concluded that 

each prey category was adequately isotopically differentiable for its use in a BSIMM framework. 

When BSIMM performance was compared with different TDFs and prior sets, the TDFCAM 

performed better than all other TDF values tested regardless of which prior set was used, and an 

uninformative prior performed better than an informative prior (Fig. 2.2; Table 2.2). We selected 

this TDF and prior (TDFCAM, uninformative; mean BC=0.730) for all further BSIMM analyses.

At the nest-year level, there was a strong correlation between modeled and observed 

mean proportions of ptarmigan (R=0.707, β=0.611, p <0.01) and Arctic ground squirrels 

(R=0.579, β=0.562, p <0.01), a weak non-significant correlation for insectivorous birds
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(R=0.281, β=0.297, p=0.229) and jaegers (R=0.220, β=0.023, p=0.356; Fig. 2.6), and no 

correlation for arvicoline rodents (R=0.052, β=0.017, p =0.828). We observed a significant 

seasonal dietary shift across all prey categories except ptarmigan (paired t-test, p < 0.01; Fig. 

2.4B). We found significant differences between years for each prey category (ANOVA, p 

<0.01). Post-hoc Tukey's tests indicated the following: 2017 had significantly more jaegers and 

fewer arvicoline rodents than any other year; and 2019 had significantly fewer ptarmigan and 

more arvicoline rodents than any other year (Tukey's test, p <0.01; Fig. 2.5B).

2.5 Discussion

We found that BSIMM analysis provided accurate estimates of Gyrfalcon diet at three 

spatiotemporal scales consistent with nest camera data, identifying: 1) key components of diet 

for individual nest-years; 2) seasonal dietary trends within the brood-rearing period; and 3) 

interannual dietary trends. Furthermore, we developed a novel method for TDF estimation in a 

wild population. BSIMMs formulated with an uninformative prior and TDFCAM had better model 

agreement than models fit with an informative prior or other TDFs from the literature. We 

demonstrate how incorporating BSIMMs into a diet study can expand its spatiotemporal scope of 

inference, as it provides a cost-effective and potentially less time-intensive alternative to other 

methods of wildlife diet study. We applied this complementary approach to gain novel 

information about the role of Gyrfalcon trophic ecology in a changing tundra ecosystem.

Our results illustrate the importance of careful selection or estimation of appropriate TDF values 

in the implementation and interpretation of BSIMMs. Application of TDF values from among 

the closest taxonomic groups available in the literature into our models would have resulted in 

the misrepresentation of key diet categories. Specifically, we may have erroneously concluded 
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that this population eats almost exclusively ptarmigan during the brood rearing period (Fig. 2.2A, 

Fig. A.2B). The SIDER package shows promise as a framework by which to calculate TDFs 

when they are otherwise unavailable and has produced functional BSIMMs in other systems 

(e.g., Swan et al., 2020). However, we found our model implemented with a SIDER TDF to be 

on par with models using values from the literature (Table 2.2), all of which performed poorly 

when compared to the TDFCAM we developed.

Although many factors influence discrimination, we suggest that the effects of age might 

explain the poor performance of models using TDFs derived from prior experimental feeding 

trials, because all feeding trials used adult (or fully grown juvenile) raptors. Growth can alter 

nitrogen-use efficiency, such that growing animals have lower ∆15N compared to non-growing 

individuals (Williams et al., 2007; Sears et al., 2009). Consequently, juveniles often have 

significantly different TDFs than adults of the same species (reviewed in Martínez del Rio et al., 

2009). Specifically, in a controlled feeding study on Japanese quail, growing individuals had 

∆15N values approximately 1.25‰ lower than non-growing individuals (Hobson et al., 1993). 

Intriguingly, we see a similar result if we were to compare the TDFCAM ∆15N generated for 

rapidly growing Gyrfalcon nestlings to a ∆15N for adult peregrine falcons (∆∆15N=1.25‰ Table 

2.1). For this reason, we posit that adult and juvenile TDFs may not be directly comparable, and 

advocate for the estimation of age-class specific TDFs whenever feasible, be it through 

controlled feeding experiments or via the analysis of high-precision diet data.

We introduce a novel approach to estimate TDFs in a wild population. This approach 

requires A) high-precision diet data for a subset of the consumer population, B) adequate 

isotopic representation of source groups, and C) careful consideration of factors influencing the 

variability of isotopic discrimination within the consumer population. Our results demonstrate 
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this method's utility: BSIMM output incorporating our TDFCAM was markedly more similar to 

nest camera data than any other TDF tested (Fig. 2.2A, Table 2.2), and produced credible diet 

estimates for key prey groups at the nest level (Fig. 2.6). This approach could be useful for future 

studies meeting the above criteria, particularly when relevant literature TDF values are 

unavailable and conducting a controlled feeding study is infeasible. The TDFCAM equation 

(Equations 2.1 & 2.2) could also be adjusted to incorporate variability in high-precision diet 

estimates (e.g., by having multiple camera data observers to reduce observer bias), and we 

suggest this approach if proportional dietary estimates are expected to vary substantially by 

observer.

Uninformed mixing models had better overall method agreement with the camera data 

than those incorporating the informative priors we generated (Table 2.2). Models using an 

informative prior (based on 2014-2015 camera diet data from the same population) 

overestimated dietary proportions of Arctic ground squirrel, and underrepresented arvicoline 

rodents and jaegers. Gyrfalcon diet is not static on an interannual or seasonal basis, and changes 

in response to cyclically available resources (Nielsen and Cade, 1990), which is typical of most 

wildlife populations. In such dynamic ecosystems, informative priors from the same population 

in previous years may bias mixing model output due to the differential availability of prey 

groups between years. We suspect that this disparity in Arctic ground squirrel estimates in the 

informed model may be an artifact of lower arvicoline rodent abundance in 2014-2015 relative to 

the years encompassed in this study (Table 2.1, Table A.2, Table A.4). Furthermore, the 

informative prior reflects Gyrfalcon diet over the entire brood rearing period, whereas our stable 

isotope data is constrained to the first half of the brood rearing period (0-25 days). These results 

illustrate the importance of considering interannual and seasonal variability when applying 
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informative priors, and the utility of testing models constructed using different prior sets in a BC 

framework.

Mixing models predicted the proportion of key prey groups in the Gyrfalcon diet in 

individual nest-years with a relatively high degree of accuracy. Specifically, diet proportions 

correlated well between methods for the ptarmigan and Arctic ground squirrel categories, which 

together constituted 70.2% of the diet based on our high-confidence nest camera diet estimates. 

Generally, the less represented a prey group was in the diet, the less correlated the two outputs 

became. This could be attributable to the misrepresentation of small diet items in the nest camera 

data (García-Salgado et al., 2015), inadequate sampling of prey tissues for those groups, or 

BSIMM results could be biased by mixing space geometry wherein certain prey groups lie 

between one another (Phillips et al., 2014).

Direct comparison of dietary proportions from BSIMMs and camera data at a fine scale is 

further complicated by isotopic turnover rates. Isotopic turnover rates (as with TDFs) vary by 

taxa, diet, environment, and growth rate, and the temporal window over which dietary 

proportions are inferred from the stable isotope ratios of a tissue is dependent upon that tissue's 

turnover rate (review in Carter et al., 2019). Based on controlled feeding studies in similarly 

sized birds or by applying regression equations based on a meta-analysis of such studies (Hobson 

and Wassenaar, 2008), we estimate half-lives of approximately two weeks for Gyrfalcon red 

blood cells. Because we analyzed a window between hatch and when nestlings were measured at 

ca. 25 days, we suspect that isotopic turnover rates biased our BSIMM diet estimates toward 

prey items that were more recently consumed. From nest camera data, we found evidence of 

differential prey use with nestling age, such that older nestlings ate significantly higher 

proportions of Arctic ground squirrel and fewer insectivorous birds. This seasonality in diet 
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paired with turnover bias could help explain our underestimates of insectivorous birds at the 

nest-year and population level, along with our overestimates of Arctic ground squirrels when we 

formulated a BSIMM using informative priors (Figs. 2.3; 2.6).

Mixing models detected shifts in prey use on a fine temporal scale consistent with 

seasonal trends observed in the nest camera data (Fig. 2.4). When Gyrfalcon nestlings were 

resampled 10 days after the initial sampling effort, the BSIMM indicated that the older group had 

significantly higher dietary proportions of Arctic ground squirrel, arvicoline rodents, and jaegers, 

and fewer ptarmigan, insectivorous birds in the diet than the younger group. The directionality of 

these trends is consistent across both methods for all prey groups except arvicoline rodents, 

which could be attributed to the reduced ability of nest cameras to detect deliveries of small 

mammals when nestlings are older. Older nestlings have shorter prey handling times, resulting in 

fewer motion captures of prey deliveries, particularly for smaller prey items (García-Salgado et 

al., 2015). In sum, these observed diet shifts likely represent the differential availability and 

detectability of these prey categories on the landscape at different points of their respective 

phenologies. A facultative dietary shift from ptarmigan early in the breeding season to Arctic 

ground squirrels late in the season has been previously reported for this population, and the 

ability to detect such seasonal shifts has broad implications for understanding the resilience of 

Gyrfalcons in a changing tundra ecosystem (Robinson et al., 2019).

Our mixing models identified differences in Gyrfalcon diet between years at the 

population level consistent with interannual trends in the camera data (Fig. 2.5). Most notably, 

they indicated that arvicoline rodents were significantly more abundant in the 2019 diet than in 

other years and may constitute a substantial portion of the diet. Lemmings and voles fluctuate 

cyclically in tundra ecosystems, and their years of abundance are typically associated with 
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elevated reproductive success of their predators (Kausrud et al., 2008). Our rodent trapping 

efforts for this study indicated that 2019 was a year of high arvicoline rodent abundance on the 

Seward Peninsula compared to other years: capture success rates were 0.008 individuals/trap 

night in 2018, and 0.183 individuals/trap night in 2019. Previous Gyrfalcon diet studies have not 

identified arvicoline rodents to be an important diet item in most systems (summarized in Booms 

et al., 2020), but small mammals are likely to be underrepresented using traditional methods of 

diet characterization such as prey remain/pellet analysis (Lewis et al., 2004), and nest cameras 

(García-Salgado et al., 2015). Our results indicate that arvicoline rodents may be more important 

to Gyrfalcon diet in our system than previously assumed, particularly during years of high 

abundance. Climate change is contributing to the increased irregularity (Kausrud et al., 2008) or 

collapse (e.g., Schmidt et al., 2012) of arvicoline rodent cycles across the circumpolar north, 

impacting the population dynamics of the predator guild that relies on them. Thus, we 

recommend future Gyrfalcon and other arctic raptor studies consider arvicoline population 

dynamics when analyzing predator response to changing Arctic ecosystems.

The methodological approach we applied in this study, while robust, is not without its 

limitations and assumptions. Crucially, it requires some prior knowledge of the consumer's diet 

in the system: both to construct informative priors (if desired), and to ensure the adequate 

sampling of all major source groups for the consumer. We elected to evenly weight all of our 

specimens collected within a prey category (rather than evenly weighting each species within a 

category), because we obtained more samples for species that were more abundant in the system. 

For example, the mean isotope ratios for collected ptarmigan were biased by the larger number 

of willow ptarmigan collected (relative to rock ptarmigan), but this bias was also reflected in 

ptarmigan remains taken from Gyrfalcon nests. In the absence of information on relative 
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abundance, it may be advantageous to weight each species equally within a prey group. Isotopic 

values of source groups can vary substantially on a rather small geographic and temporal scale 

(e.g., Baltensperger et al., 2015), and it is therefore important that source isotope ratios be 

considered study site specific. Thus, our isotopic prey map for the Seward Peninsula should not 

be directly applied to other tundra ecosystems but could be used to generate diet estimates for 

other members of the food web within the system (e.g., other raptors). This approach could allow 

for a cross-comparative dietary analysis of multiple species within the predator guild, so long as 

their samples were collected contemporaneously.

The TDFCAM approach also requires that a subset of the population have high-precision 

diet data available via another method, which can also serve as a control against which to test 

BSIMM output. This method is not limited to raptors: we anticipate this technique could be 

readily applied to other systems in which central place foragers feed whole prey to their young 

(e.g., some seabirds and insectivorous songbirds). Although we used nest cameras, this approach 

could be further extended to other methods of high-precision diet quantification across 

taxonomic groups (e.g., direct observation, camera collars), so long as they can be applied to a 

time interval consistent with the turnover time of the chosen tissue used in stable isotope 

analysis. For example, we do not advocate for developing TDFs based on gut contents, which 

would only reflect the most recent meal and suffer from well-described biases associated with 

the retention of hard parts and the rapid digestion of soft-bodied organisms. Rather than relying 

solely on mixing model output, we advocate for an integrative approach which combines the 

high precision of nest camera diet analysis with the broader spatiotemporal reach of BSIMMs. 

Here we demonstrate how BSIMMs can be used in conjunction with nest cameras to draw new 

inference on spatiotemporal patterns in the diet of an Arctic raptor. Collectively, our results 
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indicate a high degree of individual, seasonal, and interannual variability in the diet of 

Gyrfalcons, a species often considered to be a dietary specialist. In situations where a subset of 

high-precision dietary data is available, BSIMMs can be validated by estimating and comparing 

different inputs (such as TDFs and informative priors) before their application to a larger sample. 

Although this study used raptor nest camera data as a model, this integrative approach could be 

readily applied to other organisms and methods of high-precision diet quantification, thereby 

representing a powerful tool for future wildlife diet studies.

2.6 Data Accessibility

Data (except for nest locations) available from the Dryad digital repository 

(https://doi.org/10.5061/dryad.6m905qfxs); no location data will be provided for raptors as 

specified by Alaska state law.
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Figure 2.1 Map of isotopic space for Gyrfalcon nestlings and their prey. Gyrfalcon isotope ratios (points, n=113) 
plotted against prey isotope ratios (silhouettes & bars, n=185), Seward Peninsula 2016-2019. Colors represent year 
of collection and symbol shapes represent nestling age group. Gyrfalcon isotope ratios are adjusted using TDFCAM 
mean values, and error bars around prey categories represent the mean ± SD of that category's isotope ratios ± the 
TDFCAM SD for that isotope.
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Figure 2.2: Proportional differences between Gyrfalcon BSIMMs and nest camera diet estimates. A) The 
proportional difference between BSIMM diet estimates and nest camera diet estimates by prey category, comparing 
models constructed with 5 unique TDFs (details in Table 2.3). All models used the high-confidence subset (n=58 
nestlings, 20 nest-years) as a consumer group and uninformative priors. Colors correspond to the five prey groups: 
ptarmigan, arctic ground squirrel, insectivorous birds, arvicoline rodents, and jaegers, shown here as silhouettes. 
Error bars are ± 1 standard deviation. BC is the corresponding Bhattacharyya's Coefficient for each model from 
Table 2. B) The proportional difference between BSIMM diet estimates and nest camera diet estimates for each prey 
category comparing models using uninformative vs informative priors. All models used the high-confidence subset 
and the TDFCAM.
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Figure 2.3: Population-level diet comparison between top-performing BSIMM and nest camera methods. The mean 
proportional contribution of each prey category to Gyrfalcon nestling diet on the Seward Peninsula 2016-2019, as 
inferred from nest cameras and BSIMMs. Mixing model output is from a BSIMM with the HC subset (n=58 
nestlings, 20 nest-years) as a consumer group, uninformative priors, and our TDFCAM. Nest camera data are from 
the same subset and time interval. Posterior density distributions generated from the BSIMM are displayed for each 
prey category.
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Figure 2.4: Comparison of seasonal trends in Gyrfalcon diet between BSIMM and nest camera methods. Seasonal 
variation in Gyrfalcon diet as indicated by nest camera data (n=14 nestlings) and a BSIMM (n=28 nestlings) on the 
Seward Peninsula 2017-2018. Round A nestlings were sampled at ~25 days old and were resampled at ~35 days 
(Round B). BSIMM was formulated using our TDFCAM, uninformative priors, Round as a fixed effect, and 
Nestling ID as a random effect. Asterisks and letters indicate significant differences between groups from ANOVAs 
and post-hoc Tukey's tests.
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Figure 2.5: Comparison of interannual trends in Gyrfalcon diet between BSIMM and nest camera methods. 
Interannual variation in Gyrfalcon diet as indicated by nest camera data (HC subset, n=19 nest-years) and a BSIMM 
(n=31 nest-years) on the Seward Peninsula 2017-2019. Nestlings were in the same age group (~25 days) for all 
years. BSIMM was formulated using our TDFCAM, uninformative priors, Year as a fixed effect, and Territory as a 
random effect. Asterisks and letters indicate significance between groups from ANOVAs and post-hoc Tukey's 
tests.
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Figure 2.6: Agreement between BSIMM and nest camera methods at the nest level. Correlations between mean 
dietary proportion estimates from BSIMM output and nest cameras for individual nest-years for four prey categories 
(HC subset, n=20 nest-years); Seward Peninsula Gyrfalcon nestling diet 2016-2019. Mixing model output is from a 
BSIMM with the HC subset as a consumer group, uninformative priors, and our TDFCAM treating Nest-Year as a 
fixed effect. Gray bars represent ± 1 standard deviation estimates for each nest from MixSIAR output. Red dashed 
line represents a slope of 1. Arvicoline rodents are not shown because there was no discernable correlation for that 
prey category.
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2.13 Tables

Table 2.1: Summary of trophic discrimination factors and prior sets which were applied to BSIMMs. Values for 
prior sets refer to diet proportions of the 5 prey categories: PTAR (ptarmigan), AGSQ (Arctic ground squirrel), I. 
Bird (insectivorous bird), A. Rod (arvicoline rodent), and jaeger.

TDF Name ∆13C (± SD) ∆15N (± SD) Category Source
Peregrine 0.20 ± 0.01 2.70 ± 0.05 CFE1 Hobson and Clark, (1992)
Condor -0.70 ± 0.10 1.70 ± 0.10 CFE1 Kurle et al., (2013)
Snowy Owl 0.30 ± 0.20 1.90 ± 0.10 CFE1 Therrien et al., (2011)
SIDER 0.29 ± 1.35 2.28 ± 1.28 SIDER Healy et al., (2018)
TDFcam 0.99 ± 0.17 1.37 ± 0.22 TDFCAM This paper
Prior Set PTAR AGSQ I. Bird A. Rod Jaeger Source
Informative 0.530 0.362 0.089 0.004 0.015 Robinson et al., (2019)
Uninformative 0.250 0.250 0.250 0.250 0.250 NA (evenly weighted)

1Controlled Feeding Experiment
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Table 2.2: Ranking of BSIMM performance with Bhattacharyya's Coefficient (BC). BC values are displayed for 
each prey category: PTAR (ptarmigan), AGSQ (Arctic ground squirrel), I. Bird (insectivorous bird), A. Rod 
(arvicoline rodent), and jaeger. The total BC values are the mean ± standard deviation across categories.

TDF Prior BC (Mean ± SD) PTAR AGSQ I.Bird A.Rod Jaeger

TDFCAM Uninformative 0.730 ± 0.20 0.897 0.636 0.468 0.700 0.947

TDFCAM Informative 0.413 ± 0.27 0.789 0.194 0.560 0.136 0.384

Snowy Owl Uninformative 0.296 ± 0.36 0.001 0.071 0.281 0.208 0.917
SIDER Uninformative 0.218 ± 0.35 0.000 0.035 0.057 0.161 0.838
Condor Uninformative 0.165 ± 0.22 0.008 0.017 0.171 0.079 0.548
Peregrine Uninformative 0.110 ± 0.20 0.000 0.004 0.000 0.074 0.472
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Chapter 3: TDFCAM: a novel method for estimating trophic discrimination in wild populations

3.1 Abstract

Bayesian stable isotope mixing models (BSIMMs) are a widespread method for 

characterizing wild animal diets that relies on the use of accurate trophic discrimination factors 

(TDFs). Traditional methods to calculate TDFs rely on controlled feeding experiments which are 

time-consuming, often impractical for the study taxon, and may not reflect the natural variability 

of TDFs present in wild populations. TDFCAM is an alternative approach to estimating TDFs in 

wild populations using high-precision diet estimates from a secondary methodological source in 

lieu of a controlled feeding experiment. In the present study, we evaluate the TDFCAM approach 

using three datasets and provide a framework for how and when it should be applied. We 

assessed the performance of the TDFCAM approach in three wild raptor nestling datasets 

(Gyrfalcons Falco rusticolus; Peregrines Falco perigrinus; Common Buzzards Buteo buteo) 

which had contemporaneous δ13C & δ15N stable isotope data and high-quality nest camera diet 

data. We formulated BSIMMs incorporating calculated TDFCAMs and analyzed their agreement 

with nest camera data, comparing model performance with other relevant TDFs. Additionally, 

we performed sensitivity analyses to characterize TDFCAM variability, and identified ecological 

and physiological factors contributing to variability in a wild population. Across species and 

tissue types, BSIMMs incorporating a TDFCAM outperformed any other TDF tested, producing 

reliable population-level diet estimates.

Johnson, DJ, Henderson MT, Franke A, Anderson DL, Booms TL, Williams CT. 2021. TDFcam: 
a novel method for estimating trophic discrimination in wild populations. Methods in Ecology 
and Evolution (in prep).
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We demonstrate that applying this approach even with a relatively low sample size (n<10 

individuals) produced more accurate estimates of trophic discrimination than a controlled 

feeding study conducted on the same species. Interindividual variability in TDFCAM estimates for 

∆13C & ∆15N increased with analytical imprecision in the source diet data (nest cameras) but was 

also explained by natural variables in the study population (e.g., nestling nutritional/growth 

status and dietary composition). TDFCAM is an effective method of estimating trophic 

discrimination in wild populations. Here we use nest cameras as source diet data, but this 

approach is applicable to any high-accuracy diet method, so long as diet can be monitored over 

an interval contemporaneous with a tissue's isotopic turnover rate.

3.2 Introduction

Bayesian stable isotope mixing models (BSIMMs) have become a widespread approach 

for estimating wild animal diet and characterizing trophic dynamics within and among 

populations. Stable isotope ratios (e.g., of carbon [13C/12C] and nitrogen [15N/14N], expressed as 

δ13C and δ15N values as defined in the Methods) vary between taxa and are incorporated into 

consumer tissue from their diet sources in a predictable manner. A consumer's position in 

isotopic space therefore reflects a combination of the stable isotope ratios of its diet sources 

which can be modelled in a Bayesian framework to generate proportional diet estimates (e.g., 

MixSIAR; Stock et al., 2018). BSIMM frameworks allow for the incorporation of prior 

knowledge of the system (i.e., an “informative prior”) to help guide the model, and a trophic 

discrimination factor (TDF; expressed as Δ) which accounts for differences in isotope ratios 

between source and consumer tissue that arise through physiological processes. Although the 

BSIMM approach has produced reliable diet estimates in empirical comparative studies (e.g.,
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Swan et al., 2020; Nifong et al., 2015), it is highly sensitive to the trophic discrimination factor 

(Bond and Diamond, 2011). Thus, an accurate representation of trophic discrimination for the 

study population is imperative to the successful formulation and interpretation of BSIMMs.

Diet-tissue discrimination (or alternatively, fractionation or enrichment) is the isotopic 

shift that occurs when elements from food sources are incorporated into consumer tissue (e.g., 

McMahon and McCarthy, 2016). TDFs can vary widely by a consumer's diet, growth status, 

nutritional status, and the tissue being analyzed (reviewed in Martínez del Rio et al., 2009). 

Although consistent differences in TDFs exist between tissue types (reviewed in Caut et al., 

2009), well-described physiological factors also influence TDFs on an individual basis. Within a 

population, variability in Δ15N is largely associated with an organism's nitrogen use efficiency 

(related to its nutritional status or stage of growth; e.g., Williams et al., 2007; Hobson et al., 

1993), and the protein quality and content of its diet (e.g., Chikaraishi et al., 2015; Kurle et al., 

2014). Δ13C also varies within a population and is associated with tissue lipid content and amino 

acid composition (e.g., Post et al., 2007). It is important to consider these factors in order to 

estimate TDFs as accurately as possible for a study population.

Methods for estimating TDFs have traditionally relied on controlled feeding experiments, 

wherein a consumer is maintained on a simple diet with a known isotopic signature, and then the 

consumer's isotopic values are compared against those of its resource (e.g., Hobson and Clark, 

1992; Kurle et al., 2014). In such studies, sample sizes are typically low (5-10 individuals), and 

individuals are often maintained on a homogeneous diet (Newsome et al., 2010). This controlled 

approach has been further refined to account for organisms consuming more complex diets by 

weighting the isotopic values of diet items by their proportional contribution to the overall diet 

(Greer et al., 2015). However, it is often impractical (or perhaps logistically impossible) to 
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conduct controlled feeding experiments on all taxa (Martínez del Rio et al., 2009). Instead, 

studies often rely on previously published TDF values from taxonomically similar species, (e.g., 

Hedd and Montevecchi, 2006; Robinson et al., 2018), or by calculating TDFs based on a 

compilation of literature values for their broad taxonomic group of interest (e.g., Caut et al., 

2009; SIDER; Healy et al., 2018). Ultimately, the conditions typical of natural systems are 

difficult to mimic in a controlled feeding study, and the application of laboratory-derived TDF 

values to wild populations may be inappropriate in some circumstances . This is particularly 

pertinent when a wild study population occupies a different life stage or consumes a diet that 

differs in the protein quality or content than the control population, as these factors have been 

shown to influence TDFs on a more consistent basis than an organism's taxonomy alone 

(reviewed in: Martínez del Rio, 2009).

Previously, we introduced the TDFCAM approach as an alternative method for estimating 

trophic discrimination in wild populations (Johnson et al., 2020). Rather than relying on TDF 

estimates from a controlled feeding study, TDFCAM incorporates proportional diet estimates from 

a secondary high-accuracy method for a subset of the study population (in this case, images of 

prey fed to nestlings collected from a nest camera). These diet estimates (which serve as a proxy 

for known dietary percentages) can be used to weight the isotopic values of sources to compare 

expected vs observed isotopic values of consumers, thereby generating TDFs on an individual 

basis. In the present study, we formalize and assess the TDFCAM approach in three previously 

published datasets and develop a framework for designing studies using TDFCAMs and BSIMMs.

We sought to address three primary research questions: 1) Does the TDFCAM approach 

improve BSIMM diet estimates in the focal taxa? 2) How variable are TDFCAMs and what factors 

contribute to this variability? and 3) What are the key factors to consider when designing a
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TDFCAM study? We applied the TDFCAM approach to three previously published datasets which 

have contemporaneous nest camera and stable isotope data for different raptor species: 

Gyrfalcons (Falco rusticolus) in the Alaskan Arctic (Johnson et al. 2020); Peregrine Falcons 

(Falco peregrinus) in the Canadian Arctic (Robinson et al. 2018); and Common Buzzards (Buteo 

buteo) in Southern England (Swan et al. 2020). For each species and tissue type, we formulated 

BSIMMs incorporating calculated TDFCAMs and analyzed their agreement with nest camera data, 

comparing model performance with other relevant TDFs. Additionally, we performed sensitivity 

analyses to characterize TDFCAM variability, and identified ecological and physiological factors 

contributing to that variability. Collectively, our results demonstrate the utility of this approach - 

introducing a powerful tool that can be used to improve BSIMM performance in wild 

populations.

3.3 Methods

3.3.1 Overview of Field Methods

The three datasets analyzed in this study were quite similar in their methodological 

approach. Briefly, each study installed motion-sensitive cameras at raptor nests to monitor 

nestling diet over their brood-rearing period. Adults feed prey to nestlings, allowing each diet 

item to be identified and its biomass estimated to generate proportional diet estimates over the 

monitoring period. Nestling tissue was subsequently sampled for stable isotope analysis, and 

each study involved the concurrent sampling of prey species for their use as source groups in 

isotopic mixing models. Tissues were analyzed for δ13C and δ15N and diet was estimated for 

each nestling using BSIMMs and compared with nest camera diet estimates. An overview of 

sample sizes, tissues sampled, and source groups can be found in Tables B.1-B.3, and detailed 
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information regarding study systems and specific methodologies can be found in each respective 

study (Gyrfalcons: Johnson et al., 2020; Peregrine Falcons: Robinson et al., 2018; Common 

Buzzards: Swan et al., 2020).

3.3.2 Nest Camera Data

Each of the three studies monitored raptor diet with nest cameras, but they differed 

somewhat in their experimental design, camera model/installation, duration and consistency of 

sampling intervals, and subsequent data analysis and error estimation (Table B.4). The Gyrfalcon 

nest camera data continuously covered the interval from when nestlings hatched to when they 

were sampled for stable isotopes. A small percentage of prey deliveries (0.7%) could not be 

identified to taxonomic category and were excluded from the analysis. Once each prey delivery 

was identified and its biomass estimated, a Bayesian bootstrapping protocol was applied to 

generate error distributions directly comparable to BSIMM output (Johnson et al., 2020).

The Peregrine camera dataset covered a comparatively shorter and less continuous 

interval, ranging from 2-16 days (Table B.4). 20% of prey deliveries could not be identified to 

taxonomic category, but each was assigned to its most probable source group and subsequently 

accounted for in the nest camera diet error structure (following Robinson et al., 2015). 

Variability in the interval over which nest cameras operated was high, therefore we identified a 

subset of three nests with comparatively higher quality camera data than the other nests. High- 

quality camera nests covered 9 (± 3.46) days prior to when nestlings were sampled for stable 

isotopes and had comparatively fewer (6.7%) unknown prey deliveries.

The Common Buzzard camera dataset similarly had a high degree of variability in 

coverage intervals (Table B.4), and largely represents nestling diet over a timeframe after 
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nestlings were sampled for stable isotopes (Swan et al., 2020). 6.1% of prey deliveries were of 

unknown species, but their biomass could be estimated and proportionally assigned to taxonomic 

category. 10.6% of prey deliveries by biomass were of species that did not belong to one of the 

seven isotopic source groups of the study and were excluded from the analysis. Similar to the 

Gyrfalcon study, a Bayesian bootstrapping protocol was applied to generate error distributions 

(Swan et al., 2020).

3.3.3 TDFCAM Methods

We used the following equations to generate a TDFCAM for carbon and nitrogen for each

of the three species. Isotope ratios are expressed as δX‰, where δX = [(Rsample/Rstandard)-1]*1000, 

and R is a ratio of heavy:light isotopes of a given element. In the equations, (i) represents one of 

(n) prey categories, (j) represents an individual in the subset of consumers used, (m) is the 

number of consumers in that subset, and (P) is a dietary proportion estimate from nest camera 

analysis:

Because these equations rely on nest camera data, a TDFCAM incorporating the nest 

camera data from nest X should not be applied to a mixing model for nest X. To avoid doing so, 

we adjusted raw isotope ratios implementing a jackknifing approach prior to their incorporation 

into BSIMMs. First, we calculated a mean TDFCAM for each dataset and tissue type, including 

values from all individuals. For nest X, we calculated a second conditional mean TDFCAM using 

all individuals in the dataset excluding those from nest X. Then, we adjusted the raw isotope 
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ratios of nestlings at nest X by the difference between the mean TDFCAM and the conditional 

mean TDFCAM. This adjustment process was repeated for all nests, then BSIMMs were 

formulated using a mean TDFCAM ± 1 SD calculated for each tissue/species.

We performed sensitivity tests of TDFCAM estimates for each species/tissue to determine 

the appropriate sample sizes future studies may need to apply this approach. We implemented a 

Monte Carlo bootstrapping protocol (with 1000 replicates) to estimate the variability around 

mean TDFcam estimates when drawing from a randomly selected pool of 1-10 nests.

To explore which factors may influence TDFs in a wild population, we generated a series 

of linear mixed models for the Gyrfalcon dataset with the calculated nitrogen and carbon 

TDFCAMs for each nestling as response variables, nest and year as random effects, and fixed 

effects including nestling age, hatch date, sex, body condition, and dietary proportions from nest 

camera data (see methods in Table B.5). We constructed a candidate set of linear mixed models 

incorporating fixed effects we predicted may influence TDF variability. Models were compared 

in an AICc framework and models with a ∆AICc > 2 over the next best model were considered 

to represent the top model for each isotope.

3.3.4 Bayesian Stable Isotope Mixing Models

We implemented all BSIMMs using the MixSIAR package in R (Stock and Semmens, 

2018). The input parameters for the models were the raw δ13C and δ15N values of raptor 

nestlings, which were analyzed against the mean and standard deviations of δ13C and δ15N values 

for the set of prey categories relevant to each system. All BSIMMs were formulated with 

100,000 iterations thinned by 25 and a burn-in of 50,000 with 3 chains and were considered to 
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have converged when they passed the Geweke and Gelman-Rubin Diagnostics (following Stock 

and Semmens, 2018).

We compared nest camera diet data against BSIMMs incorporating different TDFs and 

prior sets using Bhattacharyya's Coefficient (BC). BC is a method of determining overlap 

between posterior density distributions and has been adopted by stable isotope studies as a 

statistic to determine method agreement between BSIMMs and other diet sources (e.g., Swan et 

al., 2020) and between different BSIMM outputs (Bond and Diamond, 2011). In the framework 

of this study, a BC of 1 indicates complete similarity between BSIMM and nest camera diet 

estimates, and a BC of 0 means there is no similarity. A BC of >0.60 was considered to represent 

significant overlap between diet estimates (following Bond and Diamond, 2011).

Informative priors are an important factor to consider when testing BSIMM performance 

and can help guide mixing model output in some instances, particularly when source groups lie 

between one another in isotopic space (e.g., Semmens and Diego, 2018; Phillips et al., 2014). 

However, an inappropriate prior may bias model output (e.g., in Johnson et al., 2020; Swan et al., 

2020), and BSIMMs formulated with an overly informative prior may simply reflect the source 

dietary data (e.g., in Robinson et al., 2018). Ideally, an informative prior provides dietary 

knowledge of the study population under a comparable temporal window (Franco-Trecu et al., 

2013), but doesn't include high precision diet data directly related to the isotopic study 

population. Uninformed BSIMMs outperformed informed ones in the Gyrfalcon and Common 

Buzzard studies, but the Peregrine study (Robinson et al., 2018) did not test an informative prior 

in the same framework - thus we chose to test Peregrine model performance using different 

TDFs incorporating both informative and uninformative priors. We calculated an informative 

prior from a previous pellet/prey remain diet study conducted on Peregrine Falcons in the same 
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study system (Bradley and Oliphant, 1991; Table B.2). Prior percentages reflect biomass 

estimates for individual species binned into four prey categories and were rescaled into Dirichlet 

hyperparameters before their incorporation into BSIMMs (following Stock and Semmens, 2018).

For the Gyrfalcon dataset, we formulated a mixing model with the top-performing 

parameters from the Johnson et al., (2020) study: an uninformative prior (where all prey groups 

are weighted evenly), and a TDFCAM calculated from two nests which were excluded from the 

rest of the analysis. We formulated a second mixing model using the same input parameters, but 

using a mean TDFCAM calculated for all 20 nests and adjusted using the jackknifing approach as 

described above. We formulated mixing models incorporating nest as a random effect and year 

as a fixed effect to further assess model performance on a finer spatiotemporal scale.

For the Peregrine Falcon dataset, we compared the performance of two TDFCAMs against 

the TDF applied in the Robinson et al., (2018) study and assessed the inclusion of an informative 

prior. We calculated two TDFCAMs: one including all individuals in the dataset adjusted using the 

jackknifing approach, and one using individuals from a subset of high-quality nests (n=4) which 

were subsequently removed from the analysis (Table B.2).

For the Common Buzzard dataset, we formulated mixing models with the top-performing 

parameters from the Swan et al., (2020) study for both feathers and red blood cells (Table B.3). 

We then built mixing models with the same parameters, but applying TDFCAMs calculated for 

each tissue type using the jackknifing approach incorporating all nests in the dataset (n=20). 

Although the Swan et al., (2020) study did not test their plasma samples in the same framework, 

we chose to include plasma in our analysis because the data were available and the TDFCAM 

approach allowed us to do so. To assess the cross-species applicability of the TDFCAM approach, 

we also formulated BSIMMs using TDFCAMs calculated for other species using the same tissue 
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type and tested them in a BC framework. For instance, a Peregrine plasma TDFCAM was applied 

to the Common Buzzard plasma dataset and vice versa.

3.4 Results

3.4.1 Gyrfalcon Dataset

TDFcams calculated for each nest of the Gyrfalcon dataset ranged from -0.14-1.63‰ for 

Δ13C and 0.26-2.16‰ for Δ15N. As we increased the sample size of nests randomly drawn from 

in the Monte Carlo simulation, error estimates around mean TDFCAM values correspondingly 

decreased for each isotope with an inflection point at 5 nests (Fig. 3.1). The mean TDFCAM 

incorporating all Gyrfalcon nests had slight differences from the 2-nest TDFCAM used in the 

Johnson et al., 2020 study (Fig. 3.1), which ultimately improved model performance. The 

BSIMM formulated with the mean TDFCAM had the best method agreement (mean BC=0.76) and 

was consistently more similar to nest camera diet estimates in each year of the study (2017, 

2018, 2019; Table B.6). However, both TDFCAM approaches performed better than any relevant 

TDF available from the literature or other methods (see Johnson et al., 2020).

We observed a positive linear relationship between a nestling's calculated Δ15N and the 

percentage of ptarmigan in their diet as inferred from nest camera data (Fig. 3.2; p<0.01), which 

stood out as the single top explanatory variable in an AIC framework (Table B.7; ΔAIC=8.96 

over next best model; β=2.04; 95% CI [1.59-2.49]). The top model for Δ15N included the 

following fixed effects: % Ptarmigan, Nestling Body Condition (β=-0.01; 95% CI [-0.01—0.01]), 

Nestling Age (β=-0.09; 95% CI [-0.14—0.04]), and Nestling Hatch Date (β=0.04; 95% CI [0.02

0.05]; ΔAIC=7.50 over next best model; Adj. R-squared=0.96; Table B.7). Although Δ13C was 

not as strongly affected by any individual prey item in the diet, the top model for Δ13C included 
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the following fixed effects: % Arvicoline Rodent (β=-1.00; 95% CI[-2.06-0.06]), Nestling Age 

(β=-0.06; 95% CI[-0.12--0.01]), and Nestling Sex (Female β=0.16, 95% CI[-0.04-0.36]; Male 

β=0.29, 95% CI[0.08-0.50]; ΔAIC=2.76 over next best model; Adj. R-squared=0.97; Table B.7).

3.4.2 Peregrine Falcon Dataset

TDFcams calculated for each nest from the Peregrine dataset ranged from -2.73-2.56‰ 

for Δ13C and -4.06-3.64‰ for Δ15N. As we increased the sample size of nests randomly drawn 

from in the Monte Carlo simulation, error estimates around mean TDFCAM values 

correspondingly decreased for each isotope and continued to decrease at a similar rate up to 10 

nests (Fig. 3.3).

The BSIMM incorporating the mean Peregrine TDFCAM and informative priors had the 

best method agreement with camera data relative to all other TDFs tested (Mean BC=0.82; Table 

B.8). Regardless of whether informative priors were incorporated, the TDFCAM calculated for 

Peregrine nesting plasma (PEFA_TDFCAM_MEAN; Table B.2) performed better than a TDF 

generated from whole blood in a controlled feeding study on adult Peregrines 

(PEFA_CFE_BLOOD; Table 3.2; Hobson & Clark 1992). Whereas mixing models applying the 

Peregrine whole blood TDF dramatically overrepresented arvicoline rodents in the diet 

(Robinson et al., 2018), the TDFCAM approach accurately identified insectivorous birds to be the 

most important diet item for Peregrines (Fig. 3.4). We found that a TDFCAM calculated on plasma 

from Common Buzzard nestlings (COBU_TDFCAM_PLASMA; Table B.3) similarly 

outperformed the controlled feeding study Peregrine TDF (Table B.8) when applied to the 

Peregrine nestling dataset, highlighting the cross-species applicability of this approach.
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3.4.3 Common Buzzard Dataset

TDFCAMs calculated for each nest of the Common Buzzard dataset varied by tissue type. 

Red blood cell TDFCAMs ranged from -0.23-2.11‰ for Δ13C and -0.74-3.59‰ for Δ15N; feather 

TDFCAMs ranged from 0.68-3.19‰ for Δ13C and 0.42-5.70‰ for Δ15N; and plasma TDFCAMs 

ranged from -1.00-2.28‰ for Δ13C and 0.79-4.75‰ for Δ15N. Nitrogen was more variable than 

carbon, and feathers were the most variable tissue type (Fig. 3.5). Error estimates around mean 

TDFCAM values continued to decrease as more samples were added to the Monte Carlo 

simulation, and when 10 nests were incorporated into the equation the standard deviation was 

under 0.25‰ for each isotope and tissue type (Fig. 3.5).

Common Buzzard BSIMMs incorporating TDFCAMs had better method agreement with 

nest camera data than any other available TDF for each tissue type (Table B.9). For red blood 

cells, the TDFCAM model outperformed the top model from the Swan et al., (2020) study 

(COBU_SIDER_BLOOD; Table S3.3), and more accurately represented the proportions of the 

two most commonly used diet items (rabbits & mice; Fig. 3.6A). We found that a TDFCAM 

calculated from Gyrfalcon nestling red blood cells (GYRF_TDFCAM_MEAN; Table B.1) 

similarly outperformed the top red blood cell model from the Swan et al., (2020) study (Table 

B.9). For feathers, the TDFCAM model had marginally better fit with camera data than the top 

model from the Swan et al., (2020) study (PEFA_CFE_FEATHER; Table S3.3), and generally 

produced similar diet estimates (Fig. 3.6B). For plasma, the TDFCAM model had better method 

agreement than a model incorporating a TDF from a controlled feeding study on juvenile 

California condors (CACO_CFE_PLASMA; Table S3.3; Fig. 3.6C).
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3.5 Discussion

Across species and tissue types, the TDFCAM approach resulted in better method 

agreement with high-accuracy dietary (nest camera) data than any other available TDF. Although 

we observed a high degree of variability in TDFs calculated at the individual level, this variation 

was not random. We found that TDF estimates were particularly sensitive to an individual's diet 

and growth/nutritional status, as others have reported (Caut et al., 2009; Kurle et al., 2014; 

Williams et al., 2007). In exploring these three datasets, we identify three broad factors that 

influence the accuracy and applicability of the TDFCAM approach: the accuracy of the dietary 

source data; whether the timeframe of dietary source data matched the interval of isotopic 

incorporation for a given tissue; and the adequate inclusion and characterization of isotopic 

source groups. With these factors in mind, we provide practical advice for designing studies 

using TDFCAMs and BSIMMs.

Stable isotope mixing models are highly sensitive to the TDF. Variation in mean TDF 

estimates on the scale of <1‰ in some circumstances can have a significant effect on 

reconstructed diet estimates and their resulting conservation and management implications (Bond 

and Diamond, 2011). We observed large differences between TDFCAMs and TDFs generated 

from controlled feeding studies, and ultimately the TDFCAM approach improved the accuracy of 

modelled diet estimates in each instance. Further, we show that a TDFCAM developed for the 

same tissue on nestlings of a different species (at a similar stage of development) can outperform 

a TDF calculated from a controlled feeding study on adults of the same species as the focal 

organism. This is best exemplified in the Peregrine Falcon dataset, where the mean Δ15N was 

3.17‰ lower in our estimates than the literature value (Fig. 3.3), resulting in very different diet 

estimates (Fig. 3.4). We offer two complementary physiological explanations for this large 
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discrepancy in the Peregrine nestling Δ15N TDFCAM (plasma) and TDF estimates from a 

controlled feeding study on adult Peregrines (whole blood; Hobson and Clark, 1992). First, 

growing individuals have higher nitrogen use efficiency relative to non-growing individuals, 

resulting in lower Δ15N (Hobson et al., 1993) - thus the application of a TDF developed in 

controlled feeding trials using adults to studies involving rapidly growing nestlings is 

inappropriate. Second, the initial Peregrine study used plasma, but applied literature TDF values 

derived from whole blood, which is problematic because plasma and whole blood have 

consistently different TDFs across taxa (e.g., Caut et al., 2009; Hahn et al., 2012). Thus, we 

suggest that factors influencing an individual's nitrogen use efficiency (e.g., growth/nutritional 

status) are particularly important to consider when choosing, calculating, and comparing TDFs, 

and may outweigh the importance of an organism's taxonomic group.

The performance and accuracy of a TDFCAM is inherently dependent on the quality of the 

dietary source data it incorporates. Raptor nest camera dietary data is highly accurate so long as 

cameras are installed correctly and each diet item fed to nestlings can be identified (and its 

biomass estimated; e.g., Robinson et al., 2019). The three focal datasets used raptor nest camera 

data but varied in their camera settings and study design, which ultimately influenced their 

accuracy (% unidentified prey) and their monitoring intervals (Table B.4). When calculating a 

TDF, whether in a controlled feeding study or in a wild population, it is important to ensure that 

an individual's diet is monitored or held constant for an interval contemporaneous with the 

isotopic turnover rate of the tissue in question (e.g., Hobson and Clark, 1992). This is particularly 

pertinent in wild populations, where natural diet shifts often occur (e.g., as different prey types 

migrate or become more vulnerable to predators at different stages of their phenology). For 

example, Gyrfalcon diet on the Seward Peninsula changes throughout the course of their brood
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rearing period from predominantly ptarmigan to predominantly Arctic ground squirrels 

(Robinson et al., 2019). If diet is only monitored for a fraction of the tissue's isotopic 

incorporation interval, it may result in larger differences between observed and predicted isotope 

ratios driving incorrect estimates of trophic discrimination, particularly if diet was variable over 

that interval. Of the three datasets in which we tested the TDFCAM approach, the Gyrfalcon 

camera interval (~25 days from hatch to sampling date) best matched the turnover rate for the 

tissue in question (red blood cells, half-life ~2 weeks; Phillips and Eldridge, 2006) and 

accordingly had lower variability in Δ13C & Δ15N (Fig. 3.1). We suspect that variability in the 

monitoring intervals of the other two datasets (Table B.4) contributed to both their relatively 

larger variance in TDF estimates (Figs. 3.3 & 3.5) and differences between BSIMM and nest 

camera diet estimates (Figs. 3.4 & 3.6). We suggest that future studies match monitoring 

intervals to isotopic turnover rates as closely as possible.

Isotopic turnover occurs in different tissues at different rates, allowing stable isotope 

studies to sample multiple tissue types from an individual to represent its diet over different 

timeframes (e.g., Philips and Eldridge, 2006). Since different tissues also have consistently 

different TDFs (reviewed in Caut et al., 2009), studies must either account for multiple tissues in 

their controlled feeding experiment design (e.g., Hobson and Clark, 1992) or apply TDFs from 

multiple sources (e.g., Swan et al., 2020). One major benefit of the TDFCAM approach is that it 

can be applied to multiple tissue types simultaneously. In the Common Buzzard dataset, we show 

that a TDFCAM outperforms other TDFs for each tissue type: plasma, red blood cells, and feathers 

(Table B.4, Fig. 3.6). Differences in estimated TDFs followed the expected relationships (from 

Caut et al., 2009), with feathers exhibiting higher Δ13C and Δ15N than the other two tissue types. 

These three tissue types represent different time periods of isotopic incorporation, with estimated 
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half-lives ranging from several days (plasma) to multiple weeks (feathers; Phillips and Eldridge, 

2006). BSIMMs using TDFCAMs produced similar diet estimates across tissue types (Figure 3.6). 

The same comparison using the top models from the Swan et al., (2020) study may erroneously 

indicate that a diet switch occurs during the season from mice to rabbits (Figs. 3.6A & 3.6B). 

With continuous high-quality dietary source data and accurate estimates of isotopic turnover, 

future studies may further refine this approach by editing the monitoring interval to match tissue

specific turnover rates. Specifically, we recommend adjusting the proportional weight of the 

dietary source data throughout the monitoring period using an exponential decay function 

incorporating estimated turnover rates for the tissue types in question, thereby improving the 

accuracy of seasonal dietary comparisons within a study population.

Another important factor influencing the performance of the TDFCAM method (and 

BSIMMs in general) is the adequate inclusion and isotopic characterization of source groups 

(Phillips et al., 2014). Since TDFCAMs are calculated based on the isotopic values of source 

groups (Equations 3.1 & 3.2), it is integral that each main source group is accounted for in the 

mixing space. Because there is geographic and seasonal variation in isotopic values across taxa 

(e.g., Hobbie et al., 2017), we recommend source groups be sampled from the same study site as 

consumers at a comparable time interval, and multiple samples be attained from each species to 

account for variability in the diet, sex, and age classes of prey groups. It becomes more difficult 

to account for each source group as the prey base widens, as exemplified in the Common 

Buzzard dataset. Common Buzzards are dietary generalists (Rooney and Montgomery, 2013) and 

had a wider prey base than the two relatively specialized Arctic species. 10.6% of the Common 

Buzzard diet was comprised of species which were not assigned to an isotopic source group (e.g., 

passerines, squirrels, pigeons; Swan et al., 2020). Accordingly, Common Buzzard BSIMMs had 
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lower method agreement with camera data overall than the other two datasets - perhaps driven 

by prey groups that were not represented in the mixing space and contributing to TDFCAM 

variability. Thus, although some of the observed variability in TDFCAM estimates may be rooted 

in analytical imprecision in nest camera estimates, monitoring intervals mismatched with 

isotopic incorporation windows, or inadequate sampling of source groups, some may also arise 

from natural variability in ecological and physiological factors influencing the study populations.

Wild populations express a wide degree of interindividual variability in dietary 

composition and quality (Bolnick et al., 2003) along with other physiological factors (e.g., 

growth rate, nutritional stress) which may contribute to natural variability in TDF values (e.g., 

Newsome et al., 2010). In the Gyrfalcon dataset, we found that variability in Δ15N was best 

explained by the percentage of ptarmigan in the diet, along with a nestling's body condition, age, 

and hatch date (Table B.5). One possible explanation for the observed positive relationship 

between the ptarmigan content of a Gyrfalcon nestling's diet and their nitrogen TDF (Fig. 3.2) 

may relate to protein catabolism. Ptarmigan are known to have very low body fat (constituting 2

3% of their total body mass; Thomas 1982) relative to the other species comprising the raptor 

prey base which rely on higher fat reserves for migration (e.g., shorebirds and songbirds: up to 

60% of body mass; Guglielmo 2018) or hibernation (Arctic ground squirrels: 10-30% of body 

mass; Buck and Barnes, 1999). Because trophic discrimination occurs during protein catabolism, 

individuals with protein-rich diets (i.e., consuming leaner diet items) are predicted to catabolize 

more protein for energy, thereby reducing their nitrogen-use efficiency and driving higher levels 

of nitrogen discrimination (Martínez del Rio et al., 2009). Thus, Gyrfalcon nestlings consuming 

predominantly ptarmigan may catabolize more protein (rather than fat) for energy, thereby 

elevating their nitrogen TDFs. Alternatively, this relationship may stem from analytical 
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imprecision in biomass estimates for ptarmigan in the nest camera data or biased isotopic 

characterization of the ptarmigan endpoint, although the Johnson et al., (2020) study attempted to 

represent these values as accurately as possible. We also found higher Δ15N in individuals that 

were growing more slowly (i.e., with lower body condition) and slightly higher Δ15N in younger 

nestlings, both of which are predicted relative to an organism's nitrogen use efficiency (Martínez 

del Rio et al., 2009). Across many avian taxa, individuals that hatch earlier routinely have higher 

fitness and survival (e.g., Harriman et al., 2017), thus we also included hatch date in our models 

which may be correlated with nestling body condition and growth rate. We found that variability 

in Δ13C was best explained by the percentage of arvicoline rodents in the diet, along with a 

nestling's age and sex. Organisms consuming more lipid-rich diets have been found to exhibit 

lower Δ13C in wild populations (e.g., Newsome et al., 2010). Gyrfalcon nestlings selectively 

consume muscle tissue from larger prey items (e.g., ptarmigan and Arctic ground squirrel), but 

consume arvicoline rodents whole (Robinson et al., 2019), potentially consuming a higher 

proportion of lipid-rich organs when arvicoline rodents feature predominantly in their diet. 

Nestlings of different ages and sexes may also have consistent differences in the lipid content of 

their tissue (e.g., Blem, 1976), reflecting the patterns we observed in our analysis. Because wild 

populations are so variable on an interindividual basis in traits that influence TDFs, the TDFCAM 

approach may be more effective at encompassing that variability than controlled feeding 

experiments.

The TDFCAM approach requires a secondary source of high-quality dietary data for a 

subset of the study population, which can then be applied to a larger isotopic dataset (e.g., 

Johnson et al., 2020). Because high-quality dietary data are typically costly and logistically 

difficult to collect, sample size is a key consideration for this approach. We present two options 
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researchers may consider when designing a TDFCAM study depending on the quality and 

consistency of diet data available. A researcher may elect either to calculate a TDFCAM using the 

highest quality subset of their dietary data or apply a jackknifing approach to incorporate the 

entire dataset. Johnson et al., (2020) demonstrated that carefully choosing a small subset of the 

highest-quality Gyrfalcon camera data (n=2 nests) that also represented natural variability in the 

system (i.e., different diets and sampling ages) resulted in TDFs which out-performed any other 

available. Calculating a mean TDFCAM incorporating all Gyrfalcon nests (n=20) did marginally 

improve model fit across all years of the study (Table B.3). Similarly, the mean model (n=17 

nests) outperformed the high-quality model (n=4 nests) for the Peregrine Falcon dataset (whether 

or not an informative prior was applied), but both TDFCAM methods produced more realistic diet 

estimates than the TDF from a controlled feeding experiment on adult Peregrines. Reliable 

TDFCAMs can thus be generated with reasonably small sample sizes (i.e., 2-4 nests), but adding 

more samples will ultimately better characterize the natural isotopic variability of the study 

population.

Although we developed the TDFCAM approach using raptor nest cameras for high-quality 

dietary source data, it is broadly applicable to other taxa and methods of diet study. The present 

study is not the first to estimate TDFs in wild populations using a secondary method of dietary 

data. For instance, Newsome et al., (2010) applied a similar method to estimate Δ13C and Δ15N in 

a wild population of California sea otters (Enhydra lutris nereis) using high-quality observational 

data. Bradley et al., (2015) similarly used stomach contents in conjunction with stable isotopes to 

roughly calculate the Δ15N of individual amino acids and ultimately estimate trophic position in 

wild marine teleost populations. Clearly there are advantages to estimating TDFs in wild 

populations across taxa. Theoretically the TDFCAM approach could be used with any method of 
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diet study that can accurately cover an interval contemporaneous with an isotopic incorporation 

rate. Observational methods (e.g., nest cameras, direct observation, camera collars) provide high- 

quality dietary data over longer and more controllable intervals than indirect methods of diet 

study (e.g., pellet/prey analysis, stomach/fecal contents), and are thus better suited to the 

TDFCAM approach. However, indirect methods that allow for accurate repeat sampling (e.g., 

DNA metabarcoding and next-generation sequencing) also show promise. As modern advances 

in technology and techniques improve the accuracy of fine-scale diet estimates, the TDFCAM 

approach will prove to be a powerful tool to improve the performance of BSIMMs in wild 

populations.

3.6 Data Accessibility

The three underlying datasets we analyzed can be found attached to their respective 

studies (Gyrfalcons: Johnson et al., 2020; Peregrine Falcons: Robinson et al., 2018; Common 

Buzzards: Swan et al., 2020). Additionally, the code we used to analyze them will be made 

available on the Dryad digital repository.
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Figure 3.1: Sensitivity of a calculated Gyrfalcon TDFCAM to different sample sizes. Displayed are the results from 
1000 bootstrapped estimates of TDFCAM means, randomly sampling nestlings from 1 to 10 nests from the larger 
Gyrfalcon dataset. Error bars in top panels are ± 1 SD around the TDFCAM mean estimate. Red lines indicate mean 
TDFCAM values from the two nests used in the Johnson et al. 2020 study (i.e., GYRF_TDFCAM_HQ; Table B.1).
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Figure 3.2: Correlation between nitrogen TDFCAM and % ptarmigan in Gyrfalcon nestling diets. Relationship 
between the calculated nitrogen TDFCAM values (Δ15N) and the estimated proportion of ptarmigan in the diet (as 
inferred from nest camera data) for Gyrfalcon nestlings on the Seward Peninsula (n=57 nestlings in 20 nest-years, 
2016-2019). Shaded polygon represents a 95% confidence interval around the linear regression line.
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Figure 3.3: Sensitivity of a calculated Peregrine Falcon TDFCAM to different sample sizes. Displayed are the results 
from 1000 bootstrapped estimates of TDFCAM means, randomly sampling nestlings from 1 to 10 nests from the 
larger Peregrine Falcon dataset. Error bars in top panels are ± 1 SD around the TDFCAM mean estimate. Red lines 
indicate mean TDF values from the Hobson & Clark (1992) Peregrine Falcon feeding experiment 
(PEFA_CFE_BLOOD; i.e., the TDF used in the Robinson et al. 2018 mixing models; Table B.2).
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Figure 3.4: Proportional differences between Peregrine Falcon BSIMMs and nest camera diet estimates. The 
proportional difference between Peregrine Falcon Bayesian stable isotope mixing model (BSIMM) diet estimates 
and nest camera diet estimates by prey category, comparing models constructed with two unique TDFs (details in 
Table B.2). The mixing model output in the left panel incorporates the TDF used in the Robinson et al. (2018) study 
(PEFA_CFE_BLOOD) and an uninformative prior; the middle panel incorporates the top-performing TDFCAM 
from the present study (PEFA_TDFCAM_MEAN) and an uninformative prior; and the right panel is the top
performing model incorporating PEFA_TDFCAM_MEAN and an informative prior. Error bars are ± 1 SD. BC is 
the corresponding mean Bhattacharyya's coefficient for each model. Horizontal bars below each plot are the mean 
proportional diet estimates from BSIMM output and nest camera diet estimates for each prey category.
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Figure 3.5: Sensitivity of a calculated Common Buzzard TDFCAM to different sample sizes, for red blood cell (RBC; 
Panel A), feather (Panel B), and plasma samples (Panel C).
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Figure 3.5 (cont). Displayed are the results from 1000 bootstrapped estimates of TDFCAM means, randomly sampling 
nestlings from 1 to 10 nests from the larger Common Buzzard dataset. Error bars in top panels are ± 1 SD around the 
TDFCAM mean estimate. In Panel A, dashed red lines indicate the mean values of the top-performing RBC TDF from 
the Swan et al., (2020) study: prey-category-specific SIDER estimates (COBU_SIDER_BLOOD; Table B.3). In 
Panel B, the red line indicates the mean values of the top-performing feather TDF from the Swan et al., (2020) 
study: a feather TDF from a controlled feeding experiment on Peregrines (Hobson and Clark, 1992;
PEFA_CFE_FEATHER; Table B.3). In Panel C, the red line indicates the mean values of a plasma TDF from a 
controlled feeding study on California condors (Kurle et al., 2013; CACO_CFE_PLASMA; Table B.3).
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Figure 3.6: Proportional differences between Common Buzzard BSIMMs and nest camera diet estimates. The proportional difference 
between Common Buzzard Bayesian stable isotope mixing model (BSIMM) diet estimates and nest camera diet estimates by prey 
category, comparing models constructed with two unique TDFs for each tissue type: Red Blood Cells (Figure 6A); Feather (Figure 6B) 
and Plasma samples (Figure 6C, details in Table B.3). For each tissue type, the mixing model output in the left panel incorporates the top
performing TDF from the Swan et al. (2020) study, and the right panel incorporates the top-performing TDFcam from the present study. 
Plasma samples were not tested in the same framework in the Swan et al. 2020 study, so we included the next best available TDF from the 
literature for comparison (Table S3). Error bars are ÷ 1 SD. BC is the corresponding Bhattacharyya' s coefficient for each model from 
Table B.9. Horizontal bars below each plot are the mean proportional diet estimates from BSIMM output and nest camera diet estimates 
for each prey category.



Chapter 4. Isotopic niche partitioning and individual specialization in an Arctic raptor guild

4.1 Abstract

Intra- and inter-specific resource partitioning within predator communities is a 

fundamental component of trophic ecology, and one proposed mechanism for how populations 

partition resources is through individual niche variation. The Niche Variation Hypothesis (NVH) 

predicts that interindividual trait variation leads to functional trade-offs in foraging efficiency, 

resulting in populations comprised of individual dietary specialists. A modified version of the 

NVH [mNVH] predicts niche specialization is plastic and responsive to fluctuating resource 

availability. We quantified niche overlap and tested the mNVH within an Arctic raptor guild, 

focusing on three species that employ different foraging strategies: Golden Eagles (generalists); 

Gyrfalcons (facultative specialists); and Rough-legged Hawks (specialists). Tundra ecosystems 

exhibit cyclic populations of arvicoline rodents (lemmings and voles), providing a unique system 

under which to examine interannual fluctuations in predator resource availability. Using blood 

δ13C & δ15N values from 189 raptor nestlings on Alaska's Seward Peninsula (2014-2019), we 

calculated isotopic niche width and used Bayesian stable isotope mixing models (BSIMMs) to 

characterize individual specialization and test the mNVH. We observed a high degree of 

isotopic niche overlap between the three species and variable trophic responses to different 

stages of the arvicoline rodent cycle. Elevated arvicoline rodent abundance corresponded to 

reduced niche overlap among species and increased individual specialization in Golden Eagles 

and Gyrfalcons. Further, Gyrfalcons displayed a positive relationship between individual 

Johnson, DJ, Henderson MT, Anderson DL, Booms TL, Williams CT. 2021. Isotopic niche 
partitioning and individual specialization in an Arctic raptor guild. Oecologia (in review).
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specialization and population niche width on an interannual basis consistent with the mNVH. 

Our findings suggest plasticity in niche specialization may reduce intra- and inter-specific 

resource competition under dynamic ecological conditions.

4.2 Introduction

Trophic ecology is largely centered on the concept of a realized trophic niche -described 

as all resources an organism actually consumes- which is inherently community-dependent and 

limited both by local resource availability and inter- and intra-specific competition (Hutchinson, 

1957). Analyzing trophic niche width can reveal spatial and temporal patterns in resource use, 

determine the degree of dietary generalism or specialization for a population, and serve as a 

metric of resource competition (Schoener, 1982). Characterizing changes in an organism's 

trophic niche in response to dynamic ecological conditions can illuminate its role in greater 

ecosystem function as well as indicate its resilience to environmental change.

Two predominant paradigms exist to explain how a population may alter its trophic niche 

in response to variable environmental conditions: Optimal Foraging Theory (OFT; Macarthur 

and Pianka, 1966), and the Niche Variation Hypothesis (NVH; Van Valen, 1965). Classic OFT 

postulates that stabilizing selection leads to the evolution of behavioral strategies that maximize 

the net rate of energy intake - resulting in preferred diets that are consistent across all individuals 

within a population (Pyke et al., 1977). Conversely, the NVH posits that populations are 

comprised of individuals that specialize on different subsets of available diet items, and thus a 

generalized population's niche width reflects the combined niches of many individual specialists 

(Bolnick et al., 2002). Although the NVH was initially postulated in the context of evolved 

individual specialization in populations via destabilizing selection (Van Valen, 1965), niche 
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variation can also arise as a plastic response to variability in resource abundance, potentially 

acting as a mechanism for avoiding resource competition (mNVH [modified NVH]; Svanback 

and Bolnick, 2005; Svanback and Bolnick, 2007). Under increased resource abundance, 

populations aligning with the mNVH paradigm are predicted to expand their niche via increased 

individual dietary specialization as a greater diversity of prey becomes available (Bolnick et al.,

2007) .

Individual specialization is an important driver of food web dynamics in a variety of taxa 

(reviewed in: Bolnick et al., 2003). The degree to which populations exhibit individual 

specialization under the NVH/mNVH paradigm is largely dependent upon that population's 

degree of intraspecific trait variation associated with different phenotypes, experience, and 

personalities (Bolnick et al., 2011; Toscano et al., 2016). Species that are long-lived, exhibit 

some degree of site and pair fidelity, occupy upper trophic levels, and express the ability to learn 

complex behavior are expected to have high degrees of individual specialization (Araujo et al.,

2008) . On an interspecific basis, generalist species are more likely to fall under the NVH 

paradigm than specialists which may be more constrained in these phenotypic or behavioral traits 

(Bison et al., 2015; Maldonado et al., 2017). Evaluating whether a population exhibits individual 

specialization in alignment with the mNVH has meaningful implications for its ecological 

resilience, resource competition, and resultant food web dynamics (Bolnick et al., 2002).

The Arctic raptor guild comprises the upper trophic level in tundra ecosystems, wherein 

several species coexist through slight differences in their realized niche space - theoretically 

partitioning resources via small differences in phenology, life history strategy, morphology, and 

foraging behavior. Arctic tundra ecosystems are characterized by pulses in resource availability, 

often connected to the abundance of cyclic populations of arvicoline rodents (lemmings & voles; 
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Myodes, Microtus, and Lemmus spp.). Highs and lows within these population cycles have 

effects that reverberate through the food web, directly affecting the predator guild that relies on 

them and indirectly influencing predation pressure on alternate prey species (Ims and Fuglei, 

2005). Although raptors exhibit characteristics that we may expect to be consistent with the 

NVH (e.g., Araujo et al., 2008), many raptor dietary studies have largely ignored the 

implications of individual specialization on their trophic ecology (but see Steenhof and Kochert, 

1988; L'Herault et al., 2013). Further, Arctic raptor dietary studies typically focus on a single 

species, thus the trophic dynamics of sympatric species remain largely understudied, particularly 

under varying degrees of resource availability.

To evaluate niche partitioning within the Arctic raptor guild, we focus on three sympatric 

species with different foraging strategies: the Golden Eagle (Aquila chrysaetos; a dietary 

generalist; Katzner et al., 2020); the Gyrfalcon (Falco rusticolus; a facultative specialist; Booms 

et al., 2020); and the Rough-legged Hawk (Buteo lagopus; a dietary specialist on arvicoline 

rodents; Bechard et al., 2020). Although these species nest sympatrically and their diets overlap 

to some extent, it remains unclear how interspecific competition and niche partitioning may 

influence their trophic ecology (Poole and Bromley, 1988; Dalerum et al., 2016). By focusing on 

the trophic ecology of Arctic raptors under dynamic ecological conditions (i.e., fluctuating 

arvicoline rodent abundance), we seek to evaluate niche partitioning under the mNVH paradigm, 

thereby characterizing their behavioral plasticity and providing broader context for the tundra 

food web.

Methods for estimating trophic niche space have advanced over recent years with the 

integration of stable isotope approaches, resulting in the concept of an “isotopic niche” (Bearhop 

et al., 2004). Variation in the stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) exists
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among taxa, resulting in a position in isotopic space linked to their basal carbon source and 

trophic level (e.g., Bearhop et al., 2004). Thus, individuals and populations will occupy different 

isotopic space based on the resources they consume, making an organism's isotopic niche a 

useful proxy for its trophic niche (e.g., Herrera and Rodríguez, 2013). Isotopic niche width can 

be directly estimated and compared across communities via the calculation of stable isotope 

Bayesian ellipses (Jackson et al., 2011). Further, by iteratively analyzing a consumer's isotopic 

position relative to that of its resources, Bayesian stable isotope mixing models (BSIMMs) can 

generate proportional dietary estimates (e.g., MixSIAR, Stock and Semmens, 2016). Together, 

these methods create a framework to quantitatively analyze isotopic niche dynamics and estimate 

which resources may be driving them. Resulting proportional diet estimates can be used to 

distinguish within-individual from between-individual components of the diet to address broad 

trophic hypotheses associated with individual specialization (i.e., the mNVH).

We quantified the isotopic niche space of the three focal raptor species by analyzing 

nestling blood samples to generate Bayesian standard ellipses, which were then compared across 

years with fluctuating resource availability. We further produced proportional dietary estimates 

for each species in a BSIMM framework and used them to assess the degree of individual dietary 

specialization within each population. We predicted the standard ellipse area (SEA; a measure of 

isotopic niche size) would reflect the predominant foraging strategies of each species such that 

Rough-legged Hawks would have the smallest SEA, Golden Eagles would have the largest, and 

Gyrfalcons would be intermediate. The focal raptor populations were expected to hold some 

degree of individual (nest-level) diet specialization, and we predicted that the strength of that 

specialization would vary both on a generalist-specialist gradient between species and as a 

plastic response to interannual fluctuations in resource availability. We tested the NVH in the 
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raptor guild and predicted that its support would be more likely in species exhibiting higher 

dietary flexibility (Golden Eagles and Gyrfalcons) than our dietary specialist (Rough-legged 

Hawks). For Golden Eagles and Gyrfalcons, population niche width was expected to expand due 

to increased individual specialization on different foraging niches, reducing intraspecific 

competition. Finally, we hypothesized that this niche variation may also mitigate interspecific 

competition among the raptor guild such that higher resource diversity (i.e., a high arvicoline 

rodent year) creates the ecological opportunity for increased individual specialization, thereby 

reducing overall niche overlap as individuals specialize on different components of the food web.

4.3 Methods

4.3.1 Study System

We studied three sympatric raptor populations on the Seward Peninsula on the west coast 

of Alaska (64°N - 65°N, 164°W - 166°W; Fig. C.1). The study area (14150 km2) is a spatially 

heterogeneous Arctic tundra ecosystem characterized by low-lying vegetation (e.g., Ericaceae, 

Saxifragaceae, Cyperaceae, Calliergonaceae spp.) at higher elevations, and low-medium shrubs 

(Salix and Alnus spp.) along low-elevation riparian corridors (Viereck et al., 1992). Rocky 

outcrops provide nesting substrate for members of the cliff-nesting raptor guild: Golden Eagles, 

Gyrfalcons, and Rough-legged Hawks; all of which raise nestlings during the short climactic 

window of the Arctic summer (May-August). The three focal raptor species of this study have 

similar requirements for nesting substrate and their dietary needs, but differ in their foraging 

strategy, reproductive/migratory phenology, and life-history strategy.

Golden Eagles are considered to be opportunistic dietary generalists across much of their 

range (Katzner et al., 2020), and on the Seward Peninsula their primary prey resources include 
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Arctic ground squirrels (Urocitellus parryii), ptarmigan (Lagopus lagopus & L. muta), and 

waterfowl (Anas & Branta spp.; Herzog et al., 2019). They migrate to the study site in the early 

spring and are the first of the three focal species to initiate egg-laying, requiring a longer interval 

over which to raise up to two young (Fig. C.2). Gyrfalcons are considered to be ptarmigan 

specialists throughout much of their circumpolar range (Booms et al., 2020), although during the 

breeding season on the Seward Peninsula they are facultative specialists on either ptarmigan or 

Arctic ground squirrels and exhibit higher degrees of dietary plasticity than has been observed in 

other systems (Robinson et al., 2019). The Alaskan population of Gyrfalcons are thought to be 

year-round residents (Eisaguirre et al., 2016), and have been observed occupying nest cliffs 

throughout the winter in this system (The Peregrine Fund, unpublished data 2017-2019).

Gyrfalcons typically initiate egg-laying in late April and require a hatch-fledge interval of ca. 45 

days to raise up to four young (Booms et al., 2020; Fig. C.2). Rough-legged Hawks specialize on 

cyclic arvicoline rodents and exhibit a strong numerical response to rodent density across the 

Arctic (e.g., Fufachev et al., 2019). As such, they exert differential competition pressure on other 

members of the raptor guild depending on the stage of the arvicoline rodent cycle. During low 

arvicoline rodent years, Rough-legged Hawks have been observed consuming a variety of 

alternative prey ranging from shorebirds to hares (Springer, 1975). Rough-legged Hawks migrate 

to the study site and arrive on their breeding ground later than Golden Eagles but require a 

shorter interval to raise up to six young (Fig. C.2).

4.3.2 Field Methods

To locate occupied raptor nests and estimate the age of nestlings, we conducted aerial 

surveys of >500 historically occupied raptor cliff-nest sites across the study site (Fig. C.1; 
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specific methods in Robinson et al., 2019). We installed motion-activated cameras at Gyrfalcon 

nest sites (hereafter, “nest cameras”) during mid-incubation, which captured prey deliveries to 

nestlings from when they hatched to when nestlings were measured and sampled (see details in 

Robinson and Prostor, 2017). Gyrfalcon nest camera dietary data were analyzed in previous 

studies (Johnson et al., 2020; Robinson et al., 2019). We visited nest sites midway through the 

brood-rearing period (Golden Eagles ca. 35 d, Gyrfalcons ca. 25 d, Rough-legged Hawks ca. 20 

d; Fig. C.2) to collect blood samples. We collected blood from each nestling at each targeted nest 

site and immediately deposited it into a heparinized vacutainer. Samples were stored on ice for 

<6 hours until they could be separated via centrifugation. After removing the plasma, red blood 

cells were immediately frozen at -20°C until they could be processed for stable isotope analysis.

Raptor blood samples were collected between 2014-2019, although the sampling effort 

for each individual species varied across years (Table C.1). We use the term “nest-year” as a 

sampling unit for this study, which refers to a breeding pair and their young at a nest within a 

year, which may or may not be independent from nest sites, territories, or breeding pairs across 

the years of the study. Thus, diet estimates of nest-years reflect the diet of multiple nestlings at 

each nest to stand as a proxy for the foraging strategy of each mated pair of adults. Individual 

specialization was calculated at the nest-year level (i.e., an individual nesting pair). Total raptor 

sample sizes are as follows: Golden Eagles, 44 nest-years (2014-2019); Gyrfalcons, 40 nest- 

years (2016-2019); Rough-legged Hawks, 11 nest-years (2018-2019).

Arvicoline rodents exhibit complex population cycles on the Seward Peninsula, and we 

implemented an opportunistic trapping protocol to collect tissues for stable isotope analysis (see 

below) that also allowed us to estimate a population index during the 2018 and 2019 field 

seasons. Briefly, we set grids of 40 baited Museum Special snap-traps in 10m x 10m grids and 
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checked them every 24 hours. We set these grids in seven different locations across the study site 

constituting different tundra microhabitat types and revisited the same plots between years to 

reduce geographic variability in our sampling design. We calculated trap success rates and used 

them as a metric to generate a relative index of arvicoline rodent abundance across years.

In 2018 and 2019, we collected 219 muscle prey tissue samples representative of seven 

predetermined categories of the Seward Peninsula raptor diet (Arctic ground squirrels; 

insectivorous birds; waterfowl; hares; arvicoline rodents; ptarmigan; and avian predators 

(Supplemental Table 2). We targeted >5 individuals of each species and distributed our sampling 

efforts across space and time, focusing collection on a time interval contemporaneous with the 

raptor brood-rearing period. The majority of tissue samples were collected opportunistically: 

from prey remains collected from raptor nests; roadkill; or by donation from local hunters. To 

increase the sample size of underrepresented groups, we collected several prey samples via 

shotgun (7% of all samples) or snap-trap (10% of all samples). From each prey specimen, we 

dissected a ~1g sample of muscle tissue (breast for birds and thigh for mammals) and stored 

samples at -20°C until they could be processed for stable isotope analysis.

4.3.3 Laboratory Analysis

To prepare samples for stable isotope analysis, we freeze dried prey muscle tissue and 

raptor red blood cell samples for 48 h, then ground them to a fine powder and subsampled 0.05 g 

into tins. We analyzed carbon and nitrogen stable isotope ratios using a Costech ECS 4010 

Elemental Analyzer (Costech Analytical Technologies, California, USA) connected to a Delta V 

Plus XP Isotope Ratio Mass Spectrometer via the Conflo IV interface (IRMS; Thermo Fischer 

Scientific). Isotope ratios are expressed as δX‰, where δX = [(Rsample/Rstandard)-1]*1000, R is a 
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ratio of heavy:light isotopes, and X is the heavy isotope of an element (nitrogen or carbon). 

Vienna PeeDee Belemnite and atmospheric nitrogen were employed as standards for δ13C and 

δ15N respectively. Trophic discrimination factors (TDFs) are expressed as ∆X‰, where ∆X = 

(δXconsumer - δXsources). We assessed the precision of our analyses with within-run alkaline peptone 

standards measured every 10 samples, estimating a standard deviation of ± 0.21‰ (nitrogen) and 

± 0.10‰ (carbon) across runs. Laboratory analyses were performed in the Alaska Stable Isotope 

Facility in the UAF Institute of Northern Engineering (Fairbanks, Alaska).

4.3.4 Isotopic Niche Width

Isotopic niche width in the context of this study was defined as the Standard Ellipse Area 

(SEA) of a stable isotopic Bayesian ellipse, calculated and visualized using the SIBER package 

in R (Jackson et al., 2011). Unlike other quantitative methods to characterize isotopic niche 

width (e.g., convex hull approaches), SIBER implements a Bayesian framework to generate 

credible intervals of niche width estimates that are largely unbiased by differences in sample size 

(Jackson et al., 2011). Thus, we used the SEA as a robust metric for the cross-comparison of 

isotopic niche space among raptor species in different years of our study, as well as a metric by 

which to quantify niche overlap using maximum likelihood.

4.3.5 Bayesian Stable Isotope Mixing Models

We implemented BSIMMs using the MixSIAR package in R (Stock and Semmens, 2016). 

Input parameters for the models were the raw δ13C and δ15N values of raptor nestling red blood 

cells, which were analyzed against the mean and standard deviations of δ13C and δ15N values for 

each of seven prey categories: Arctic ground squirrels; migratory shorebird and passerine 
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species; waterfowl; hares (Lepus americanus & L. othus); cyclically available arvicoline rodents 

(Microtus, Lemmus, & Myodes spp.); avian predators (gulls, jaegers, and other raptors); and 

ptarmigan (Fig. 4.1; Table C.2). We tested the δ13C and δ15N values of each prey category in a 

MANOVA with sampling year as a fixed effect to verify isotopic differentiation between 

categories.

To characterize trophic discrimination, we applied a trophic discrimination factor 

calculated for Gyrfalcon nestlings in this study system based on nest camera data: ∆13C = 0.89 ± 

0.43 (SD); ∆15N = 1.13 ± 0.53 (TDFCAM; Johnson et al., 2020), which was shown to perform 

better than any TDF available from the literature or other methods. To assess the validity of 

applying Gyrfalcon TDF values to other species, we applied the same Gyrfalcon TDFCAM to 

BSIMM studies of other nestling raptor species in different systems that had nest camera dietary 

data available for validation (Robinson et al., 2018, Swan et al., 2020) and achieved more 

accurate diet estimates than by using any other available TDF (unpublished data; see dissertation 

Chapter 3). Thus, although our TDFCAM was developed for Gyrfalcons specifically, we applied it 

to other raptors in this system because they are taxonomically comparable and samples were 

taken at a similar stage of nestling growth.

We applied separate informative priors to the mixing model for each raptor species using 

published values from other raptor diet studies on the Seward Peninsula (Table C.3). We rescaled 

proportions into Dirichlet hyperparameters before their incorporation into BSIMMs (following 

Stock and Semmens, 2016). To assess the sensitivity of our models to informative priors, we also 

compared diet estimates from informative vs uninformative BSIMMs for each raptor species and 

prey group. We used Bhattacharyya's Coefficient (BC) as a metric by which to compare 

posterior density distributions, considering a BC > 0.6 to indicate significant overlap between 
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model estimates (following Bond and Diamond, 2011). We tested the sensitivity of BSIMMs to 

informative priors for each raptor species (Figures C.4-C.6), concluded based on BC estimates 

that the priors were not disproportionately driving the models, and elected to use BSIMMs 

formulated with informative priors for all further inference.

All BSIMMs were formulated with 100,000 iterations thinned by 25 and a burn-in of 

50,000 with three chains, that were considered to have converged when they passed the Geweke 

and Gelman-Rubin Diagnostics (following Stock and Semmens, 2016). We generated 

proportional diet estimates (with credible intervals) for each raptor nest in each year, treating 

nest and year as random effects in MixSIAR. Mean estimates from mixing models were then used 

to estimate the degree of individual specialization for each nest-year.

4.3.6 Validation with Nest Camera Data

We applied Bayesian SEAs and BSIMMs to test the mNVH in free-living raptors. This 

approach is valid if a population's isotopic niche width can be considered a proxy for its trophic 

niche width (e.g., Herrera and Rodríguez, 2013) and BSIMMs produce reliable proportional diet 

estimates from which individual specialization metrics can be calculated. To test the validity of 

isotopic niche estimates in our study system, we compared isotopic niche width (SEA) to 

estimates of total niche width (TNW; Shannon Entropy Diversity Index; Roughgarden, 1972) for 

a subset of our sampled Gyrfalcon nestlings that also had contemporaneous high-resolution nest 

camera dietary data (Table C.4). We calculated proportional diet estimates for each nest-year 

from nest camera data (see details in Johnson et al., 2020), and we applied a Bayesian 

bootstrapping protocol (bayesboot; Baath, 2018) before calculating TNW to make the output of 

both methods directly comparable. There was method agreement for interannual patterns in niche 
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width (Figure C.7) and diet estimates (Johnson et al., 2020) for this subset of Gyrfalcon samples, 

indicating the utility and applicability of this approach.

4.3.7 Individual Specialization and Niche Variation

Individual dietary specialization was calculated for each cohort (i.e., for each species in 

each year at the nest level) using the E index of individual specialization (Araujo et al., 2008) 

and produced through the RInSp package in R (Zaccarelli et al., 2013). Briefly, this index 

compares the diet of each nest to the diets of all other nests within the cohort to determine the 

average pairwise dissimilarity; values range from 0 (all nest-years have identical diets) to 1 (all 

nest-years have unique diets). We calculated variance around the E index via a jackknifing 

protocol (Araujo et al., 2008) and compared individual specialization across years for each raptor 

species using a 95% confidence interval.

We analyzed the relationship between individual specialization (E index) and total 

isotopic niche width (SEA) for each raptor species using linear models. Due to a low number of 

sample years, Rough-legged Hawks were excluded from this portion of the analysis. We tested 

whether the degree of individual variation was greater than expected by chance by comparing the 

slopes of empirical linear models to those of null models generated under the assumption that 

each individual drew randomly from the population-level diet (following Bolnick et al., 2002; 

Bison et al., 2015). To generate null models, we calculated the E index of specialization on 

proportional diet estimates (n = the number of nests in that cohort) randomly drawn from 

posterior distributions of BSIMMs generated for each species within each year. We repeated this 

process 1000 times for each cohort to calculate a null degree of individual specialization (E 

Null), which was then used to generate null linear models. The slopes of the empirical and null 
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models were compared for each species using generalized linear models to determine statistical 

support for the mNVH.

To further assess support for the mNVH in Gyrfalcons, we repeated this process with 

proportional diet estimates from our nest camera data (n = 58 nest-years 2014-2019: Table C.5). 

Diet estimates reflect the first half of the brood-rearing period (nestlings 0-25 days of age) in 

order to match the temporal window of stable isotope data, although not all camera nests had 

contemporaneous stable isotope data. We calculated the E index of individual specialization and 

TNW (estimated as the Shannon Entropy Diversity Index) from proportional diet estimates of 

each cohort and generated an empirical linear model for Gyrfalcons. To generate a null model, 

we calculated the E index on random proportional diet estimates drawn from distributions 

generated by bootstrapping raw camera data for each cohort (using bayesboot; Baath, 2018).

4.4 Results

We analyzed 189 raptor nestling red blood cell samples (Table C.1) for δ13C and δ15N 

and generated Bayesian ellipses to characterize their isotopic niche space and overlap (Fig. 4.1; 

Table 4.1). Across years, population niche width (as measured by the SEA) differed among 

species consistent with our initial predictions: Golden Eagles had the largest isotopic niche, 

Gyrfalcons were intermediate, and Rough-legged Hawks had the smallest isotopic niche. Golden 

Eagles had a significantly larger SEA than both Gyrfalcons and Rough-legged Hawks (90% CI 

— GOEA: 1.56-2.59, GYRF: 0.93-1.55, RLHA: 0.42-1.19; Fig. 4.1 inset).

To assess the effects of interannual variation on isotopic niche size and position, we 

created Bayesian ellipses and calculated SEA for each cohort (sample sizes Table C.1; Fig. 4.2). 

Arvicoline rodent trapping success increased 20-fold between 2018 and 2019 (Table C.6), 
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indicating that 2019 was a high year in the arvicoline cycle. The Golden Eagle isotopic niche 

was smallest in 2018 and largest in 2019 (90% CI — 2017: 1.20-3.95; 2018: 0.24-1.02; 2019: 

1.03-6.90). Gyrfalcons had the largest isotopic niche in 2019, with credible intervals that did not 

overlap with 2016 or 2017 (90% CI — 2016: 0.23-0.74; 2017: 0.20-0.79; 2018: 0.37-1.16;

2019: 0.87-2.20). Rough-legged Hawks did not substantially differ in SEA between 2018 and 

2019, but there was a noticeable shift in niche space toward arvicoline rodents in 2019 with only 

17.81% overlap between the two years (Fig. 4.2).

There was a high degree of isotopic niche overlap between the three species and among 

years (Table 4.1), with Gyrfalcons and Golden Eagles overlapping more with each other 

(61.20%) than either species did with Rough-legged Hawks (41.37% and 44.16% respectively). 

Because isotopic niche area changed on an interannual basis for each species, there were some 

instances where the proportional niche overlap (%) decreased although the overlap area (‰2) 

increased. Comparing 2018 (lower arvicoline rodent year) to 2019 (higher arvicoline rodent 

year), Golden Eagle isotopic niche space overlapped substantially less with Rough-legged 

Hawks (2018: 43.2%; 2019: 9.9%) and slightly less with Gyrfalcons (2018: 62.4%; 2019: 

54.5%). Niche overlap remained relatively consistent between Rough-legged Hawks and 

Gyrfalcons across years (2018: 28.3%; 2019: 29.5%). All three species overlapped in their total 

isotopic niche space by 7.4% in 2018 and 2.9% in 2019.

The isotopic niche (SEA) reflected the trophic niche (Shannon Index; based on nest 

camera data) for the subset of Gyrfalcon nestlings for which contemporaneous data existed (Fig. 

C.7; Table C.4). Specifically, the 2019 Gyrfalcon subset had a significantly larger niche relative 

to other years based on the nest camera data (2017: 1.02-1.14; 2018: 0.98-1.14; 2019: 1.46- 
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1.59); whereas stable isotope SEA data for the same subset of Gyrfalcons showed a similar 

pattern although the 90% credible intervals overlapped.

There was substantial isotopic differentiation between the seven prey categories used in 

BSIMMs (Table C.2). The isotopic composition of muscle tissues differed among the seven prey 

categories (MANOVA, p<0.01; Fig. 4.1), with no significant effect of collection year (p=0.114). 

Post-hoc pairwise Tukey's tests indicated no simultaneous overlap in δ13C and δ15N between any 

two categories (ANOVA, Tukey's test, p<0.01) with the exception of hares, which overlapped 

with arvicoline rodents (δ13C p=0.799; δ15N p=0.977) and Arctic ground squirrels (δ13C p=0.196; 

δ15N p=0.99). We concluded that each prey category was adequately isotopically differentiable 

for its use in a BSIMM framework, but that care should be taken interpreting the output with 

regards to hares.

We further characterized trophic niche dynamics in the raptor guild using proportional 

diet estimates for each nest from BSIMMs (sample sizes Table C.1; Table C.7; Table C.8). 

Golden Eagle diet was relatively consistent throughout the course of the study and Arctic ground 

squirrels were their most important resource, followed by hares and ptarmigan. Gyrfalcon diet 

indicated a heavy reliance on ptarmigan, and a sharp increase in arvicoline rodents in 2019 (to 

26% ± 11%), and Rough-legged Hawks similarly showed a dramatic increase in arvicoline 

rodent reliance from 2018 (34% ± 11%) to 2019 (73% ± 14%; Table C.7; Table C.8).

We found significant interannual variability in individual specialization for each raptor 

species. For Golden Eagles, individual specialization was significantly lowest in 2016 and 

highest in 2019; Gyrfalcons also had the highest degree of individual specialization in 2019; and 

Rough-legged Hawks significantly decreased from 2018 to 2019. We then examined whether 

individual specialization (E index) increased with population niche width (SEA) at a greater rate 
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than expected by chance, consistent with predictions of the mNVH (Fig. 4.3). Golden Eagles had 

a lower degree of individual specialization than would be expected by chance, and there was no 

significant difference between the slopes of the empirical and null models (p=0.47). Gyrfalcons 

had a significantly positive relationship between individual specialization and isotopic niche 

width (β=0.12, R2=0.96, p=0.02), but the slope of the empirical model was not significantly 

different from that of the null model (p=0.14). When we further tested this relationship in 

Gyrfalcons using a larger sample of dietary data from nest cameras (n=58 nest-years 2014-2019; 

Table C.5), we similarly found a significant positive relationship between individual 

specialization (E Index) and population niche width (Shannon Index; β=0.52, R2=0.96, p<0.01), 

and the slope was significantly higher than that of the null model (p<0.01), consistent with the 

mNVH (Fig. 4.4).

4.5 Discussion

Our analysis of stable isotope Bayesian ellipses and subsequent BSIMMs revealed a large 

degree of isotopic niche overlap between Golden Eagles, Gyrfalcons, and Rough-legged Hawks 

in the first comparative dietary study of its kind for a guild of raptors. Isotopic niche width 

(SEA) generally reflected each species' expected foraging niche (Fig. 4.1 inset), and responses to 

interannual resource availability varied by species (Fig. 4.1; Table 4.1). Following our 

predictions, interspecific isotopic niche overlap decreased under high arvicoline rodent 

abundance, coinciding with elevated individual specialization for species exhibiting greater 

dietary flexibility (Golden Eagles and Gyrfalcons). Further, our findings supported the mNVH in 

Gyrfalcons - individual specialization within the population was higher than expected by chance 

and positively correlated with trophic niche width on an interannual basis (Fig. 4.4). Our findings 
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point to niche variation as an important aspect of Arctic raptor trophic ecology, which may 

reduce niche overlap and promote population stability under dynamic ecological conditions.

Characterizing the role of individual specialization in a population's trophic dynamics is 

important for our understanding of functional ecology because it can greatly affect ecological 

processes ranging from resource competition to climate change resilience (Bolnick et al., 2003). 

Under the classic OFT paradigm, populations are relatively canalized in their foraging behaviors, 

which maximizes the net rate of energy intake at the cost of heightened intraspecific resource 

competition and reduced heterogeneity (MacArthur and Pianka, 1966). For instance, Jesmer et 

al., (2020) found that although the dietary niche breadth of large ruminants increases with food 

limitation, it does so via increased diet breadth of individuals, consistent with OFT, rather than 

through increased individual specialization. They attribute this pattern to population-level 

homogeneity in the physiological and cognitive requirements of their study species (moose; 

Alces alces). Although recent models postulate how individual specialists may operate within an 

OFT framework, they do not fully explain how they arise and are maintained within populations 

(Svanback and Bolnick, 2005). Conversely, individual niche specialization (under the mNVH 

paradigm) is predicted to persist and be most prevalent in populations which exhibit intraspecific 

trait variation, ultimately resulting in different individual foraging strategies/preferences based 

on phenotype (Bolnick et al., 2003), personality (Toscano et al., 2016), or learned foraging 

behavior (Araujo et al., 2008). We predicted that the mNVH would be supported in the Arctic 

raptor guild because their high cognitive capacity, parental care, and social learning (Kitowski, 

2009) create conditions under which individual differences in foraging strategies may arise. The 

presence of prey population cycles may further promote the persistence of individual 

specialization within long-lived tundra predator populations - one foraging strategy may confer 
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high reproductive success in one phase of the cycle but lead to nest failure in the subsequent 

phase.

Several underlying traits may have contributed to the varying degrees of individual 

specialization observed between the three species: phenotypic variation in plumage coloration, 

territory/pair fidelity, and the cognitive capacity for learning new foraging behaviors. Gyrfalcons 

are highly phenotypically variable in their plumage coloration (ranging from dark brown to 

white; Booms et al., 2020) that could affect their detectability by certain prey species and drive 

individual variation in foraging strategies (e.g., Bolnick et al., 2011). Whereas Golden Eagles 

and Rough-legged Hawks migrate south for the winter, Gyrfalcon pairs stay on or near their 

home-ranges year-round (Eisaguirre et al., 2016), which may facilitate learning specialized 

foraging behaviors specific to their home-ranges. Use of Gyrfalcons in the sport of falconry has 

also revealed they can be trained to hunt prey they would not encounter in the wild (Cade, 1982), 

further highlighting their individual capacity for learning complex foraging behavior. Based on 

these same criteria, Rough-legged Hawks were expected to have the lowest degrees of inter

individual variation in foraging strategy: they are more phenotypically similar and as a migratory 

and semi-nomadic species, they likely have the lowest rates of site/pair fidelity (e.g., Bechard et 

al., 2020). Because specialists are often more constrained than generalists in certain traits that 

can limit inter-individual variation in foraging strategy (e.g., Bolnick et al., 2003), we further 

expected Rough-legged Hawks to operate under the classic OFT paradigm. Golden Eagles are 

long-lived dietary generalists, exhibit territory and pair fidelity in our study system, and have 

clearly displayed the ability to learn complex foraging behavior on an individual basis (e.g., 

knocking goats from cliffs and fishing; reviewed in Katzner et al., 2020). We predicted that
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Golden Eagles would follow the mNVH based on these traits, but instead found that they display 

lower degrees of individual specialization than would be expected by chance.

Our finding that Golden Eagles did not fall under the mNVH may have an ecological 

explanation, or alternatively, could be attributed to methodological difficulties associated with 

constructing BSIMMs for a generalist species. In our study system, prey groups occupy different 

temporal niches (e.g., strictly diurnal ground squirrels and ptarmigan [Williams et al., 2007; 

Reierth and Stokkan, 1998]; nocturnal arvicoline rodents; [Peterson and Batzli, 1975]). Golden 

Eagles may require a broad temporal foraging window to meet the nutritional needs of their 

growing young, potentially necessitating that each individual or pair within the population 

broaden their trophic niche as a result. Alternatively, this finding could have an analytical basis: 

BSIMM estimates for Golden Eagles were more sensitive to an informative prior (Fig. C.4) and 

had lower between-year sample sizes than the other two species, both of which may have had a 

homogenizing effect on modeled inter-individual diets. We suspect this sensitivity is attributable 

to the isotopic mixing space: the main discrepancies were between modelled proportions of hares 

and Arctic ground squirrels which overlapped in isotopic space. Furthermore, Golden Eagles (as 

an opportunistic dietary generalist) proved to be generally difficult to analyze in a BSIMM 

framework simply because they eat so many different prey types. Although we included source 

values from their main prey categories (Table C.2; Herzog et al., 2019), underrepresented groups 

outside of the mixing space could have influenced fine-scale Golden Eagle diet estimates and 

resulting individual specialization metrics. Since Gyrfalcons and Rough-legged Hawks were less 

sensitive to an informative prior and have prey groups that are better isotopically characterized 

for this study, we are more confident in our BSIMM diet estimates for those species than the diet 

estimated for Golden Eagles.
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Interspecific niche overlap was lowest among the raptor guild under high arvicoline 

rodent abundance (2019; Table 4.1), suggesting that individual niche variation may play a role in 

mediating interspecific resource competition. The consequences of individual specialization are 

typically discussed in the context of intraspecific competition (e.g., Bolnick et al., 2003; Xia et 

al., 2020), but the same patterns may hold true for niche dynamics at an interspecific level (e.g., 

Bison et al., 2015; Maldonado et al., 2017). Under the concept of ecological opportunity, a 

population's degree of individual specialization increases with higher resource diversity 

(Roughgarden, 1972). A peak of cyclic arvicoline rodents in tundra ecosystems increases the 

diversity of the raptor prey base: both directly increasing rodent density but also indirectly 

increasing the density and reproductive success of their specialist predators which these raptors 

may also consume (Therrien et al., 2014; e.g., in our system; Long-tailed Jaegers [Stercorarius 

longicaudus], Short-eared Owls [Asio flammeus], Short-tailed Weasels [Mustela erminea]). As 

predicted, a high arvicoline rodent year (2019) corresponded with higher degrees of individual 

specialization for Gyrfalcons and Golden Eagles as individuals had a broader prey base from 

which to sample. BSIMM output indicates that some Gyrfalcon pairs remained ptarmigan 

specialists (constituting up to 89 ± 5% of the diet), whereas others relied more heavily on 

arvicoline rodents directly (up to 62 ± 5%), and still others capitalized on arvicoline rodent 

predators (up to 19 ± 5%; Table C.8). We suspect Gyrfalcons in our study system may fall under 

a “competitive refuge” model (described by Svanback and Bolnick, 2005), wherein individuals 

within the population share top-ranked prey (e.g., ptarmigan) but have different rankings for 

lower-tier resources based on efficiency tradeoffs associated with their phenotypes or learned 

foraging behaviors. Which alternative resources Gyrfalcons specialize on could be partially 

attributable to variable availability of localized prey groups around nest sites across a 
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heterogeneous landscape. Although Golden Eagles likely did not consume arvicoline rodents, the 

other members of the raptor guild did, which may have reduced predation pressure on the other 

prey groups (e.g., Ims and Fuglei, 2005), facilitating Golden Eagle niche variation. Rough

legged Hawks displayed the opposite trend, reducing inter-individual specialization in 2019 as 

each individual was better able to capitalize upon their preferred resource (consistent with a 

traditional OFT response). Collectively, these disparate foraging strategies resulted in reduced 

niche overlap between the three raptor species under higher resource diversity, highlighting the 

complex roles population cycles can play in tundra food webs.

Along with directly mitigating resource competition, niche variation may promote 

population stability under dynamic ecological conditions by buffering against the loss (or 

periodic unavailability) of specific habitats or resources (Bolnick et al., 2003). This is 

particularly pertinent in Arctic tundra ecosystems, which are undergoing rapid change due to 

anthropogenic global warming that is causing unprecedented and unpredictable effects on 

ecosystem-level processes (review in Post et al., 2009). Arvicoline rodent population cycles are 

collapsing and dampening across Europe and the Arctic (Ims et al., 2008), illuminating the need 

to study food web dynamics in systems where these cycles are still intact. Our findings indicate 

that although arvicoline rodent abundance is directly important to its specialist predators (i.e., 

Rough-legged Hawks and some individual Gyrfalcons) it also may indirectly widen the available 

prey base for other members of the predator guild, allowing for reduced resource competition via 

niche variation. Although previous studies have hypothesized that dampened arvicoline rodent 

cycles influence the population dynamics of their specialist predators (e.g., Fufachev et al., 

2019), we provide evidence that other members of the predator guild will also be affected in their 

trophic dynamics. Further work linking individual specialization to reproductive success and 
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territory characteristics will be crucial in furthering our understanding of predator population 

resilience in a changing Arctic.

4.6 Data Accessibility

Data (except nest locations) and code available from the Dryad digital repository 

(submission upon acceptance with a one-year embargo); no location data will be provided for 
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4.12 Figures

Figure 4.1: Isotopic mixing space and Bayesian ellipses for the three focal raptor species. Colored points are stable 
isotope ratios for each nest-year for each species, Seward Peninsula AK, 2014-2019 (sample sizes; Table C.1).
Shaded ellipses and boxes correspond to 50%, 75%, and 90% credible intervals of standard ellipse area for each 
raptor species across the years sampled. Silhouettes correspond to stable isotope ratios from each of seven prey 
categories, displayed as mean ± 1 SD (sample sizes; Table C.1). Raptor isotope ratios are adjusted using TDFCAM 

mean values, and the TDFCAM SD is added to the error bar of each prey species. Inset (bottom left) represents 
numerical estimates of standard ellipse area for each raptor species.
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Figure 4.2: Interannual trends in raptor isotopic niche space. Stable isotope Bayesian ellipses (95% credible 
intervals) and standard ellipse area (SEA) for raptors on the Seward Peninsula, AK (2014-2019; sample sizes [nest- 
years] Table C.1). On upper ellipse plots, different shapes and line types correspond to samples from different years, 
and darker shaded regions indicate isotopic niche overlap between years. On lower SEA density plots, points 
indicate the mean SEA estimate and colored boxes correspond to 50%, 75%, and 90% credible intervals 
respectively.
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Figure 4.3: The relationship between individual specialization and isotopic niche width for the three focal raptor 
species. Individual specialization (E Index) for each of the focal raptor species in each year during the brood rearing 
period on the Seward Peninsula, AK, as inferred from stable isotope data (n=95 nest-years, 2014-2019; Table C.1). 
In left panels, error bars represent 95% confidence intervals. Right panels indicate the relationship between 
individual specialization and total trophic niche width (SEA) with empirical linear models (colored lines) and null 
models (grey lines). The top right (red) panel is Golden Eagle data, and the bottom right (green) panel is Gyrfalcon 
data. Each point represents population-level data from each year.
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Figure 4.4: Individual specialization and isotopic niche width from Gyrfalcon nest camera data. The relationship 
between individual specialization (E index) and total niche width (Shannon Entropy Diversity Index) for Gyrfalcons 
on the Seward Peninsula, AK, as inferred from nest camera data (n=58 nest-years, 2014-2019; Table C.5). Each 
point represents population-level data from each year. The slope of the empirical linear model (green line) is 
significantly different from that of the null model (gray line), consistent with the modified Niche Variation 
Hypothesis (mNVH).
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4.13 Tables

Table 4.1: Overlap in raptor isotopic niche space. Overlap in isotopic niche space based on estimates of standard 
ellipse area between the three focal raptor species (Golden Eagles [GOEA]; Gyrfalcons [GYRF]; Rough-legged 
Hawks [RLHA]) in all years (top three lines) and broken into individual years (for sample sizes, see Table 1).

Year Species 1 Species 2
Mean 
Overlap (%)

Overlap
Area (‰2) Species 1 (%) Species 2 (%)

ALL GYRF GOEA 61.2 5.6 76.7 46.1
ALL GYRF RLHA 41.4 2.4 32.8 49.9
ALL GOEA RLHA 44.2 3.0 63.2 25.1
2016 GYRF GOEA 57.7 2.5 85.6 29.7
2017 GYRF GOEA 24.6 1.2 40.9 8.1
2018 GYRF GOEA 62.4 2.5 57.1 67.8
2018 GYRF RLHA 28.3 0.5 10.8 45.7
2018 GOEA RLHA 43.2 0.7 18.8 67.5
2019 GYRF GOEA 54.5 5.0 55.8 53.3
2019 GYRF RLHA 29.5 1.3 14.7 44.5
2019 GOEA RLHA 9.9 0.4 4.8 15.0
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Chapter 5: Conclusion

In the face of global change, it becomes increasingly important to monitor ecosystem

level trophic interactions and develop a broadly applicable toolset to do so. In this dissertation, I 

assessed the performance of Bayesian stable isotope mixing models (BSIMMs) as a method of 

characterizing diet in free-living raptor populations and developed a novel method to refine their 

accuracy and applicability using Gyrfalcons as a model system. I then applied an isotopic 

approach to address broad trophic hypotheses within an Arctic raptor guild, identifying niche 

variation as a potential mechanism for mitigating interspecific overlap and contributing to 

climate change resilience. Specifically, I addressed the following primary questions: (1) Are 

Bayesian stable isotope mixing models an effective approach to estimating wild animal diet? (2) 

Can a novel method to estimate trophic discrimination factors (TDFCAM) improve the resolution 

and applicability of the BSIMM approach? (3) What is the role of niche partitioning and 

individual specialization in an Arctic predator assemblage?

Stable isotope mixing models have become a widely-used tool for characterizing animal 

diet, and have seen an explosion of growth over the past several years with the integration of 

sophisticated Bayesian frameworks (e.g., MixSIAR; Stock et al., 2018). Although many studies 

use this method, extremely few have directly tested its performance in wild populations (but see 

Swan et al., 2020). Using Gyrfalcons as a model, I developed BSIMMs and compared their 

output to high-accuracy nest camera diet data. I showed that carefully formulated BSIMMs 

effectively characterized diet at the population level and accurately identified diet shifts on a 

seasonal and interannual basis. Further, our data indicated a higher degree of dietary plasticity on 

an interannual and individual basis than had previously been recognized for the species.
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Trophic discrimination factors (TDFs) are an integral component of BSIMMs, and 

adequately accounting for the various factors that influence trophic discrimination (e.g., an 

organism's taxon, diet, nutritional status; reviewed in Martínez del Rio et al., 2009) is perhaps 

the greatest challenge limiting the implementation and interpretation of BSIMMs (Bond and 

Diamond, 2011). The traditional approach for calculating TDFs is through controlled feeding 

studies (e.g., Hobson and Clark, 1992) which may not fully encapsulate the natural variability in 

TDFs when applied to natural systems (e.g., Newsome et al., 2010). I developed a novel 

approach for TDF estimation in wild populations (TDFCAM) that incorporates diet estimates from 

a second highly accurate method for a subset of the population. I applied this method to three 

raptor datasets that had contemporaneous stable isotope and nest camera data, improving 

BSIMM estimates in all cases. Crucially, this approach negates the need for controlled feeding 

studies (which are often impractical, time-consuming, and logistically challenging), thereby 

increasing the resolution and accessibility of BSIMMs for future studies.

Individual dietary specialization (under the Niche Variation Hypothesis) is increasingly 

recognized as a fundamental component of trophic ecology in a diverse array of taxa, and has 

wide-ranging implications associated with resource competition and climate change resilience 

(Bolnick et al., 2003). Surprisingly, although raptors share characteristics that we would expect 

promote individual specialization (e.g., Araujo et al., 2008), the degree to which specialization 

contributes to population niche width has been largely ignored in this taxonomic group. After 

demonstrating the validity and utility of BSIMMs in Gyrfalcons, I applied stable isotope methods 

to characterize diet, measure individual and population niche overlap, and test the Niche 

Variation Hypothesis in three members of the Arctic raptor guild. To reiterate, the Niche 

Variation Hypothesis predicts a positive correlation between population niche width and
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individual specialization, and that niche expansion under conditions with higher resource 

diversity is driven by individuals within the populati on specializing on different components of 

the prey base. I found isotopic niche overlap between Gyrfalcons, Golden Eagles, and Rough

legged Hawks to be relatively high, but it was reduced when a larger variety of prey were 

available (i.e., during a high arvicoline rodent year). I also found support for the Niche Variation 

Hypothesis in Gyrfalcons. Collectively, I was able to show that intraguild competition was 

present between these species, but population-level niche overlap may be reduced via individual 

plasticity in niche specialization.

This work highlights the utility of stable isotope approaches (BSIMMs and stable isotope 

Bayesian ellipses) as a framework to assess broad-scale trophic dynamics in a tundra food web. 

Although several technically complex factors influence fine-scale proportional diet estimates 

produced using BSIMMs, carefully formulated BSIMMs excel at characterizing diet trends 

across space and time. Furthermore, a major advantage of this approach is its efficiency and cost

effectiveness, along with the ability to work with archived samples which allows for large 

sample sizes and the cross-comparison of diet at different timescales, populations, or species as 

demonstrated here. Other methods of raptor diet quantification (i.e., nest cameras) may be more 

accurate on the fine scale, but are more time-intensive and limited by sample size, and hold their 

own biases in the representation of certain prey groups (e.g., Lewis et al., 2004; García-Salgado 

et al., 2015). I propose that combining BSIMMs with a secondary high-accuracy diet method for 

a subset of the population may provide the best combination of analytical precision and 

spatiotemporal applicability. While no perfect method exists for wildlife diet studies, 

technological advances in stable isotope analysis in recent years have made it an exciting frontier 
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for trophic ecology, and I recommend applying these approaches in wildlife diet monitoring 

programs.
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Appendices

Appendix A: Chapter 2 Supplementary Figures & Tables

Figure A.1: Map of Alaska's Seward Peninsula. Gray shaded areas constitute the extent of helicopter surveys 
conducted for Gyrfalcon nests within the study area. Red lines indicate roads by which territories are accessed. Blue 
dashed line in Alaska inset represents the Arctic Circle.
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Figure A.2: A) Visualization of the TDFCAM estimation process, where red and blue points represent individual 
unadjusted Gyrfalcon isotope ratios from two nest-years (n=8 individuals), and dotted lines represent calculated 
mean TDF values. B) Visual representation of where Gyrfalcon isotopic values (mean ± SD) fall on a prey map if 
adjusted for various TDFs. Green points are individual unadjusted Gyrfalcon isotope ratios (n=113).
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Figure A.3: The mean proportional contribution of each prey category to Gyrfalcon nestling diet on the Seward 
Peninsula 2016-2019, as inferred from BSIMMs formulated using five different TDFs, along with nest camera diet 
estimates. Mixing model output is from BSIMMs with the HC subset (n=58 nestlings, 20 nest-years) as a consumer 
group, uninformative priors, and five TDFs (see Table 1). Nest camera data are from the same subset and time 
interval. Colors correspond to five prey categories: PTAR=ptarmigan, ASGQ=arctic ground squirrel, 
I.Bird=insectivorous bird, A.Rod=arvicoline rodent.
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Table A.1: Summary of Gyrfalcon nestlings sampled by year, grouped into subsets and age classes. The three 
subsets are High-confidence (HC), Unknown (UNK), and Trophic Discrimination Factor (TDF).

Year
HC Subset UNK Subset TDF Subset # Individuals 

ResampledIndividuals Nests Individuals Nests Individuals Nests
2016 2 1 17 8 4 1 0
2017 12 3 6 4 4 1 15
2018 13 5 13 5 0 0 13
2019 30 10 12 4 0 0 0
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Table A.2: List of observed prey species from nest camera analysis of 20 Gyrfalcon nest-years during the early 
brood-rearing period on the Seward Peninsula (HC subset), their associated biomass values, and calculated 
proportional contribution to the diet.

Common Name
Species
Code Scientific Name % Of Diet

Mass
(g) Reference

Arctic Ground Squirrel AGSQ Urocitellus parryii 22.64 543 This Paper1
American Robin AMRO Turdus migratorius 1.80 77 Sibley
Black-Bellied Plover BBPL Pluvialis squatarola 0.40 240 Sibley
Cackling Goose CAGO Branta hutchinsii 0.36 1950 Sibley
Nearctic Collared
Lemming

COLE Dicrostonyx 
groenlandicus 4.24 51 Gilg (2002)

Dark-Eyed Junco DEJU Junco hyemalis <0.01 19 Sibley
Fox Sparrow FOSP Passerella iliaca <0.01 32 Sibley
Golden-Crowned
Sparrow

GCSP
Zonotrichia atricapilla <0.01 29 Sibley

Gray-Cheeked Thrush GCTH Catharus minimus 0.12 32 Sibley
Golden Plover (American 
or Pacific)

GOPL Pluvialis dominica/P. 
fulva 5.63 138 This Paper2

Lapland Longspur LALO Calcarius lapponicus 0.06 27 Sibley

Long-Tailed Jaeger
LTJA Stercorarius 

longicaudus 3.80 300 Sibley
Mew Gull MEGU Larus canus 0.54 420 Sibley
North American Brown
Lemming

NABL
Lemmus trimucronatus 0.14 58 This Paper3

Northern Harrier NOHA Circus cyaneus 0.08 420 Sibley
Northern Waterthrush NOWA Seiurus noveboracensis <0.01 55 Sibley
Ptarmigan (Willow or
Rock)

PTAR
L. lagopus/L. muta 53.14 542 This Paper4

Red-Breasted Merganser RBME Mergus serrator 0.48 1060 Sibley
Northern Red-Backed
Vole

RBVO
Myodes rutilus 0.09 32

Robinson
(2019)

Red Knot REKN Calidris canutus 0.05 135 Sibley

Savannah Sparrow
SASP Passerculus 

sandwichensis <0.01 20 Sibley
Semipalmated Sandpiper SESA Calidris pusilla <0.01 25 Sibley

Semipalmated Plover
SEPL Charadrius 

semipalmatus <0.01 45 Sibley
Snow Bunting SNBU Plectrophenax nivalis 0.06 42 Sibley
Spotted Sandpiper SPSA Actitis macularius 0.03 40 Sibley
Surfbird SURF Aphriza virgata 0.03 190 Sibley
Tundra Vole TUVO Microtus oeconomus 0.64 49 This Paper5
Varied Thrush VATH Ixoreus naevius <0.01 78 Sibley
White-Crowned Sparrow WCSP Zonotrichia leucophrys 0.02 29 Sibley
Western Sandpiper WESA Calidris mauri 0.03 26 Sibley
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Table A.2 (Cont.):

Whimbrel WHIM Numenius phaeopus 1.22 390 Sibley
Wilson's Snipe WISN Gallinago delicata 3.01 105 Sibley
Unknown Species UNK NA 1.31 varies This Paper6

1 Arctic ground squirrel values were derived from averaging mass values from 8 specimens (4 male, 4 female). 
2Golden Plover values were derived from averaging the American Golden Plover and Pacific Golden Plover values 
in Sibley.
3 North American brown lemming values were derived from averaging mass values from 11 specimens. 
4Ptarmigan values were derived from averaging mass values from 22 Willow Ptarmigan (even mix of male and 
female) and 3 Rock Ptarmigan specimens. This ratio matches expected proportions of the two species in the 
Gyrfalcon diet.
5 Tundra vole values were derived from averaging mass values from 10 specimens.
6 Unknown species were categorized into size classes (i.e. “small passerine”, “medium shorebird”) and assigned a 
biomass value averaged from known members of that size class.
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Table A.3: Summary of sampled prey species and their isotopic values, and the species composition and average 
values of each of five prey categories used as source inputs for BSIMMs (bold).

Species δ13C (‰) ± SD δ15N (‰) ± SD n
Arctic Ground Squirrel -25.20 ± 0.43 3.26 ± 1.02 35
Arctic Ground Squirrel (Juvenile) -25.74 ± 0.49 2.28 ± 0.76 8
Total Arctic Ground Squirrel -25.30 ± 0.49 3.07 ± 1.04 43
Tundra Vole -26.94 ± 0.71 3.31 ± 0.83 27
Collared Lemming -26.54 ± 0.28 2.41 ± 0.65 2
Total Arvicoline Rodent -26.91 ± 0.69 3.25 ± 0.84 29
Long-Tailed Jaeger -23.35 ± 1.78 8.36 ± 2.07 20
Total Jaeger -23.35 ± 1.78 8.36 ± 2.07 20
American Robin (Adult) -24.44 ± 0.69 4.96 ± 0.79 9
American Robin (Juvenile) -23.25 ± 1.43 8.11 ± 1.24 3
Gray-Cheeked Thrush -25.89 ± 0.50 5.35 ± 1.65 2
Golden Plover (American or Pacific) -24.02 ± 1.25 5.05 ± 2.26 9
Wilson's Snipe -24.75 ± 1.53 5.73 ± 0.84 5
Total Insectivorous Bird -24.34 ± 1.22 5.49 ± 1.72 28
Willow Ptarmigan -24.63 ± 0.4 1.95 ± 0.90 20
Rock Ptarmigan -24.87 ± 0.23 0.85 ± 0.55 4
Ptarmigan (Unknown Sp.) -24.24 ± 0.56 1.87 ± 0.65 40
Total Ptarmigan -24.40 ± 0.54 1.83 ± 0.77 64
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Nest Camera Diet Estimates Mixing Model Diet Estimates (Mean ± 1 SD)

Table A.4: Gyrfalcon diet estimates from nest cameras and mixing models for each nest-year, Seward Peninsula 2016-2019. Diet data are displayed as 
proportional estimates of five prey categories: PTAR = ptarmigan. AGSQ = Arctic ground squirrel. I. bird = insectivorous bird. A. Rod = arvicoline rodent. 
IDs represent years and territories. N is the number of deliveries, age is age sampled, cat is the subset that nest-year is a part of.

cat id PTAR AGSQ 1. Bird A. Rod Jaeger PTAR AGSQ 1. Bird A. Rod Jaeger n age
16_016 0.405 0.180 0.288 0.089 0.037 0.608 ± 0.05 0.145±0.03 0.162 ±0.03 0.056 ±0.05 0.029 ±0.02 65 30

hc 17_004 0 605 0.032 0.350 0.013 0.000 0.777 ± 0.06 0.090 ±0.04 0.056-0.03 0.054 ±0.06 0.023 ±0.03 93 23
hr 17_010 0.722 0.000 0.266 0.012 0.000 0.857 ± 0.05 0.027 ±0.02 0.077 ±0.04 0.022 ±0.03 0.017 ±0.02 56 24
hr 17_011 0.630 0.116 0 241 0.013 0.000 0.738 ± 0.05 0.019 ± 0.01 0.211 ±0.04 0.017 ±0.02 0 015 ±0.02 52 19
hr 17_012 0.561 0.359 0.037 0.003 0.041 0.730 ± 0.06 0.169 ± 0.04 0.032 ±0.02 0.053 ±0.07 0 016 = 0.02 51 25
hr 18_001 0.544 0.346 0.098 0.012 0.000 0.709 ± 0.09 0.160±0 06 0.045 ±0.03 0.065 ± 0.09 0.022 ±0.03 95 26
hr 18_006 0.651 0.099 0.212 0.029 0.010 0.742 ± 0.09 0.066 ±0.04 0.115 ±0.05 0.047 ± 0.06 0.031 ±0.04 89 30
hr 18_007 0.435 0.302 0.142 0.011 0.110 0.447 ± 0.08 0.156±0.06 0.234-0.05 0.099 ±0.11 0.064 = 0.09 59 25
hr 18_008 0.531 0.299 0.156 0.013 0.000 0.722 ± 0.07 0.120±0.04 0.060-0.03 0.072 ±0.08 0.026 ±0.03 137 29
hr 18_010 0.786 0.000 0.198 0.003 0.013 0.833 ± 0.05 0.037 ±0.02 0.079 ±0.03 0.030 ±0.03 0.021 ±0.03 108 32
hr 19_002 0 292 0.22 0.153 0.329 0.006 0.465 ± 0.08 0.367 ±0.06 0.054 + 0.03 0.088 ±0.13 0.026 ±0.03 157 25
hr 19_003 0.158 0.674 0.059 0.109 0.000 0.335 ± 0.07 0.505 ± 0.06 0.056 = 0.03 0.078 ±0.10 0,026 = 0.03 62 22
hr 19_004 0.862 0.000 0.110 0.028 0.000 0.613 ±0.07 0.203 ± 0.05 0.071 ±0.03 0.084 ±0.11 0.029 ±0.03 69 24
hr 19005 0.728 0.119 0.143 0.010 0.000 0.353 ±0.10 0.407 ±0.09 0.071 ±0.03 0.138 ±0.20 0.031 ±0.04 99 29
hr 19_007 0.342 0.155 0.285 0.176 0.042 0.584 ± 0.07 0.116±0.05 0.158 ±0.04 0.088 ± 0.09 0.054 = 0.06 187 24
hr 19_011 0.154 0.469 0.040 0.337 0.000 0.317 ± 0.05 0.645 ± 0.04 0.012 = 0.01 0.019 ±0.02 0.007 ±0.01 185 24
hr 19_013 0.432 0.218 0.116 0.150 0.084 0.583 ± 0.06 0.285 ± 0.05 0.038 ±0.02 0.075 ±0.10 0.020 ±0.02 133 24
hr 19_014 0.007 0.187 0.163 0.016 0.627 0.074 ± 0.04 0.423 ± 0.08 0.424 = 0.07 0.038 ±0.04 0.040 ±0.08 118 30
hr 19_015 0.610 0.181 0.098 0.111 0.000 0.458 ±0.11 0.222 ±0.08 0.146 = 0.05 0.124±0.15 0.051 ±0.07 88 24

19 016 0.181 0.435 0.301 0.083 0.000 0.500 ± 0.11 0.166 ±0.07 0.175 ±0.06 0.103 ±0.12 0.056 ±0.08 121 26
hc HC

Total 0.488 0.213 0.169 0.074 0.055 0.508 ± 0.09 0.229 ±0.14 0.090 ±0.06 0.121 ±0.06 0.053 ± 0.03 2092 NA
tdf 16004 0.827 0.080 0.083 0.010 0.000 NA NA NA NA NA 113 34
Mf 17_009 0,338 0.554 0.101 0.007 0.000 NA NA NA NA NA 72 25
tdf TDF

Total 0.654 0.247 0.0 90 0.009 0.000 NA NA NA NA NA 185 NA



Appendix B: Chapter 3 Supplemental Figures & Tables

Table B.1: Metadata for the Gyrfalcon dataset and input parameters for BSIMMs.

Gyrfalcon dataset
Species Location Years Tissue 

Type
# Nests (# 
Nestlings)

# Source 
Groups

# Prey 
Tissue 
Samples 
(# species)

Literature 
Source

Gyrfalcon Seward Peninsula, 
Alaska

2016
2019

RBC 20 (57) 5 185(10) Johnson et 
al. 2020

S OURCE GROUPS
Category 13

δ C (‰) ± SD
15

δ N (‰) ± SD # Samples
Arctic Ground Squirrel -25.30 ± 0.49 3.07 ± 1.04 43
Insectivorous Bird -24.34 ± 1.22 5.49 ± 1.72 28
Arvicoline Rodent -26.91 ± 0.69 3.25 ± 0.84 29
Jaeger -23.35 ± 1.78 8.36 ± 2.07 20
Ptarmigan -24.40 ± 0.54 1.83 ± 0.77 64

TROPHIC DISCRIMINATION FACTORS
TDF Name Tissue 

Type
Category ∆13C (± SD) ∆15N (±

SD)
Source

GYRF_TDFcam _HQ RBC TDFcam

(2 high-quality nests)
0.99 ± 0.17 1.37 ±

0.22
Johnson 
et al. 2020 
(Top 
Model)

GYRF_TDFcam_MEAN RBC TDFcam

(20-nest mean)
0.87 ± 0.46 1.09 ±

0.55
Present
Study
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Table B.2: Metadata for the Peregrine Falcon dataset and input parameters for BSIMMs.

PEREGRINE FALCON DATASET
Species Location Years Tissue

Type
# Nests (# 
Nestlings)

# Source 
Groups

# Prey 
Tissue 
Samples 
(# 
species)

Literature 
Source

Peregrine Falcon Rankin
Inlet, 
Nunavut

2010
2012

Plasma 17 (57) 4 79 (15) Robinson 
et al. 2018

SOURCE GROUPS
Category 13

δ C (‰) ± SD
15

δ N(‰)±SD # Samples
Duck -19.56 ± 0.62 9.31 ± 2.67 6
Insectivorous Bird -23.30 ± 1.31 6.60 ± 1.75 35
Arvicoline Rodent -25.06 ± 0.46 0.96 ± 0.77 14
Seabird -18.99 ± 0.77 15.97 ± 1.15 20

TROPHIC DISCRIMINATION FACTORS
TDF Name Tissue

Type
Category ∆13C (±

SD)
∆15N (±

SD)
Source

PEFA_CFE_BLOOD Whole 
Blood

Controlled
Feeding
Experiment (Adult
Peregrines)

0.20 ±
0.01

3.30 ±
0.40

Hobson & 
Clark 1992 
(used in 
Robinson et 
al. 2018)

PEFA_TDFcam_HQ Plasma TDFcam (4 high- 
quality nests)

-0.76 ±
0.19

0.76 ±
1.18

Present Study

PEFA_TDFcam_MEAN Plasma TDFcam (17-nest 
mean)

-0.71 ±
1.30

0.13 ±
1.99

Present Study

I NFORMATIVE PRIORS
Duck Insectivorous Bird Arvicoline 

Rodent
Seabird Source

0.35 0.35 0.26 0.04 Bradley and 
Oliphant, 1991
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Table B.3: Metadata for the Common Buzzard dataset and input parameters for BSIMMs.

COMMON BUZZARD DATASET
Species Location Years Tissue Type # Nests (# 

Nestlings)
# Source 
Groups

# Prey
Tissue 
Samples (# 
species)

Literature 
Source

Common
Buzzard

Southern
England

2015 RBC;
Feathers;
Plasma

20(29) 6 69 (12) Swan et al.
2020

SOURCE GROUPS
Category 13

δ C (‰) ± SD
15

δ N(‰) ±
SD

# Samples

Amphibian -26.54 ± 0.44 6.25 ± 1.47 7
Corvid -24.97 ± 0.58 8.60 ± 1.53 5
Gamebird -24.71 ± 2.13 6.34 ± 0.73 9
Insectivorous Mammal -25.77 ± 1.01 9.02 ± 1.73 7
Rabbit -28.76 ± 0.52 6.11 ± 1.69 24
Small Mammal -28.33 ± 1.49 4.19 ± 2.59 17

TROPHIC DISCRIMINATION FACTORS
TDF Name Tissue

Type
Category ∆13C (±

SD)
∆15N (± SD) Source

COBU_SIDER_BLOOD Whole 
Blood

SIDER (Amphibian)
SIDER (Corvid)
SIDER (Gamebird)
SIDER (I. Mammal)
SIDER (Rabbit)
SIDER (S. Mammal)

1.60 ± 1.60
1.10 ± 1.50
1.10 ± 1.50
1.40 ± 1.50
2.30 ± 1.60
2.10 ± 1.60

2.80 ± 1.00
2.20 ± 1.00
2.80 ± 1.00
2.10 ± 1.00
2.80 ± 1.00
3.30 ± 1.00

Swan et 
al. 2020 
(Top 
Model)

COBU_TDFcam_RBC RBC TDFcam

(20-nest mean)
0.89 ± 0.67 1.90 ± 1.03 Present

Study
PEFA_CFE_FEATHER Feather Controlled Feeding 

Experiment (Adult 
Peregrines)

2.10 ± 0.10 2.70 ± 0.50 Hobson 
& Clark 
1992 
(Top 
Model 
in Swan 
et al. 
2020)

COBU TDFcam FEATH 
ER

Feather TDFcam

(20-nest mean)
1.93 ± 0.79 3.03 ± 1.35 Present

Study
CACO_CFE_PLASMA Plasma Controlled Feeding 

Experiment (Juvenile 
California Condors)

0.90 ± 0.20 3.30 ± 0.70 Kurle et
al. 2013

COBU TDFcam PLASM
A

Plasma TDFcam

(20-nest mean)
0.19 ± 0.67 2.60 ± 1.11 Present

Study
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Table B.4: Summary of nest camera diet data in the Gyrfalcon (Johnson et al. 2020), Peregrine
(Robinson et al. 2018) and Common Buzzard (Swan et al. 2020) datasets. Data are displayed as mean (± 1SD).

Study #
Cameras 
(# in 
high- 
quality 
subset)

Camera
Type

Coverage
Interval 
(days)

Nestling Age 
over 
Coverage 
Interval 
(days)

Mean Prey 
Biomass 
(daily rate 
per nestling 
in grams)

%
Unk.
Prey

Error 
Estimation 
Method

Gyrfalcon 22 (2) Photo
(Reconyx
HyperFire)

25.7 
(± 3.1)

0.4 (± 0.7) -
26.1(± 3.1)

76.2 (± 47.3) 0.7% Bayesian 
bootstrap

Peregrine 17 (3) Photo 
(Reconyx 
HyperFire)

8.5 
(± 4.1)

2.8 (± 3.9) -
11.3 (± 4.2)

82.6 (± 57.3) 20.1% Robinson 
et al. 
(2015)

Common 
Buzzard

20 (NA) Video 
(CMOS 
380 TVL)

18.1 
(± 7.1)

22.3 (± 8.6) -
40.4 (± 4.5)

53.4 (± 19.9) 10.6% Bayesian 
bootstrap
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Table B.5: Methodological approach for attaining Gyrfalcon covariates used as fixed effects in linear mixed models.

Variable(s) Methodological Approach
Hatch Date & 
Nestling Age

Motion-activated nest cameras were installed on Gyrfalcon nest sites 
during mid-incubation (following Robinson et al. 2019), and continuously 
monitored the interval from their installation date to when nestlings were 
sampled for stable isotopes at ~25 days of age. Thus, hatch dates were 
recorded and exact nestling age could be determined. We defined a nest's 
hatch date as the first date an egg hatched in the nest. Asynchronous hatch 
events were uncommon, and nestlings were typically the same age as their 
siblings +/- 2 days.

Nestling Sex All Gyrfalcon red blood cell samples used in the analysis were sexed 
genetically using p2/p8 primers at a commercial lab (Animal Genetics, Inc. 
Tallahassee, FL).

Body Condition We generated an index of nestling body condition using the residuals from 
a regression of nestling body mass on an integrated measure of their 
structural size. When Gyrfalcon nestlings were ~25 days of age, we visited 
nests to sample them for stable isotopes and also took several 
morphological measurements: p7 (feather) length, central retrix (feather) 
length, and tarsus length. We used a principal components analysis (PCA) 
to generate a measure of structural size for each sex individually, because 
Gyrfalcons are sexually dimorphic (Booms et al. 2020). For females PC1 
explained 93.8% of the variance, and for males PC1 explained 93.4% of 
the variance. For females, nestling mass was positively correlated with 
PC1 (OLS regression; β=102.81, p < 0.01, R-squared= 0.42). For males, 
nestling mass was also positively correlated with PC1 (OLS regression; 
β=74.30, p < 0.01, R-squared= 0.43). The resulting residuals of each 
regression were used as body condition estimates.

129



Table B.6: Ranking of Gyrfalcon BSIMM agreement with nest camera dietary proportions, applying two different 
TDFCAMs: one incorporating all individuals in the dataset (GYRF_TDFCAM_MEAN); and one incorporating 
individuals from two high-quality nests (GYRF_TDFCAM_HQ; Table B.1). Bhattacharyya's coefficient (BC) is 
displayed for each prey category: PTAR (ptarmigan), AGSQ (Arctic ground squirrel), I. Bird (insectivorous bird), 
A.Rod (arvicoline rodent) and jaeger. The total BC values are the mean ± SD across categories.

Year TDF
BC (Mean ± 
SD) PTAR AGSQ I. Bird A. Rod Jaeger

All GYRF TDFcam MEAN 0.757 ± 0.15 0.943 0.676 0.565 0.750 0.853
All GYRF TDFcam HQ 0.738 ± 0.20 0.917 0.648 0.499 0.689 0.935
2017 GYRF TDFcam MEAN 0.552 ± 0.08 0.599 0.662 0.537 0.460 0.502
2017 GYRF_TDFcam_HQ 0.394 ± 0.10 0.448 0.538 0.300 0.304 0.381
2018 GYRF_TDFcam_MEAN 0.600 ± 0.09 0.660 0.646 0.442 0.579 0.672
2018 GYRF_TDFcam_HQ 0.547 ± 0.16 0.621 0.594 0.351 0.414 0.754
2019 GYRF TDFcam MEAN 0.800 ± 0.17 0.914 0.784 0.552 0.757 0.993
2019 GYRF_TDFcam_HQ 0.670 ± 0.26 0.890 0.608 0.356 0.522 0.974
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Table B.7: AIC output for linear mixed models testing the effects influencing Gyrfalcon nestling TDFCAMs for 
carbon (∆13C) and nitrogen (∆15N). In all models, territory and year were included as random effects to account for 
non-independence. The most parsimonious model in each category is bolded. n=20 nest-years 2016-2019.

Respons 
e 
Variable

Explanatory Variables K AICc ∆AIC AIC 
Wt.

∆15N
% Ptarmigan + Body Condition + Age + Hatch 
Date 8 3.29 0.00 0.97
% Ptarmigan + Body Condition + Age 7 10.79 7.50 0.02
% Ptarmigan + Body Condition + Age + Sex 8 13.77 10.48 0.00
% Ptarmigan + Body Condition 6 15.59 12.30 0.00
% Ptarmigan + Body Condition + Sex 7 18.42 15.13 0.00
% Ptarmigan 5 48.52 45.23 0.00
% Arvicoline Rodent 5 57.48 54.20 0.00
Body Condition 5 61.06 57.77 0.00
% Arctic Ground Squirrel 5 70.27 66.99 0.00
Age 5 74.57 71.28 0.00
% Jaeger 5 87.66 84.38 0.00
Hatch Date 5 87.98 84.70 0.00
Sex 6 88.02 84.73 0.00
Intercept-Only Model 4 89.53 86.24 0.00
% Shorebird 5 91.89 88.60 0.00

∆13C % Arvicoline Rodent + Age + Sex 8 22.64 0.00 0.79

% Arvicoline Rodent + Age + Sex + Hatch Date 9 19.88 2.76 0.20

% Arvicoline Rodent + Age 6 10.67 11.97 0.00
% Arvicoline Rodent 5 -9.42 13.22 0.00
Age 5 -9.02 13.62 0.00
% Ptarmigan 5 -8.54 14.10 0.00
% Arvicoline Rodent + Age + Body Condition 7 -8.47 14.17 0.00
% Arvicoline Rodent + % Ptarmigan 6 -7.52 15.12 0.00
% Arctic Ground Squirrel 5 -6.67 15.97 0.00
Sex 6 1.44 24.08 0.00
% Shorebird 5 8.38 31.02 0.00
Body Condition 5 11.04 33.68 0.00
% Jaeger 5 11.69 34.33 0.00
Hatch Date 5 13.29 35.93 0.00
Intercept-Only Model 4 14.34 36.98 0.00
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Table B.8: Ranking of Peregrine BSIMM agreement with nest camera dietary proportions, comparing the 
incorporation of different TDFs and prior sets in the model. “I” is an informative prior (Table B.2), and “U” is an 
uninformative prior. We tested four different TDFs: PEFA_CFE_BLOOD, PEFA_TDFCAM_HQ, 
PEFA_TDFCAM_MEAN (Table B.2), and COBU_TDFCAM_PLASMA (Table B.3). Bhattacharyya's coefficient (BC) 
is displayed for each prey category: Duck (waterfowl), I. Bird (Insectivorous Bird), A.Rod (arvicoline rodent) and 
Seabird. The total BC values are the mean ± SD across categories.

Prior TDF Mean BC SD BC Duck I. Bird A. Rod Seabird
I PEFA_TDFcam_MEAN 0.816 0.102 0.872 0.664 0.859 0.872
I PEFA_TDFCAM_HQ 0.744 0.133 0.723 0.578 0.777 0.898
I COBU_TDFCAM_PLASMA 0.660 0.204 0.782 0.633 0.383 0.842
U PEFA_TDFCAM_MEAN 0.650 0.17 0.884 0.533 0.667 0.518
U COBU_TDFCAM_PLASMA 0.556 0.281 0.884 0.439 0.235 0.665
U PEFA_TDFCAM_HQ 0.545 0.242 0.88 0.319 0.435 0.548
I PEFA_CFE_BLOOD 0.508 0.251 0.641 0.423 0.199 0.77
U PEFA_CFE_BLOOD 0.427 0.376 0.866 0.165 0.068 0.611
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Table B.9: Ranking of common Buzzard BSIMM agreement with nest camera dietary proportions, comparing the 
incorporation of different TDFs and prior sets in the model. We tested eight different TDFs across three tissue types: 
cOBU_SIDER_BLOOD, cOBU_TDFcAM_RBc, GYRF_TDFcAM_MEAN, PEFA_cFE_FEATHER, 
cOBU_TDFcAM_FEATHER, cAcO_cFE_PLASMA, cOBU_TDFcAM_PLASMA, and PEFA_TDFcAM_PLASMA 
(Table S3). Bhattacharyya's coefficient (BC) is displayed for each prey category: A (amphibian), C (corvid), G 
(gamebird), I (insectivorous rodent); M (mouse) and R (rabbit). The total Bc values are the mean ± SD across 
categories. The top model is bolded for each tissue type.

TDF
Mean 

BC SD BC A C G I M R
COBU_TDFcam_RBC 0.693 0.106 0.549 0.762 0.620 0.743 0.647 0.839
GYRF TDFcam MEAN 0.634 0.136 0.572 0.718 0.497 0.643 0.520 0.857
COBU SIDER BLOOD 0.483 0.183 0.646 0.598 0.354 0.530 0.173 0.599
COBU_TDFcam_FEATHER 0.693 0.101 0.551 0.76 0.646 0.730 0.635 0.834
PEFA CFE FEATHER 0.653 0.108 0.593 0.776 0.506 0.743 0.580 0.721
COBU_TDFcam_PLASMA 0.692 0.102 0.555 0.759 0.628 0.716 0.651 0.842
CACO CFE PLASMA 0.555 0.137 0.643 0.611 0.323 0.553 0.487 0.711
PEFA TDFcam PLASMA 0.460 0.102 0.593 0.549 0.505 0.366 0.381 0.365
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Appendix C: Chapter 4 Supplemental Figures & Tables

Figure C.1: Map of Alaska's Seward Peninsula. Gray shaded areas constitute the extent of helicopter surveys 
conducted for Gyrfalcon nests within the study area. Red lines indicate roads by which territories are accessed. Blue 
dashed line in Alaska inset represents the Arctic Circle.

134



Figure C.2: Breeding phenology for Rough-legged Hawks (RLHA), Gyrfalcons (GYRF), and Golden Eagles 
(GOEA) on the Seward Peninsula 2014-2019. Data are based on forward and backward projections of mean hatch 
dates (filled circles, error bars ± 1 SD) and average incubation (dashed line) and hatch-fledge (solid line) intervals 
for each species. Hatch date data correspond to the individual nest-years sampled for stable isotope analysis (sample 
sizes; Table C.1) and were estimated using an aging guide (Anderson et al. 2017) or by expert observers. Gray 
dotted lines indicate average aerial survey dates throughout the course of the study, and yellow bars indicate 
sampling intervals for each species. Horizontal dashed lines begin with egg-laying, thus sites are likely occupied for 
several weeks prior to the pictured phenological timelines for the pre-laying interval (nest building/selection, 
courtship, copulation and egg development are not included in this figure).

135



Figure C.3: Mean BSIMM output (diet estimates) for Gyrfalcons (GYRF), Golden Eagles (GOEA), and Rough
Legged Hawks (RLHA) using an informative vs uninformative prior. Dietary percentages of each informative prior 
applied are displayed in the column on the left and detailed in Table C.3. Colors correspond to one of seven prey 
categories. All models were formulated with the same Gyrfalcon TDFcam and source groups; sample sizes are all 
individuals for each raptor species detailed in Table C.1.
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Figure C.4: Posterior density distributions from Golden Eagle BSIMM output comparing diet estimates for each 
prey group using informative (blue outline; Table C.4) vs uninformative (red outline) priors. BSIMMs both 
formulated on 59 golden eagle nestlings (2014-2019); 219 prey samples from 7 categories; and a TDFcam 
calculated for Gyrfalcon nestlings. Vertical dotted lines indicate mean estimates for each model and 
BC=Bahattacharyya's Coefficient. For prey group abbreviations: AGSQ=Arctic ground squirrel; 
I.Bird=insectivorous bird; A.Rodent=arvicoline rodent.
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Figure C.5: Posterior density distributions from Gyrfalcon BSIMM output comparing diet estimates for each prey 
group using informative (blue outline; Table C.4) vs uninformative (red outline) priors. BSIMMs both formulated on 
105 Gyrfalcon nestlings (2016-2019); 219 prey samples from 7 categories; and a TDFcam calculated for Gyrfalcon 
nestlings. Vertical dotted lines indicate mean estimates for each model and BC=Bahattacharyya's Coefficient. For 
prey group abbreviations: AGSQ=Arctic ground squirrel; I.Bird=insectivorous bird; A.Rodent=arvicoline rodent.

138



Figure C.6: Posterior density distributions from Rough-Legged Hawk BSIMM output comparing diet estimates for 
each prey group using informative (blue outline; Table C.4) vs uninformative (red outline) priors. BSIMMs both 
formulated on 25 rough-legged hawk nestlings (2018-2019); 219 prey samples from 7 categories; and a TDFcam 
calculated for Gyrfalcon nestlings. Vertical dotted lines indicate mean estimates for each model and 
BC=Bahattacharyya's Coefficient. For prey group abbreviations: AGSQ=Arctic ground squirrel; 
I.Bird=insectivorous bird; A.Rodent=arvicoline rodent.
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Figure C.7: Comparison of niche width estimation methods from 20 Gyrfalcon nest-years (2017-2019; Seward 
Peninsula; Table C.3). Diet breadth (left) was calculated from proportional diet estimates generated from nest 
cameras. SEA (right) was calculated from raw stable isotope data (δ13C and δ15N) of nestling red blood cell samples.
The two estimates of niche width (Y-axes) are on different scales but reflect a similar trend. Points indicate mean 
estimates and colored boxes correspond to 50%, 75%, and 90% credible intervals respectively.
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Figure C.8: Mean proportional diet estimates for each of the three focal raptor species in each year, as inferred from 
BSIMM output (sample sizes, Table C.1; diet estimates with credible intervals; Table C.7). Data reflect the diet of 
raptor nestlings during brood-rearing on the Seward Peninsula. Each column is a different year (2014-2019), and 
each row is a different raptor species (GOEA = Golden Eagle, GYRF = Gyrfalcon, RLHA = Rough-legged Hawk).
Colors correspond to the seven prey categories as indicated in the legend. White rectangles indicate years without 
stable isotope data for that species.

141



Table C.1: Nestling red blood cell sample size by species and year, Seward Peninsula (2014-2019).

Year
Golden Eagles Gyrfalcons Rough-legged Hawks

Individuals Nests* Individuals Nests* Individuals Nests*
2014 13 10 - - - -
2015 12 11 - - - -
2016 5 4 19 9 - -
2017 15 9 18 7 - -
2018 7 6 26 10 10 5
2019 7 4 42 14 15 6
Total 59 44 105 40 25 11

*These columns indicate the number of nests sampled in each year, which we refer to as nest- 
years (as the same territory may be occupied in subsequent years).
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Table C.2: Isotopic values and sample sizes of prey muscle tissue samples used in this study. Sample sizes for 
individual species are shown, and species values were averaged across the prey category they belong to. Shaded 
rows represent the seven prey categories used as source values for BSIMMs, and the isotopic space each category 
occupies is visualized in Figure 4.1.

Species δ13C (‰) ± SD δ15N (‰) ± SD n
Arctic Ground Squirrel -25.20 ± 0.43 3.26 ± 1.02 35
Arctic Ground Squirrel (Juvenile) -25.74 ± 0.49 2.28 ± 0.76 8
Total Arctic Ground Squirrel -25.30 ± 0.49 3.07 ± 1.04 43
American Robin -24.14 ± 1.00 5.75 ± 1.66 12
Gray-Cheeked Thrush -25.90 ± 0.50 5.35 ± 1.66 2
Golden Plover (American or Pacific) -24.02 ± 1.25 5.05 ± 2.26 9
White-Crowned Sparrow -25.11 ± 0.05 3.71 ± 0.33 3
Western Sandpiper -24.40 ± 1.44 6.56 ± 2.37 2
Wilson's Snipe -24.09 ± 2.11 6.77 ± 2.66 6
Total Insectivorous Bird -24.30 ± 1.31 5.59 ± 2.05 34
American Widgeon -25.52 ± NA 7.63 ± NA 1
Mallard -30.16 ± NA 7.11 ± NA 1
Northern Pintail -27.35 ± 1.57 7.73 ± 0.30 4
Total Waterfowl -27.51 ± 1.92 7.61 ± 0.34 6
Alaska Hare -26.15 ± NA 2.24 ± NA 1
Snowshoe Hare -26.49 ± 0.51 1.74 ± 1.35 5
Total Hare -26.43 ± 0.48 1.82 ± 1.23 6
Northern Collared Lemming -26.54 ± 0.28 2.41 ± 0.65 2
North American Brown Lemming -27.26 ± 2.06 3.24 ± 1.78 4
Red-Backed Vole -25.09 ± 0.56 3.10 ± 1.12 4
Singing Vole -27.44 ± 0.89 0.04 ± 0.61 5
Tundra Vole -26.94 ± 0.70 3.16 ± 1.13 28
Total Arvicoline Rodent -26.84 ± 1.04 2.77 ± 1.49 43
Black-Legged Kittiwake -19.52 ± NA 15.89 ± NA 1
Long-Tailed Jaeger -23.35 ± 1.78 8.36 ± 2.07 20
Mew Gull -22.27 ± 1.76 9.96 ± 1.73 2
Northern Harrier -25.06 ± NA 7.76 ± NA 1
Short-Eared Owl -24.74 ± NA 5.63 ± NA 1
Total Avian Predator -23.24 ± 1.88 8.66 ± 2.51 25
Ptarmigan (unknown species) -24.32 ± 0.77 1.85 ± 0.65 41
Rock Ptarmigan -24.87 ± 0.23 0.85 ± 0.55 4
Willow Ptarmigan -24.63 ± 0.4 1.95 ± 0.90 20
Total Ptarmigan -24.45 ± 0.67 1.82 ± 0.76 65
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Table C.3: Proportional diet estimates used for informative priors in BSIMMs from other diet studies on the Seward 
Peninsula on Golden Eagles (GOEA), Gyrfalcons (GYRF), and Rough-legged Hawks (RLHA). We categorized prey 
species into seven categories and adjusted for biomass where the author had not done so (Springer 1975). Prey 
categories are: Ptarmigan (PTAR); Arctic ground squirrels (AGSQ); insectivorous birds (I. Bird); arvicoline rodents 
(A. Rod); avian predators (Gull/Raptor); waterfowl (Duck); and hares.

Species PTAR AGSQ I. Bird A. Rod Gull/Raptor Duck Hare Source
GOEA 0.20 0.52 0.02 0.00 0.01 0.16 0.08 Herzog et al., 

(2019) pellet/prey 
analysis

GYRF 0.55 0.21 0.12 0.08 0.04 0.00 0.00 Robinson et al., 
(2019) nest 
camera analysis

RLHA 0.26 0.26 0.02 0.38 0.03 0.00 0.05 Springer (1975) 
pellet/prey 
analysis
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Table C.4: Subset of Gyrfalcon nest-years used for the comparison of niche estimation methods (Shannon's Entropy 
Diversity Index [nest cameras] & Standard Ellipse Area [stable isotopes]). Dietary percentages correspond to nest 
camera estimates for each prey category: PTAR=ptarmigan; AGSQ=arctic ground squirrel; I.Bird=insectivorous 
bird; A.Rod=arvicoline rodent; Gull/Raptor=avian predators. The other two groups considered in BSIMMs (hares 
and waterfowl) did not occur in Gyrfalcon camera data with high enough frequency to factor into this portion of the 
analysis. Stable isotope ratios (‰) are reported here as the mean value for the nestlings measured from that nest-year 
(n=1-4 nestlings).

Year Nest PTAR AGSQ I.Bird A.Rod Gull/Raptor
Shannon 
Index

δ13C
(‰)

δ15N 
(‰)

2017 1 0.569 0.045 0.367 0.019 0.000 0.423 -23.547 3.770
2017 3 0.243 0.665 0.085 0.008 0.000 0.456 -24.045 4.360
2017 4 0.695 0.000 0.286 0.019 0.000 0.178 -23.170 3.710
2017 5 0.580 0.156 0.247 0.017 0.000 0.761 -22.890 4.457
2017 6 0.476 0.446 0.035 0.004 0.039 0.629 -23.845 3.660
2018 7 0.461 0.431 0.093 0.015 0.000 0.636 -23.800 3.640
2018 8 0.605 0.135 0.219 0.032 0.010 0.969 -23.350 4.210
2018 9 0.370 0.376 0.135 0.013 0.106 0.951 -23.520 5.280
2018 10 0.454 0.375 0.157 0.014 0.000 0.752 -23.593 3.857
2018 4 0.766 0.000 0.216 0.005 0.014 0.302 -23.302 3.822
2019 11 0.217 0.239 0.126 0.413 0.005 1.091 -24.325 4.070
2019 12 0.112 0.704 0.047 0.136 0.000 0.629 -24.673 4.260
2019 1 0.834 0.000 0.119 0.047 0.000 0.504 -23.850 4.065
2019 13 0.676 0.162 0.149 0.013 0.000 0.821 -24.445 4.352
2019 9 0.278 0.185 0.258 0.241 0.038 1.062 -23.495 4.665
2019 5 0.105 0.467 0.030 0.398 0.000 0.838 -25.065 3.355
2019 14 0.351 0.259 0.104 0.210 0.076 1.326 -24.108 3.820
2019 15 0.006 0.231 0.153 0.02 0.590 1.003 -24.080 7.140
2019 16 0.524 0.228 0.094 0.153 0.000 1.061 -23.860 4.740
2019 2 0.140 0.492 0.260 0.108 0.000 0.936 -23.650 4.880
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Table C.5: Summary of Gyrfalcon nests used to analyze the relationship between individual specialization and total 
niche width from nest camera data (Figure 4.4). Nest camera data reflect the diet during the first half of the brood
rearing period on the Seward Peninsula. TNW=trophic niche width, as calculated by Shannon's Entropy Diversity 
Index on proportional diet estimates for each year. E index is a measure of individual specialization, and E Null is 
the individual specialization metric calculated from randomly drawn data in each year. Proportional diet estimates 
are presented for seven prey categories: Ptarmigan (PTAR); Arctic ground squirrels (AGSQ); insectivorous birds (I. 
Bird); arvicoline rodents (A. Rod); avian predators (Gull/Raptor); waterfowl (Duck); and hares.

Year Nests TNW E Index E Null PTAR AGSQ I.Bird A.Rod Gull/Raptor Duck Hare
2014 7 0.52 0.14 0.05 0.82 0.07 0.10 0.00 0.00 0.00 0.00
2015 11 0.91 0.35 0.08 0.50 0.30 0.17 0.01 0.01 0.00 0.00
2016 5 0.98 0.38 0.11 0.48 0.34 0.12 0.02 0.04 0.00 0.00
2017 8 0.91 0.31 0.08 0.54 0.26 0.19 0.01 0.01 0.00 0.00
2018 11 0.86 0.35 0.09 0.57 0.21 0.17 0.02 0.02 0.01 0.00
2019 13 1.12 0.46 0.11 0.33 0.30 0.16 0.15 0.05 0.01 0.00
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Table C.6: Opportunistic arvicoline rodent trapping efforts conducted by this study on the Seward Peninsula, 2018
2019. Four-letter codes correspond to different species: TUVO = Tundra Vole; RBVO = Red-Backed Vole; SIVO = 
Singing Vole; NOCL = Northern Collared Lemming; NABL = North American Brown Lemming. Rodents were 
trapped at seven locations across the study site during the raptor brood-rearing period.

Year
Total 
Individuals

Trap 
Nights

Individuals / 
Trap Night TUVO RBVO SIVO NOCL NABL

2018 8 840 0.0095 6 1 0 0 1

2019 23 120 0.1917 15 2 4 1 1
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Table C.7: Diet estimates from BSIMMs (mean ± 1 SD) for each raptor species in each year (sample sizes; Supplemental Table 1). Each 
column corresponds to one of seven prey categories: Ptarmigan (PTAR); Arctic ground squirrels (AGSQ); insectivorous birds (I. Bird); 
arvicoline rodents (A. Rod); gulls/raptors; waterfowl (Duck); and hares. BSIMMs were formulated with a TDFcam and informative priors 
(Table C.3), and represent nestling diet for the first half of their brood-rearing period on the Seward Peninsula.

Year

Raptor 
Species 
(Year) PTAR AGSQ I.Bird A. Rod

Gull/ 
Raptor Duck Hare

2014 GOEA 0.16 ±0.09 0.61 ±0.14 0.00 ±0.01 0.00 ±0.00 0.03 ± 0.02 0.01 ±0.01 0.19±0.10
2015 GOEA 0.13 ±0.11 0.58 ±0.21 0.01 ±0.04 0.00 ±0.00 0.11 ±0.07 0.01 ±0.02 0.15 ±0.12
2016 GOEA 0.19±0.16 0.64 ± 0.22 0.00 ±0.02 0.00 ±0.00 0.03 ± 0.04 0.01 ± 0.02 0.12±0.11
2017 GOEA 0.11 ±0.09 0.53 ±0.21 0.01 ±0.02 0.00 ±0.00 0.18 ± 0.10 0.03 ± 0.04 0.15 ±0.13
2018 GOEA 0.17±0.16 0.73 ±0.21 0.00 ±0.01 0.00 ±0.00 0.01 ±0.02 0.01 ±0.01 0.08 ±0.09
2019 GOEA 0.11 ±0.11 0.58 ±0.21 0.01 ±0.04 0.00 ±0.00 0.12 ±0.09 0.01 ± 0.02 0.16 ± 0.13
2016 GYRF 0.62 ±0.10 0.09 ±0.05 0.20 ±0.10 0.04 ± 0.02 0.05 ± 0.04 0.00 ±0.00 0.00 ±0.00
2017 GYRF 0.62 ±0.10 0.20 ±0.10 0.12 ±0.09 0.01 ±0.01 0.06 ± 0.05 0.00 ±0.00 0.00 ±0.00
2018 GYRF 0.57 ±0.10 0.08 ±0.07 0.18 ± 0.11 0.12 ±0.06 0.05 ± 0.05 0.00 ±0.00 0.00 ±0.00
2019 GYRP 0.35 ±0.09 0.21 ±0.16 0.11 ±0.10 0.26 ±0.11 0.08 ± 0.05 0.00 ±0.00 0.00 ±0.00
2018 RLHA 0.22 ±0.09 0.33 ±0.13 0.01 ±0.03 0.34 ±0.11 0.03 ± 0.03 0.00 ±0.00 0.08 ±0.07
2019 RLHA 0.06 ±0.05 0.10±0.08 0.01 ±0.03 0.73 ±0.14 0.02 ± 0.02 0.00 ±0.00 0.08 ±0.12
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Table C.8: Diet estimates from BSIMMs (mean ± 1 SD) for each nest-year for each species from 2018-2019. For raptor species: GYRF=Gyrfalcon; 
GOEA=Golden Eagle; RLHA= Rough-Legged Hawk. Each column corresponds to one of seven prey categories: Ptarmigan (PTAR); Arctic ground 
squirrels (AGSQ); insectivorous birds (I. Bird); arvicoline rodents (A. Rod); avian predators (Gull/Raptor); waterfowl (Duck); and hares. BSIMMs 
were formulated with a TDFcam and informative priors (Table C.3), and represent nestling diet for the first half of their brood-rearing period on the 
Seward Peninsula.

Year Species Nest-year AGSQ Duck Hare A. Rod Gull/Raptor PTAR
2018 GYRF 18 438 0.05 ± 0.03 0.09 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.16 ±0.03 0.06 ± 0.02 0.65 ±0.05
2018 GYRF 18_254 0.07 ± 0.07 0.16 ±0.12 0.00 ± 0.00 0.00 ± 0.00 0.09 ±0.05 0.11 ±0.06 0.57 ±0.09
2018 GYRF 18122 0.06 ± 0.06 0.14 ±0.10 0.00 ± 0.00 0.00 ± 0.00 0.08 ± 0.05 0.10 ±0.05 0.62 ± 0.09
2018 GYRF 18 429 0.10±0.11 0.21 ±0.14 0.00 ± 0.00 0.00 ± 0.00 0.16 ±0.07 0.12 ±0.07 0.41 ±0.10
2018 GYRF 18 208 0.03 ± 0.03 0.08 ± 0.06 0.00 ±0.00 0.00 ± 0.00 0.05 ± 0.03 0.07 ± 0.04 0.76 ±0.05
2018 GYRF 18_670 0.04 ± 0.04 0.13 ±0.12 0.00 ±0.00 0.00 ± 0.00 0.05 ± 0.03 0.15 ±0.06 0.63 ±0.07
2018 GYRF 18_206 0.10± 0.13 0.12 ±0.08 0.00 ±0.00 0.00 ± 0.00 0.20 ± 0.07 0.06 ± 0.04 0.52 ±0.08
2018 GYRF 18_526 0.07 ± 0.08 0.05 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.28 ± 0.05 0.03 ± 0.02 0.56 ±0.05
2018 GYRF 18 442 0.06 ± 0.06 0.17 ±0.13 0.00 ± 0.00 0.00 ± 0.00 0.09 ±0.05 0.15 ±0.07 0.52 ±0.08
2018 GYRF 18 120 0.06 ± 0.06 0.11 ±0.08 0.00 ± 0.00 0.00 ± 0.00 0.08 ± 0.05 0.07 ± 0.04 0.68 ±0.08
2019 GYRF 19_203 0.11 ±0.12 0.13 ±0.08 0.00 ±0.00 0.00 ± 0.00 0.18 ±0.06 0.08 ± 0.04 0.49 ± 0.07
2019 GYRF 19_205 0.06 ± 0.06 0.09 ± 0.06 0.00 ± 0.00 0.00 ± 0.00 0.09 ±0.04 0.05 ± 0.03 0.71 ±0.06
2019 GYRF 19 453 0.02 + 0.02 0.04 ± 0.04 0.00 ±0.00 0.00 ± 0.00 0.02 ± 0.01 0.04 ±0.03 0.89 ± 0.04
2019 GYRF 19_254 0.02 ±0.02 0.07 ± 0.06 0.00 ±0.00 0.00 ± 0.00 0.03 ± 0.02 0.07 ± 0.04 0.81 ±0.05
2019 GYRF 19 353 0.02 ± 0.02 0.10±0.16 0.00 ± 0.00 0.00 ± 0.00 0.02 ±0.01 0.18 ±0.08 0.68 ±0.10
2019 GYRF 19 208 0.08 ±0.10 0.07 ± 0.05 0.00 ± 0.00 0.00 ± 0.00 0.19 ±0.05 0.04 ±0.02 0.62 ±0.06
2019 GYRF 19 670 0.07 ± 0.09 0.07 ± 0.05 0.00 ±0.00 0.00 ± 0.00 0.16 ±0.06 0.04 ± 0.03 0.65 ±0.08
2019 GYRF 19 225 0.05 ± 0.05 0.11 ±0.08 0.00 ± 0.00 0.00 ± 0.00 0.07 ±0.03 0.08 ± 0.04 0.68 ±0.06
2019 GYRF 19_230 0.09 ±0.10 0.11 ±0.07 0.00 ±0.00 0.00 ± 0.00 0.14 ±0.05 0.06 ± 0.04 0.60 ± 0.07
2019 GYRF 19 874 0.05 ± 0.05 0.13±0.10 0.00 ± 0.00 0.00 ± 0.00 0.07 ± 0.04 0.10 ±0.05 0.66 ± 0.09
2019 GYRF 19 520 0.09 ± 0.09 0.23 ±0.16 0.00 ± 0.00 0.00 ± 0.00 0.13 ±0.07 0.19 ±0.09 0.37 ±0.09
2019 GYRF 19 873 0.08 ±0.08 0.17 ± 0.11 0.00 ± 0.00 0.00 ± 0.00 0.11 ±0.05 0.12 ±0.06 0.53 ±0.08
2019 GYRF 19 886 0.07 ± 0.08 0.10 ±0.06 0.00 ± 0.00 0.00 ± 0.00 0.11 ±0.04 0.06 ±0.03 0.66 ±0.06
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Table C.8 (cont.)

Year Species Nest-year AGSQ Duck Hare A. Rod Gull/Raptor PTAR
2019 GYRF 19 212 0.05 ± 0.06 0.04 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.62 ± 0.05 0.03 ± 0.02 0.26 ± 0.06
2018 GOEA 18_082 0.44 ± 0.24 0.01 ±0.04 0.02 ± 0.02 0.28 ±0.18 0.00 ± 0.00 0.06 ± 0.05 0.19 ± 0.17
2018 GOEA 18183 0.73 ± 0.28 0.01 ±0.06 0.01 ±0.02 0.13 ±0.18 0.00 ± 0.00 0.04 ±0.05 0.08 ±0.15
2018 GOEA 18 345 0.46 ± 0.27 0.01 ± 0.03 0.01 ± 0.02 0.18 ± 0.15 0.00 ± 0.00 0.06 ± 0.05 0.27 ± 0.23
2018 GOEA 18_491 0.44 ± 0.24 0.01 ± 0.03 0.02 ± 0.03 0.33 ± 0.20 0.00 ± 0.00 0.06 ± 0.05 0.13 ±0.12
2018 GOEA 18 860 0.44 ± 0.25 0.01 ±0.03 0.01 ±0.02 0.27 ±0.18 0.00 ± 0.00 0.06 ± 0.05 0.21 ±0.18
2018 GOEA 18 F046 0.40 ± 0.27 0.01 ±0.05 0.01 ±0.02 0.11 ±0.09 0.00 ± 0.00 0.12±0.10 0.34 ± 0.26
2019 GOEA 19 345 0.23 ±0.13 0.02 ± 0.08 0.02 ± 0.04 0.12 ±0.08 0.00 ± 0.00 0.48 ±0.10 0.12±0.10
2019 GOEA 19 491 0.47 ± 0.22 0.02 ± 0.04 0.03 ± 0.04 0.24 ±0.15 0.00 ±0.00 0.10 ±0.06 0.15 ±0.12
2019 GOEA 19_912 0.62 ± 0.25 0.01 ±0.05 0.02 ± 0.03 0.16 ± 0.16 0.00 ± 0.00 0.11 ±0.09 0.08 ± 0.07
2019 GOEA 19 927 0.42 ± 0.24 0.01 ±0.03 0.02 ± 0.02 0.34 ±0.20 0.00 ± 0.00 0.06 ± 0.04 0.15 ± 0.14
2018 RLHA 18 204 0.28 ±0.17 0.06 ± 0.06 0.00 ± 0.00 0.01 ± 0.02 0.42 ± 0.09 0.00 ±0.00 0.22 ± 0.07
2018 RLHA 18 277 0.54 ± 0.27 0.07 ± 0.07 0.00 ± 0.00 0.02 ± 0.03 0.19 ±0.00 0.00 ±0.01 0.19 ±0.12
2018 RLHA 18_443 0.14 ± 0.17 0.01 ±0.02 0.00 ±0.00 0.06 ±0.11 0.30 ±0.10 0.00 ±0.00 0.49 ±0.13
2018 RLHA 18_534 0.26 ± 0.20 0.03 ± 0.03 0.00 ± 0.00 0.02 ± 0.04 0.26 ± 0.08 0.00 ±0.00 0.42 ±0.12
2018 RLHA 18 666 0.45 ± 0.27 0.06 ± 0.06 0.00 ± 0.00 0.01 ± 0.02 0.23 ±0.10 0.00 ±0.00 0.25 ±0.13
2019 RLHA 19 214 0.06 ± 0.05 0.02 ± 0.03 0.00 ± 0.00 0.01 ±0.01 0.87 ± 0.06 0.00 ±0.00 0.04 ± 0.03
2019 RLHA 19_277 0.29 ±0.16 0.06 ± 0.06 0.00 ±0.00 0.02 ± 0.03 0.51 ±0.08 0.00 ±0.00 0.12 ±0.07
2019 RLHA 19 453 0.12 ±0.08 0.02 ± 0.02 0.00 ± 0.00 0.02 ± 0.04 0.75 ± 0.08 0.00 ±0.00 0.10 ±0.06
2019 RLHA 19 635 0.21 ±0.16 0.10 ±0.09 0.00 ± 0.00 0.01 ± 0.03 0.59 ±0.09 0.00 ±0.00 0.08 ± 0.06
2019 RLHA 19_669 0.10 ±0.08 0.02 ± 0.02 0.00 ± 0.00 0.02 ± 0.05 0.77 ±0.09 0.00 ±0.00 0.09 ±0.06
2019 RLHA 19 TSK 0.29 ± 0.22 0.15 ± 0.12 0.00 ± 0.00 0.01 ± 0.02 0.46 ±0.10 0.00 ±0.01 0.09 ± 0.06
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